OPEN ACCESS

IOP Publishing | Songshan Lake Materials Laboratory Materials Futures

Mater. Futures 2 (2023) 042103 (26pp) https://doi.org/10.1088/2752-5724/ace7e4

Topical Review

Rational design of nanoarray structures
for lithium-sulfur batteries: recent
advances and future prospects

Longtao Ren', Jun Liu'®, Abdul Hameed Pato', Yan Wang', Xiwen Lu',
Imran Ali Chandio', Mingyue Zhou*, Wen Liu'>*®, Haijun Xu>>* and Xiaoming Sun'->?

! College of Chemistry, Beijing University of Chemical Technology, Beijing 100029, People’s Republic
of China

2 State Key Laboratory of Chemical Resource Engineering, Beijing 100029, People’s Republic of China
3 Beijing Advanced Innovation Center for Soft Matter Science and Engineering, Beijing 100029, People’s
Republic of China

4 Beijing Key Laboratory of Green Chemical Reaction Engineering and Technology, Department of
Chemical Engineering, Tsinghua University, Beijing 100084, People’s Republic of China

3 College of Mathematics and Physics, Beijing University of Chemical Technology, Beijing 100029,
People’s Republic of China

E-mail: wenliu@mail.buct.edu.cn and hjxu@mail.buct.edu.cn

Received 23 April 2023, revised 29 June 2023
Accepted for publication 17 July 2023
Published 25 August 2023

CrossMark

Abstract

Lithium—sulfur (Li—S) batteries are considered as promising candidates for future-generation
energy storage systems due to their prominent theoretical energy density. However, their
application is still hindered by several critical issues, e.g., the low conductivity of sulfur species,
the shuttling effects of soluble lithium polysulfides, volumetric expansion, sluggish redox
kinetics, and uncontrollable Li dendritic formation. Considerable research efforts have been
devoted to breaking through the obstacles that are preventing Li—S batteries from realizing
practical application. Recently, benefiting from the no additives/binders, buffer of volume
change, high sulfur loading and suppression of lithium dendrites, nanoarray (NA) structures
have have emerged as efficient and durable electrodes in Li—S batteries. In this work, recent
advances in the design, synthesis and application of NA structures in Li—S batteries are
reviewed. First, the multifunctional merits and typical synthetic strategies of employing NA
structure electrodes for Li—S batteries are outlined. Second, the applications of NA structures
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in Li—S batteries are discussed comprehensively. Finally, the challenge and rational design of
NA structure for Li—S batteries are analyzed in depth, with the aim of providing promising
orientations for the commercialization of high-energy-density Li—S batteries.

Keywords: nanoarrays, electrocatalysts, surface and interface engineering,

lithium—sulfur batteries, modulated strategies

1. Introduction

With the depletion of fossil fuels and ever-increasing demand
for energy sources, it is crucial to develop sustainable energy
resources and affordable energy storage technologies to
resolve energy and environmental issues [1-5]. Over the past
three decades, rechargeable lithium ion batteries (LIBs) have
been widely used in a variety of applications such as port-
able electronics, electric vehicles, and even grid-scale energy
storage [6, 7]. The widely commercialized LIBs comprised
of conventional insertion cathode materials, such as LiCoO,
and LiFePOy,, have reached an energy density of around
200 Wh kg~! [8-10]. Obviously, the limited energy dens-
ity of conventional LIBs cannot meet the increasing energy
density demand of modern society. In recent years, lithium—
sulfur (Li-S) batteries have drawn significant attention and
are recognized as potential future-generation energy storage
systems due to their considerable theoretical specific energy
of 2600 Wh kg~! and the impressive specific capacity of
1675 mA h g~! [11-13]. Most importantly, sulfur has the out-
standing advantages of high natural abundance, low cost, and
being eco-friendly, which in turn promotes the commercializ-
ation potential of Li—S batteries [14, 15].

Nevertheless, the commercial application of Li—S batteries
is still impeded by several intrinsic demerits: (i) the intrinsic-
ally insulating nature of sulfur (5 x 1073 S cm~"! at 25 °C)
induces the low utilization of sulfur in the electrochemical
reaction; (ii) the high solubility and shuttling effect of lithium
polysulfide intermediates (LiyS,, 4 < x < 8) in the electrolyte
leads to the loss of active species and poor cycling perform-
ance; (iii) the huge volumetric expansion of sulfur (=80%)
upon lithiation always causes the collapse of the sulfur cath-
ode; and (iv) severe growth of Li-dendrites on the anode sur-
face deteriorates the cycling life and even causes safety issues
[16, 17]. To address these issues, numerous efforts have been
devoted to the design and synthesis of various host materi-
als for sulfur cathodes with different chemical compositions
and structures [18-21]. On the other hand, some research-
ers are also focusing on electrolyte optimization, anode pro-
tection, and separator modification [22-25]. In the case of
soluble lithium polysulfides, it is widely accepted that nan-
omaterials with the ‘quantum size effect’ can mitigate the
shuttling effect as a physical barrier [22, 26]. Unfortunately,
nanomaterials have more critical surface/interface issues, for
instance, the high specific surface area generally results in par-
ticulate aggregation and irreversible surface side reactions. It
is therefore imperative to rationally design the electrode struc-
tures and make optimal use of related surfaces and interfaces

in order to overcome the limitations of nanomaterials for
energy storage.

More recently, nanoarrays (NAs) grown on different sub-
strates (such as nickel foam, carbon paper and graphite felt)
have shown great potential in energy storage due to their
highly ordered structures [15, 27, 28] as well as their large
surface areas. These unique structures have fully exposed,
continuous, ordered active sites that can efficiently promote
charge transfer across the electrode surface/interfaces. Here,
we provide an overview of recent advances in the rational
design and construction of NA structures for Li—S batter-
ies (figure 1). This review will begin by summarizing and
discussing a series of synthetic strategies for NA structures.
We then provide a comprehensive coverage of the recent
advances in NA structures for Li—S batteries and analyze
their kinetic advantages for the optimization of the sulfur
cathode, separator, and Li metal anode. Finally, we put for-
ward the key to the rational design of NA structures and
expound the opportunities and challenges for future research
in Li-S batteries.

2. Main features and benefits of NAs in Li-S
batteries

NAs are an ordered arrangement of nanorods, nanotubes,
nanosheets or other independent structural elements of nano-
meter size that can be interdependent to create a physical and
chemical synergistic effect and coupling effects [15, 29, 30].
NA structures offer integrated merits, including:

(i) Buffering the volume change. The interval void between
adjacent nanostructures effectively buffers the volume
change of the active materials and helps to relax
the stress [31].

(ii) Facilitating rapid electron transport and facile ion dif-
fusion. The conductive substrate provides a convenient
direct electron pathway, thus facilitating charge transfer.
In addition, the ordered mesoporous architecture of NAs
offers facile ion diffusion routes, thus reducing the res-
istance of ion transport between the electrode and the
electrolyte [32].

(iii) Improving the utilization of active materials. Active
materials are effectively immobilized on the surface of
the ordered and separated arrayed architecture that is fully
available for the electrochemical reaction [33].

(iv) More active sites and a more stable structure. The
high specific surface area and robust structure of
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Wettability

Figure 1. Schematic illustration of NA structures for Li—S batteries.

NAs providesubstantial contact between the electrode/
electrolyte and exposes more active sites [34].

Conventional sulfur cathodes are prepared by coating slurry
onto the current collectors, where inert materials such as poly-
mer binders and conductive additives take up a considerable
percentage of the weight, resulting in a decrease of energy
density [35]. Besides, the binders and additives will block
some active sites from contacting with the electrolyte, lead-
ing to the incomplete utilization of active materials for elec-
trochemical reaction. Furthermore, traditional slurry cast cath-
odes are not robust enough, loading large amounts of active
materials, which may cause lots of cracks or the dropping of
powder. Because of this, the sulfur loading amount is usually
less than 4.0 mg cm~2 [36, 37]. In addition, the disordered
surface and interface of powder cathodes increase the resist-
ance to ionic and electronic transport and induce additional
side reactions [38]. NA electrodes can be used to address the
above issues. First, instead of adding polymer binders into the
casting electrode, NA electrodes can be grown directly on con-
ductive substrates, such as nickel foam, carbon cloth or paper,
and metal foil. The ordered and separated arrays on the current

collector provide rapid electron transport pathways and facile
ion diffusion routes; thus even a thick electrode can realize
sufficient electrochemical utilization of the active materials.
Second, the NA structures can effectively alleviate the stress
caused by the volume change between Sg and Li,S, which
improves the stability of the electrode material. Third, these
robust and stable structures can easily achieve high sulfur load-
ing. The voids between the vertically and orderly arranged
NAs are conducive for molten sulfur or sulfur vapor penet-
ration into the electrode, resulting in high sulfur loading in the
composite cathode. Finally, this can greatly simplify electrode
preparation, making it easier to industrialize Li—S batteries.
In particular, the NA electrodes grown on flexible substrates
can be used to realize flexible energy storage and conversion
devices with excellent properties of flexibility, and being light-
weight and portable [39—41].

For a Li metal anode, the unstable solid electrolyte
interphase (SEI), infinite volume change and uncontrollable
Li dendrite growth result in unstable Li stripping/plating
[42]. Several emerging strategies have been investigated
to enhance the electrochemical performance of a Li metal
anode, including surface protection, host materials and solid
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electrolyte [43—47]. One of these is the discovery that by
forming a framework of ‘lithophilic’ NAs, the appearance of
Li metal dendrites can be greatly reduced [48]. Therefore,
the application of NAs structures in Li metal anodes is
becoming increasingly compelling for a number of reas-
ons: (i) the interconnect backbone of NAs with high elec-
tronic conductivity can provide a good electron transport path-
way; (ii) the large surface area can effectively decrease the
local current densities, and the diffusion barrier of Li ions
can be significantly decreased; and (iii) the well-designed
structure efficiently eliminates the notorious Lightning-Rod
effect of Li anodes, leading to a smooth and dendrite free Li
metal deposition [49-52].

3. Synthetic methods of NAs

3.1 Hydrothermal/solvothermal synthesis

One of the most popular approaches is the hydrothermal/sol-
vothermal method, which involves heterogeneous reactions at
elevated temperature and high pressure [53, 54]. Hydrothermal
methods are typically used for some reactions that cannot eas-
ily occur at room temperature and normal pressure. The crys-
talline structure, morphology, and size of the products can
also be well controlled by adjusting the reaction time, tem-
perature and capping reagent [55, 56]. Therefore, the react-
ant and substrate are sealed in a Teflon-line sealed reactor,
and the ideal crystalline material can be obtained after being
kept at a certain temperature in an oven [57]. Currently, this
method is often used to synthesize arrays of transition metal
hydroxides, oxides, sulfides, and other metal compounds on
metal and carbon substrates with on-site growth due to less
particle agglomeration [54, 58].

Lu et al prepared the CoSO4 hydrate nanomaterials with
three kinds of morphologies through the control of the hydro-
thermal time required for vulcanization of the precursor [59].
Recently, Chen and coworkers prepared a flexible sulfur host
material that is composed of FeCo,S, nanotube arrays grown
on the surface of carbon cloth via a two-step hydrothermal
method (figures 2(a) and (b)) [60]. It is interesting to note
that carbon cloth, as the conductive substrate in this process
can not only act as a scaffold for the growth of nanostruc-
tured arrays, but also offers a binder-free cathode for Li—S
batteries to effectively inhibit the shuttling effect. Dai er al
used a one-step hydrothermal method to fabricate highly con-
ductive honeycomb-like sulfiphilic spheres constructed from
hollow, metallic, and polar CoySg tubules as a sulfur host
[61]. The structure of the arrays allowed the nanomaterials to
expose more catalytically active sites for better adsorption and
catalytic conversion of polysulfides. Thus, the hydrothermal/
solvothermal synthesis is a versatile approach to optimize the
activity of NAs.

3.2. Chemical vapor deposition (CVD)

CVD s a process wherein a reactant vapor containing elements
is introduced into a reaction chamber, facilitating chemical

reactions on the substrate surface and resulting in the forma-
tion of thin films. CVD can be applied to various base materi-
als, offering strong adhesion. Additionally, it enables higher
material deposition rates and achieves higher coating dens-
ity. The size and microstructure of the deposited material can
be controlled [62—-64]. However, the high operating costs and
low material utilization associated with this method restrict its
widespread application in industrial processes.

For example, the Co(OH), nanowire array was first syn-
thesized on carbon fiber paper (CFP) using a hydrothermal
method (figure 2(c)). The treated CoO array was used as a tem-
plate and pre-catalyst for the growth of CNTs that were syn-
thesized using a CVD method thereafter. During the prepara-
tion process, ethanediamine was used as both C and N element
source in order to investigate the sulfur confining effect of the
designed NAs structure (figure 2(d)) [65]. MoS,—MoN hetero-
structure nanosheets were prepared by a CVD method to accel-
erate the conversion of polysulfides in Li—S batteries with high
energy density [66]. For materials synthesis, a piece of MoS,
host was placed in a quartz tube of a CVD furnace, then heated
up to 800 °C under Ar/NHj gas flow for 30 min. The combina-
tion of CVD and other preparation methods is used to achieve
hierarchical structures and synergy of different compositions.
Sun et al designed an array of nitrogen doped carbon nan-
otube (CNT) arrays (NTs) as a 3D conducting host, and VSy
nanoparticles (VS@NT) are loaded uniformly through CVD
and hydrothermal methods successively. The synergistic effect
of the two materials has enabled the cell to achieve excel-
lent electrochemical performance with a high rate capacity of
up to 451 mA h g~ at 6 C and excellent long cycle ability
with a low decay rate of 0.037% per cycle up to 1200 cycles
at2 C [67].

3.3. Template synthesis

In some research, the template method is used to control
the size, morphology, and structure of nanomaterials through
spatial confinement effects [68, 69]. Template-directed (soft
or hard template) synthesis is a more reliable and versatile
synthetic technique for fabricating ordered 1D NAs, such as
nanorods, nanowires, and nanotubes [70-72]. Most import-
antly, the template synthesis approach has the significant
advantage of being independent of the materials’ lattice pref-
erence to achieve desirable nano-geometry.

Zhou and coworkers reported a highly conductive and flex-
ible S-CNTs membrane derived from an aluminum oxide
(AAO) template by using anodic AAO as a typical hard tem-
plate (figures 2(e) and (f)). The nanostructured membrane
was used as a self-supporting cathode without metal current-
collectors in an Li—S coin cell [73]. As sulfur was con-
fined within the walls of the CNTs, the dissolution of lithium
polysulfides was restricted, offering the material a long cycle
life. Beyond AAO templates, ZnO materials are also com-
monly used as templates for the synthesis of nanostructured
arrays [74]. The 3D ZnO nanorods array acts as a template
that is etched during the formation of the carbon nanorods
array. Following the hydrothermal process of glucose, carbon
nanorods retain their basic appearance with cylinder outlines.
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Figure 2. The widely used methods for the synthesis of NAs. (a) Schematic illustration of the hydrothermal synthesis process of FeCo,S4
nanotube arrays on carbon cloth. (b) Field-emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM)
images of FeCo0,S4/CC. Reprinted with permission from [60]. Copyright (2018) American Chemical Society. (c) Schematic illustration of
the CVD synthesis process of a Co-N-CNTs array. (d) SEM images of CFP substrate, precursor Co(OH), nanowires array, and Co-N-CNTs
array. Reprinted with permission from [65]. Copyright (2019) American Chemical Society. (e) Schematic illustration of the AAO template
synthesis process of S-CNTs. (f) SEM images of AAO template, S-CNTs/AAO and S-CNTs. Reproduced from [73] with permission from
the Royal Society of Chemistry. (g) Schematic illustration of the MOF-derived synthesis process of CoygSg-Celgard. (h) SEM images of the
top and side views of CogSg-Celgard. Reproduced from [80] with permission from the Royal Society of Chemistry. (i) Schematic
illustration of the electrochemical deposition synthesis process of Co304/PANI core/shell NAs. (j) SEM images of coaxial (after a shorter
electrodeposition) and branched (after a longer electrodeposition) Co3O4/PANI core/shell nanowire arrays. Reprinted with permission from

[87]. Copyright (2013) American Chemical Society.

Owing to the use of different templates, this versatile approach
achieves a feasible dimension controllability and uniformity
of the architectural arrays. The template method offers sev-
eral advantages over direct synthesis, including precise control
over the shape and size of materials, as well as the ability to
achieve high levels of uniformity and stability. However, the
crystalline quality and purity control during template filling
and removal are major points of difficulty in the template syn-
thesis approach. Therefore, as a novel construction approach
for the development of sustainable energy systems, this tem-
plating technique offers promising features with significant
advantages and limitations.

3.4. Metal-organic framework (MOF)-derived synthesis

MOFs or porous coordination polymers, are a type of
porous hybrid crystalline materials that are composed of

coordination bonds between the organic ligand and the trans-
ition metal cation [75, 76]. These hybrid materials have
received broad attention because MOFs can be synthesized
rationally with high porosity, large internal surface area, uni-
form and adjustable pore sizes [77]. MOF-derived synthesis
has been used for the preparation of porous materials (e.g.,
oxides, chalcogenides, and phosphides) with advantages of
low cost, simple setup, and flexible operations [54].
Multi-functional nano wall arrays (MNWAs) [78] with
unrestricted Li ion transport channels were designed via a one-
pot pyrolysis of Co-based MOF arrays with CNTs grown on
the surface, which were applied as a cathode host for Li—S bat-
teries. Wang et al designed a novel sulfur cathode incorpor-
ating sulfur, flexible carbon cloth, and N-doped carbon NAs
derived from MOFs with embedded CoP (CC@CoP/C) [79].
In addition to the synthesis of MOF-based materials on carbon
felt or carbon paper, some research has been done to synthesize
CogSg materials directly on the separator to obtain excellent
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electrochemical performance [80]. The well-aligned hollow
CogSg nano wall arrays grown in situ on a separator were pre-
pared and performed as an efficient polysulfides barrier for
high performance Li—S batteries (figures 2(g) and (h)).

3.5. Electrochemical deposition synthesis

The process of electrochemical deposition synthesis involves
the formation of a sedimentary layer on a solid surface through
a redox reaction facilitated by an external power supply. The
involvement of electrochemical deposition in versatile syn-
thetic chemistry offers an alternative approach to the produc-
tion of architectural arrays due to the advantages of safety,
simplicity of requirements, low synthesis temperature and
high accessibility, as well as making it easy to realize indus-
trial manufacturing. In an electrodeposition process, NAs can
be grown on the solid-liquid surface of an electrode through
the migration of ions in the electrolyte under a certain voltage
or current. The onset of electrodeposited materials is typic-
ally accompanied by the gain or loss of ions from the elec-
trode, which can be used to grow the desired NAs of materi-
als on the surface of the electrode [81, 82]. Electrodeposition
allows NAs to be prepared in a short period of time. By vary-
ing the electrolyte composition, current density, reaction time,
and other parameters, the composition and morphology of
NAs can be well tuned [83, 84]. Therefore, the electrodepos-
ition method can be used to fabricate various NAs includ-
ing metal oxides and other metal compounds on conductive
substrates, and it is also widely used for the growth of poly-
mer NAs, where the morphology may be well controlled by
deposition time [54, 85].

Elias et al reported a novel approach to fabricating well
ordered hollow urchin-like single-crystal ZnO nanowires with
controlled nanowire and core dimensions [86]. The ordered
nanostructures result in strong light scattering properties,
offering promising applications as building blocks for dif-
ferent types of nanostructured solar cells. High-quality NAs
of metallic oxide/conducting polymer hetero-structures were
also fabricated by the controllable electrochemical polymer-
ization of conducting polymer shells on preformed metal-
lic oxide nanostructures [87]. It is interesting to note that
the morphology of the polyaniline (PANI) shell can be
tuned from coaxial to branched shell by lengthening the
electrodeposition time. As the deposition time increased to
1500 s, the surface roughness increased and PANI nanos-
pikes of ~15 nm in average diameter were formed, result-
ing in a branched Co3O4/PANI core/shell nanowire structure
(figures 2(i) and (j)). Li et al demonstrated a simple elec-
trochemical assembly strategy for realizing vertically aligned
sulfur-graphene (S-G) nanowalls on electrically conductive
substrates [88]. Remarkably, in each individual S-G nano
wall, the sulfur nanoparticles were homogeneously anchored
between the ordered graphene layers that were favorable for
the diffusion of Li ions and transport of electrons.

In conclusion, a variety of synthesis schemes can be
employed to fabricate nano array structures with regular mor-
phology and sequence. However, each method possesses its
own advantages and limitations, which are summarized in

table 1. When determining the appropriate synthesis route dur-
ing the preparation process, it is essential to consider the exper-
imental requirements and production objectives, striving to
attain fine controllability, minimize energy consumption, and
achieve cost-effectiveness.

4. Applications in Li-S batteries

4.1. Sulfur cathode

The sulfur cathode of Li—S batteries still faces the following
critical issues: (i) the ‘shuttling effect’ arising from dissolved
lithium polysulfides, (ii) the poor ionic/electrical conductiv-
ity of sulfur and Li,S, and (iii) the large volumetric change
during charge/discharge processes (up to 80%), which greatly
hinders the practical application of Li—S batteries. In compar-
ison to traditional slurry casting electrodes, the fabrication of
sulfur cathodes in the form of NAs unfolds various outstanding
properties such as binder-free, fast ion/electron transfer, high
mechanical strength against volumetric changes, and high sul-
furloading [89-91]. In the following subsections, some repres-
entative NAs for sulfur cathodes are presented and discussed
in detail.

4.1.1. Nanostructured carbon arrays.  Nanostructured car-
bon materials have been considered as valid hosts for sul-
fur due to their large specific surface area, high conductiv-
ity, natural abundance, and good mechanical strength [92-94].
A carbon matrix can effectively confine sulfur or soluble
polysulfides, which significantly reduces the shuttling effect
and enhances the electrochemical performance of sulfur cath-
odes. Of these, nanostructured carbon NAs with large void
spaces not only allow uniform sulfur distribution for high
sulfur loading, but also facilitate the electron/ion transport
between the sulfur and the host to enable a high sulfur util-
ization ratio. The main types of nanostructured carbon arrays
employed as sulfur hosts are: one-dimensional (1D) NAs (e.g.
nanofibers and nanotubes), two-dimensional (2D) NAs (e.g.
nanosheets and nanowalls), three-dimensional (3D) NAs (e.g.
nanorods), and heteroatom-doped carbon arrays.

NAs of 1D carbon are favorable for electron transport and
have a large surface area for the deposition of Li,S/Li,S,.
Cui and coworkers reported hollow carbon nanofiber arrays
filled with molten sulfur as the sulfur electrode and achieved
a high specific capacity of about 730 mA h g~! ata 0.2 C rate
after 150 cycles (figure 3(a)). In addition to effectively trap-
ping sulfur species, the hollow structure with high aspect ratio
can also cope with volume expansion [95]. However, despite
the advantages of not requiring polymer binders and conduct-
ive additives, the limited space between the 1D NAs is detri-
mental to ion diffusion, leading to poor performance at high
rates [96]. Thus, 2D materials also attract significant attention
for Li—S batteries due to the advantages of great surface-to-
mass ratio, high conductivity, and high mechanical strength.
Piao et al synthesized honeycomb-like ordered mesoporous
carbon nanosheet arrays (NSAs) with a large pore volume and
a high surface area that exhibited excellent electrochemical
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Table 1. Summary and comparison of different synthetic routes.

Synthesis methods

Schematic

Advantages

Disadvantages

Hydrothermal/solvothermal
synthesis

Chemical vapor deposition

Template synthesis

MOF-derived synthesis

Electrochemical deposition
synthesis

Well controlled crystal structure
and morphology; simple
preparation process; simple
equipment; environmentally
friendly.

Can be well controlled; high
working efficiency; high
precision of the material.
Precise control; high uniformity
and stability.

Low cost; simple setup; flexible
operations.

Can be well controlled safety;
simple equipment; low synthesis
temperature; high accessibility.

Longer reaction times; invisible
reaction process.

Possible pollution; low
utilization; high operating cost;

Templates are sacrificed and
difficult to scale; single
morphology and structure.

Limited type of materials.

Heterogeneous grain;
aggregation of catalysts; limited
to simple material preparation.

1

\

performance (figure 3(b)). The unique 2D porous array archi-
tecture can be used as an excellent sulfur host for homogen-
eous sulfur loading and polysulfides trapping, thereby improv-
ing sulfur utilization and retaining a stable cycling lifetime.
After 500 cycles, the sulfur-loaded electrode showed a revers-
ible capacity of 505.7 mA h g~! at 0.5 C, which was much
higher than that of a sulfur cathode without a porous array
structure (339 mA h g=!) [97]. In comparison to 1D and 2D
NAs, the free-standing 3D NAs could further improve the elec-
tron and ion transport and release mechanical stress during
cycling. Moreover, the areal specific capacity and energy dens-
ity can be enhanced by increasing the height of the 3D array
electrodes and the amount of electrode material in a given area
[98]. As shown in figure 3(c), Tu et al designed free-standing
carbon—sulfur cathodes with 3D carbon nanorods arrays with
a high mass loading of sulfur (~80.55%). Such a 3D NA struc-
ture can efficiently increase the specific surface area, provide
abundant ion/electron transport paths and suppress the shut-
tling effect of polysulfides [74].

In addition, nanostructured carbon with heteroatom dop-
ing can substantially enhance the anchoring of polysulfides
by chemical bonding, which will suppress their movement

and diffusion into the electrolyte [99-101]. Heteroatom dop-
ing has been implemented in a variety of carbon NAs. Sun
et al fabricated MNWAs by pyrolysis of a Co-based MOF in
combination with CNTs growth (figures 3(d)—(f)). Because
of synergetic effects between the physical limitation of the
vertically aligned channels and chemical interactions between
metallic Co and polysulfides, the S/MNWA electrodes with
4 mg cm~2 sulfur loading showed good cycling stability with
a 72% capacity retention after 400 cycles at a current dens-
ity of 3.2 mA cm~2. When the sulfur loading was increased
to 10 mg cm~2, the electrode was still able to deliver a high
areal capacity of 12.4 mA h cm~? with a high capacity reten-
tion of nearly 85% over 100 cycles [78]. Our group proposed
an entangled CNT array with N doping and encapsulated Co
nanoparticles, which served as an effective host for a sulfur
cathode (figures 3(g)—(i)). Doping of the polar N species pro-
moted chemical adsorption with the polysulfides, and there-
fore limited their diffusion. Moreover, the encapsulated Co
nanoparticles can efficiently catalyze the redox kinetics of sul-
fur species, thereby reducing the accumulation of soluble poly-
sulfides and preventing the shuttling effect. With the effective
anchoring and rapid conversion of polysulfides, the assembled
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Figure 3. Nanostructured carbon arrays employed as sulfur hosts. (a) SEM image of a 1D hollow carbon nanofiber. Reprinted with
permission from [95]. Copyright (2011) American Chemical Society. (b) SEM image of 2D ordered mesoporous carbon nanosheets.
Reprinted with permission from [97]. Copyright (2017) American Chemical Society. (c) SEM image of 3D carbon nanorods. Reprinted
from [74]. Copyright (2016), with permission from Elsevier. (d) TEM images of MNWAs. (e) CV profiles and (f) cycling stability at

1.3 mA cm™2 of S/MNWA and S/D-MNWA (the structure of MNWA is destroyed) electrodes. Reproduced from [78] with permission from
the Royal Society of Chemistry. (g) TEM image of bamboo-like CNTs and Co-N-CNTs array. (h) CV curves and (i) cycling performance of
Co-N-CNTA/S. Reprinted with permission from [65]. Copyright (2019) American Chemical Society.

Li-S batteries delivered a high capacity of 814 mA h g—!

after 1000 cycles at 1 C with a very low capacity decay
rate of 0.014% per cycle. Owing to the superiority of the
NAs structure, these benefits can even be extended to sul-
fur loading as high as 15 mg cm™~2. More importantly, the
assembled pouch cells can exhibit a stable cycling for more
than 150 cycles and readily turn on 80 light-emitting diodes
overnight, demonstrating the feasibility of NA electrodes for
practical applications [65].

The sulfur/carbon cathodes mentioned above were pre-
pared by filling the pores with molten sulfur or sulfur-
containing liquids [18, 102]. However, pores fully filled with
sulfur chunks hinder rapid penetration of electrolyte and the
fast transport of ions/electrons, which increases the cath-
ode polarization and decreases sulfur utilization. To address
this issue, Cheng et al prepared S-CNTs arrays by using
a sulphate-containing AAO template, which confined sul-
fur within the nanotube walls. As a synthesized S-CNTs
cathode consists only of elemental carbon and sulfur, the
weight percentage of sulfur can reach 50%. Sulfur nano-
particles with a diameter of 1-10 nm were evenly located
between the graphene layers, which restricted the mobility
of sulfur species owing to physical confinement [73]. Yang’s
group demonstrated the synthesis of vertically aligned S-G
nano wall arrays on electrically conductive substrates by the

electrochemical assembly of Na,S-graphene oxide suspension
during the cyclic voltammetry (CV) process. Sulfur nano-
particles are uniformly anchored between the vertical arranged
graphene arrays on the substrate, which favors the rapid migra-
tion of both Li ions and electrons. In addition, the hierarchical
and macroporous structure facilitates rapid electrolyte penet-
ration and effective buffering of the volume fluctuation during
repeated discharge/charge cycles. The electrode thickness can
be tuned by adjusting the number of sweeps in the CV scan-
ning. As the number of sweeps is increased to 20, the area
specific mass density can be increased to 2.2 mg cm™?2 [88].

4.1.2. Transition metal compound arrays.  Transition metal
compounds with intriguing nanostructures and electronic
properties have been considered as effective sulfur hosts to
replace the nonpolar carbon matrix [103, 104]. The polar sur-
face of transition metal compounds are conducive to strong
chemical interactions with polysulfides, and thus possess a
strong ability to absorb and entrap polysulfides, which signi-
ficantly suppresses the shuttling effect [105, 106]. They can
mitigate the loss of sulfur species and improve sulfur utiliza-
tion, which endows Li-S batteries with improved reversibil-
ity and a more stable cycle life [107]. In this section, arrays
of transition metal compound used as host materials for Li—S
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batteries are classified into several categories: transition metal
oxide arrays, transition metal sulfide arrays, transition metal
phosphide arrays, and transition metal nitrides arrays.

Among various catalytic materials, transition metal (i.e.
Mn, Co, Ti, Fe, and Mo) oxides have emerged as promising
candidates to accommodate sulfur and chemical anchor poly-
sulfides in Li-S batteries [108—112]. Metal oxides contain
the O?~ state of oxygen, which provides abundant polar act-
ive sites to absorb polysulfides and further promote the elec-
trochemical performance of sulfur cathodes. Unfortunately,
metal oxides generally suffer from poor electrical conductiv-
ity, which significantly impedes electron transport and, as a
result, decreases the electrochemical performance. It is there-
fore a sensible approach to fabricate active transition metal
oxides arrays on conductive substrates with high electric prop-
erties and excellent stability. For instance, MnO,, VO, and
CuO are promising electrocatalysts due to their unique surface
chemistry. In earlier studies, it was found that the polysulfides
would be oxidized to insoluble thiosulfates on the surface of
MnQO;, VO, and CuO with redox potentials in the range of
2.4-3.05 V. Furthermore, thiosulfate serves as a mediator to
catenate and bind more long-chain polysulfides, and reduces
them to insoluble lithium sulfide [109, 113]. Sun et al synthes-
ized a free-standing 3D hierarchical structure with paramon-
troseite VO, nanoparticles grown on parallel nitrogen-doped
CNT arrays (VO,(P)-NCNT) (figure 4(a)). Compared to the
CV data of the NCNT/S cathode, VO,(P)-NCNT/S showed
lower polarization and a shift in the onset potential of the
reaction with improved redox kinetics (figures 4(b) and (c)).
As a result, the VO,(P)-NCNT/S cathode delivered a stable
long-term cycling with a capacity retention of ~67% after
500 cycles at 2.0 C, and a high areal loading of 9.6 mg cm ™2
with an initial areal capacity of 10.2 mA h cm~2 at 0.2 C
for 200 cycles [114]. Unfortunately, the oxidation of poly-
sulfides and formation of thiosulfate could not occur on metal
oxides with low redox potentials. Instead, the catalytic activity
of these metal oxides comes from the superior affinity of the
polar surface toward polysulfides. For instance, a Co3O4 nan-
oneedle array grown on flexible carbon cloth (CC@Co30;,)
has been reported as a catalytic host for high-performance sul-
fur cathode. The high affinity of Co3zO4 for soluble polysulf-
ides is favorable for polysulfides conversion during the dis-
charge, and the electrocatalytic activity of Co30,4 accelerates
the decomposition of Li,S,/Li,S in the charging process. It
should be noted that the nanoneedle array provides sufficient
and homogeneous active sites for the continuous deposition
of Li»S,/Li,S. The S/ICC@Co30,4 electrode thus exhibits a
low capacity decay rate of 0.049% per cycle at 2.0 C for 500
cycles [115]. Zhang et al combined the advantages of NAs
and closed structures to effectively adsorb polysulfides. The
sulfur cathode based on a ‘room-like’ TiO, array structure
showed both high sulfur utilization and a long cycle life [116].
Transition metal sulfides have also been proved to be efficient
and stable catalysts for Li—S batteries [117-119]. There are
many merits for using transition metal sulfides as catalysts
in Li-S batteries:

(i) Strong sulfiphilic property towards polysulfides.

(i) Higher electrical conductivity than metal oxides.
Some metal sulfides even have metallic or
semi-metallic properties.

(iii) Low lithiation potential (below 1.5 V vs. Li*/Li). This
helps to avoid parasitic reactions due to overlap with the
operating potential range in Li—S batteries [120].

The Co¢Sg tubules array was reported as a sulfur host
for Li-S batteries. CogSg entrapped lithium polysulfides for
a long cycle life owing to its high conductivity and strong
sulfiphilic affinity. As a result, the S@CoySg composite cath-
ode maintained a high capacity of 756.6 mA h g~! after
600 cycles at a 1 C rate and a low capacity decay of 0.026%
per cycle [61]. Additionally, FeCo,S4 nanotube arrays and
NiCo,S4 nanoneedle arrays were also constructed as self-
supported sulfur hosts for high loading Li-S batteries [60,
121]. More recently, defect engineering has been extensively
studied in the design of sulfur hosts for Li—S batteries. Chen
et al synthesized a sulfur-deficient ZnS nanotube array on
carbon cloth (ZnS;_,-CC) (figure 4(d)). ZnS,_, arrays can
provide abundant reaction active sites, enough buffer space for
the volume change of sulfur and facilitated electrolyte infilt-
ration. Furthermore, the electronic structure of ZnS was regu-
lated by sulfur-vacancy engineering, thus facilitating polysulf-
ides confinement and rapid sulfur reaction kinetics. A higher
initial capacity and a lower capacity decay rate were observed
on the Li;S¢/ZnS; _,-CC electrode compared with Li,S¢/ZnS-
CC and Li,S¢-CC, further confirming that sulfur deficient sites
adsorb polysulfides, thereby improving sulfur utilization and
suppressing the shuttling effect (figures 4(e) and (f)) [122].
Furthermore, bimetallic sulfides with NAs structure have also
been explored for sulfurs cathode. Chen et al proposed the pre-
paration and application of bimetallic sulfide NSAs (CoZn-S),
which regulated the electronic structure and promoted the
electron transfer process through vacancy and interface modi-
fication. The amount of Li,S deposition (311.1 mA h g~') and
peak current intensity of CoZn—S were shown by nucleation
experiments to be far superior to those of the monometal sulf-
ide. The CoZn-S cathode showed the best capacity retention
under the same test conditions. The CoZn-S cathode was then
applied in a more realistic application with more rigorous para-
meters. Surprisingly, the cell can still run smoothly under the
harsh conditions of high-sulfur-loading up to 9.2 mg cm 2 and
a low E/S ratio of 3 yl mg—! [123].

To date, a variety of transition metal phosphides have
been adopted as catalysts for the redox reaction of poly-
sulfides in Li-S batteries, such as CoP, FeP, Ni,P, and
MoP; [54, 124-126]. Zhu et al reported an MOF-derived
CoP-embedded hollow carbon NSAs grown on carbon cloth
(CC@CoP/C) (figure 4(g)). The embedded CoP nanoparticles
synergize the anchoring and electrocatalysis of polysulfides,
thereby improving the utilization of sulfur and facilitating
redox kinetics. The CC@CoP/C-S cathode exhibited a higher
first discharge capacity and a more stable cycle life than
the CC@Co/C-S and CC@C-S cathode, demonstrating NA
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Figure 4. Transition metal compound arrays employed as sulfur hosts. (a) FESEM image of the VO,(P)-NCNT. (b) CV curves and (c) EIS
curves of NCNT/S and VO, (P)-NCNT/S cathodes. Reprinted from [114]. Copyright (2019), with permission from Elsevier. (d) TEM image
of the ZnS|_, nanotube. (e) 0.2 C cycle life and (f) rate-performance of the cells with Li»S¢/ZnS|_,-CC, Li,S¢/ZnS-CC and LiyS¢-CC
electrodes. Reprinted from [122]. Copyright (2021), with permission from Elsevier. (g) SEM image and (h) long-term cycling performance
of CC@CoP/C-S electrodes. (i) Cycling performance of CC@CoP/C-S cathodes with high sulfur loadings [79]. John Wiley & Sons.

[© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. (j) TEM image of VN nanobelts (inset: the selected area electron
diffraction (SAED) patterns of VN). (k) CV curves and (1) discharge/charge profiles of the cells with PCF/VN/S, CF/VN/S, PCF/S, and
CF/S electrodes. [131] John Wiley & Sons. [© 2022 Wiley-VCH GmbH].

structure and phosphide catalysts are both vital for design-
ing electrodes to maximize catalytic effects (figures 4(h) and
(1)) [79]. Xiao et al proved the electrocatalytic effect of
CoP/NC is higher than CoySg/NC through comparison of the
CV curves of a symmetric cell with a LiyS¢ catholyte and
theoretical calculation [127]. Zhu et al conducted a system-
atic investigation of the electrochemical performance of sul-
fur in oxide-based and phosphide-based hosts. It was found
that S/CF/FeP@C (carbon cloth with grown FeP@C nanotube
arrays) cathode showed much better performance than that of
the S/CF/Fe;04@C cathode. The first-principles calculation
has revealed that P atoms are more likely to bind with or sep-
arate from other atoms, and the bonding and breaking of S—P
is easier than S-O, leading to fast electron transfer and fast

polysulfides transformation dynamics. Therefore, the position
of the p-band originating from the P-anion is particularly effi-
cient in propelling sulfur conversion [128].

In addition, transition metal nitrides have also attracted
widespread attention due to their unique electronic struc-
ture, high electronic conductivity and desirable structural
stability [129]. For example, Zha et al demonstrated that
3D titanium nitride nanowire arrays with highly exposed
(200) facets with five-coordinated Ti active sites have a
strong ability for chemically anchoring polysulfides, thus
limiting the shuttling effect [130]. Moreover, Tu and co-
workers compared the electrochemical performances of sul-
fur cathodes with or without vanadium nitride (VN) on porous
carbon fiber (PCF) arrays (figure 4(j)). The sulfur cathode
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with PCFs/VN arrays exhibits superior performance to oth-
ers (figures 4(k) and (1)). Of these, PCF with high surface
area and large porosity enables high sulfur loading and physic-
ally constrains polysulfides diffusion; meanwhile, the embed-
ded VN with strong chemical activity effectively suppresses
the shuttling effect of polysulfides. Notably, these benefits
can be extended to the cathode with a high sulfur loading of
8.1 mg cm™2 [131]. Zhan et al further embedded Co nano-
particles in self-supported porous VN arrays coupled with N-
doped CNTs (CC/VN/Co@NCNTSs/S). With the combination
of the highly conductive VN, Co nanoparticles and NCNT,
the electron transport and catalytic sulfur conversion were
significantly improved. The CC/VN/Co@NCNTs/S cathode
showed a high reversible capacity, excellent rate perform-
ance (625.3 mA h g~! at 5 C) and long cycle stability with
a low capacity decay rate of 0.063% per cycle at 1 C for
500 cycles [132]. Shen et al fabricated a 2D N-doped carbon
array with Co4N particles derived from MOFs on carbon cloth.
The Co4N nanoparticles improved the rate performance of the
sulfur cathode by decreasing the polarization of the electrode
to accelerate the sulfur conversion reactions [133]. In addi-
tion to the common transition metal compounds mentioned
above, there is some research dedicated to the design and pre-
paration of transition metal carbides (MoC [134-136], B4C
[137]), transition metal selenides (NiSe, [138], CoSe,, etc) for
sulfur cathodes.

In short, these NAs structures exhibit good conductivity,
porous structure, and rich catalytic active sites, which can
effectively entrap soluble polysulfides and propel the sulfur
conversion reaction, thus significantly improving the capacity,
rate performance, and cycling stability of the sulfur cathode.
From a more attractive perspective, analysis and calculation
of the catalytic conversion of sulfur species at the atomic level
will provide insights into the design of host materials for sulfur
cathodes with excellent electrochemical performance.

4.1.3. Heterostructure arrays.  Heterostructure engineering
is one of the most promising approaches for achieving multiple
functions with individual components. The beneficial syner-
gistic effect results from the rational selection and integra-
tion of multiple elements into heterostructures, combining the
advantages of various materials to balance the drawbacks of
each component [139, 140]. Therefore, heterostructure arrays
provide a general strategy to achieve more stable long-term
cycling performance in Li—S batteries at high sulfur loading.
Generally, metal oxides manifest considerable chemical
adsorption for the polysulfides due to their high polarities.
However, sluggish surface diffusion and low electrical con-
ductivity indicate inactive reaction Kinetics, thereby reducing
the sulfur utilization. Meanwhile, MXenes possess excellent
carrier mobility, electrical conductivity, and strong adsorption
capacity for the polysulfides. As a result, Zhu and colleagues
created a 3D grid heterostructure with VO, (p) nanorod arrays
grown on the surface of 2D V,C nanosheets (figure 5(a)).
Along with V,C, VO,(p) nanorod arrays can increase elec-
trode conductivity, enhance polysulfide adsorption, and cata-
lyze the conversion of long-chain polysulfides to short-chain,

which dramatically reduces the shuttling effect and speeds up
electrode reaction kinetics. In the meantime, a vertically grown
VO,(p) nanorod array improved the electron conductivity and
provided spatial support for the V,C nanosheets and supplied
widely dispersed active sites for the continuous deposition of
LiS,/Li,S. The VO, (p)-V,C heterostructure showed higher
initial capacity (1250 mA h g=! at 0.2 C), longer cycle life
(500 cycles with 69.1% retention at 2 C) and high sulfur load-
ing (10.2 mg cm™2) (figures 5(b) and (c)) [141]. Yang and
coworkers proposed a synergistic engineering strategy, which
combines core—shell heterostructure with oxygen vacancies
(OVs) in a free-standing 2D nanosheets array (figure 5(d)).
The porous core—shell Co@CoO;_, nanosheets array grown
on carbon cloth was prepared as a high-performance catalytic
host for sulfur cathodes (figures 5(e) and (f)). The abundance
of OVs enhanced the electrical conductivity of CoO;_, shells
which manifest strong chemical interaction with polysulfides
to facilitate the breakdown of the S—S bond. Additionally, the
porous structure provided CoO;_, shells with a large num-
ber of exposed active sites to produce powerful polysulfides
adsorption capacity. Thus strategies to increase the intrinsic
conductivity of metal oxides by creating OVs and doping with
other transition metals may be promising [142].

Metal sulfide, and metal nitride heterostructures have
attracted great attention, owing to their high electrical con-
ductivity and rapid surface reactions. Sun’s group designed a
MoS;-MoN heterostructure nanosheets grown on CNT arrays
as a 3D free-standing cathode. The high-resolution transmis-
sion electron microscopy (HRTEM) results show the close-
fitting and atomically matched interfacial contact between
MoS, and MoN (figure 5(g)). In this heterostructure, MoN
provides coupled electrons to accelerate the redox polysulfide
reaction, while MoS,, with a 2D layered structure, provides
moderate polysulfides trapping ability and fast surface Li ion
diffusion. Compared with a single component, MoN and MoS,
could mutually boost the process of the ‘adsorption-diffusion-
conversion’ of polysulfides, which has a synergetic enhance-
ment effect to restrain the shuttling effect. As a result, the
designed heterostructure cathodes exhibit a high rate capab-
ility up to 6 C and a low electrolyte volume/sulfur (E/S) ratio
of 6.3 ml g_1 (figures 5(h) and (i)) [66]. Qiu et al designed a
new type of P-N heterostructure embedded into carbon hol-
low NSAs grown on carbon cloth. An HRTEM image further
confirms a clear hetero-interface formation between CosN and
CogSg (figure 5(j)). The electrochemical performance of dra-
matic catalysts; CC@CoySg—Co4N, CC@CogSg, CC@CoyN,
and CC electrodes were investigated (figures 5(k) and (1)). The
heterostructures provide abundant active sites and boundary
defects, enhancing the nucleation/conversion redox kinetics of
Li,S. Subsequently, electrodes with CogSg—Co4N exhibited a
more stable cycle lifetime and higher capacities [143].

To enhance the conductivity, adsorption, and catalytic
properties of cathode materials towards the LiPSs redox
process, several methods can be employed, including the
incorporation of carbon materials, metal doping, transition
metal-based compounds, and other approaches. In table 2,
we provide a comprehensive summary of their advant-
ages, disadvantages, and synthesis methods. This table aims
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Figure 5. Heterostructure arrays employed as sulfur hosts. (a) TEM image of VO, (p)-V.C. (b) Charge—discharge profiles and (c) long-term
cycling performance of V,C/S and VO, (p)-V2C/S cathodes. Reprinted with permission from [141]. Copyright (2019) American Chemical
Society. (d) HRTEM image of the CC/Co@Co0,_,. (e) CV curves and (f) cycling performances of CC/Co@CoO_,. Reprinted from
[142]. Copyright (2021), with permission from Elsevier. (g) HRTEM image of MoS;—MoN host. (h) CV curves and cycling performances
of MoS;—MOoN/S cathodes [66] John Wiley & Sons. [© 2021 Wiley-VCH GmbH]. (j) HRTEM image of the CC@Co9Sg—Co4N hollow
nanosheet. (k) Cycling performance of the S/CC, S/CC@CosN, S/ICC@PCNA, S/CC@CoySg, and S/ICC@CoySg—CosN electrodes.

(1) Cycling performance of the S/CC@Co9Sg—CosN and S/CC@CoySg with high sulfur loading. Reproduced from [143] with permission

from the Royal Society of Chemistry.

to assist researchers in selecting suitable NA materials
for Li-S batteries.

4.2. Separator

A typical Li-S battery configuration consists of a sulfur cath-
ode, and a lithium anode physically separated by the porous
separator containing saturated electrolyte. As an integral part
of Li-S batteries, separators act as electronic insulator and
intrinsic ionic conductor. They separate the cathode and anode
and prevent the battery from short-circuiting [66]. Separators
mainly block the trans-membrane transport of polysulfides
by adsorption, shielding and sieving, thereby suppressing the
shuttling effect and battery self-discharge. On the other hand,

an increased mechanical strength of the separator can effect-
ively prevent dendrite penetration during the electrochem-
ical process, and enhance overall safety of the battery [144].
Currently, ‘expanded polypropylene (PP)’ is widely used as
a separator and has been selected for commercial purposes,
due to its low cost, excellent mechanical and electrochemical
stability, high porosity, and good wettability for electrolyte
and ion conductivity with micron-sized pores. However, as
mentioned in many articles, during the charging and dischar-
ging process of Li—S batteries, polysulfides shuttle between
the electrodes, and form insoluble Li,S and Li,S, layers on
the lithium surface. This phenomenon inevitably triggers the
wild growth and penetration of Li dendrites into the separ-
ator, which may lead to exothermic reactions between the
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Table 2. Summary and comparison of different nanoarray materials.

Nanoarray materials Strengths Limitations Synthesis method
1D High mass loading Structural instability;  Template-assisted;
and the specific limited space; poor ALD; CVD.
surface area. conductivity.
2D Larger specific Restacking and Template-free
surface area; more aggregation of method;
Structural electroactive sites; materials; the hydrothermal
aspects shortened pathways. hindered method; CVD
transportation of
electrolyte ions.
3D Excellent Unfavorable Template-free
conductivity and volumetric energy method; CVD
large surface area; density.
more flexible pore
structure distribution.
Oxides Strong polarity and Weak conductivity CVD
shows high binding and semiconducting;
energies with LiPSs.  poor electron and ion
transport.
Sulfide High electrical Lower conductivity Hydrothermal
conductivity; strong compared to the synthesis;
LiPSs adsorbability carbonaceous MOF-derived; CVD
Transition metal and stability; materials.
compound auspicious electronic
arrays properties.
Phosphides Moderate adsorption  Easy to oxidize in air; MOF-derived; CVD
to LiPSs and complex synthesis;
conductivity. uncontrollable phase
structures.
Nitride Strong adsorption Agglomeration when  CVD

Hetero-structures

energy for LiPSs;
higher conductivity;
remarkable catalytic
properties.
Coexistence of both

present in high
loadings.

Complex preparation

CVD; MOF-derived;

adsorption and
catalysis
synergistically.

process; difficulty in ~ hydrothermal
obtaining uniform synthesis
heterojunction

structure.

organic electrolyte and electrodes that can result in a series
of the internal short circuits and corresponding safety issues
[145-147]. Therefore, it is essential to design novel compos-
ite separators that can adsorb soluble polysulfides or catalyze
their conversion.

Separators using functional materials have been confirmed
to be ion-selective, which is more promising for building a
physical barrier to suppress the shuttling effect [107]. Most
reviews discuss modified separators with different bands of
coating material. Various modification methods and material
structures exist for separator modification, including metals,
transition metal-based compounds, MOFs, heterostructures
etc [118, 144, 148]. Based on the structural design of sev-
eral sulfur cathode materials, the advantages of NAs struc-
ture modified separator materials are highlighted due to their
flexible nature. This chapter mainly deals with the modified

design of membrane materials, focusing on the introduction
of NAs structures.

To resolve the severe dissolution of polysulfides and the
lethal shuttling effect of the sulfur cathode, Chen ef al used
the MOF-derived hollow CoySg nano wall arrays grown in situ
on a Celgard separator (CogSg-Celgard) as an efficient poly-
sulfides barrier for high-performance Li—S cells (figures 6(a)
and (b)) [80]. Due to its well-designed structure, in situ
growth/transformation, the polarity and high conductivity of
CoySs, Li—S batteries with the CogSg-Celgard separator not
only effectively blocked the polysulfides even with pure sul-
fur cathodes with a very high sulfur loading (5.6 mg cm™2),
but also delivered excellent specific capacity and outstand-
ing rate performance. It showed a discharge capacity of
428 mA h g—! at a high cycling rate of 2 C, while it recovered
to 1270 mA h g=' at 0.1 C (figures 6(c) and (d)). It is
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separators. (h) SEM image of RPM. (i) Rate performance of Li-S cells with RPM/PP separators. [151] John Wiley & Sons. [© 2022
Wiley-VCH GmbH]. (j) SEM image of MPC separator. Reprinted from [152]. Copyright (2022), with permission from Elsevier. (k) SEM
image of the PP/PMMA separator. Reprinted with permission from [153]. Copyright (2019) American Chemical Society.

the regular hollow array structure that effectively suppresses
the shuttling effect, gives an excellent material stability, and
improves the utilization rate of the active material sulfur.
Good separator wettability is crucial for a rapid ionic trans-
port in Li—S batteries [149]. Jin ef al improved wettability of
the separator by modifying the surface of an ultrathin coat-
ing composed of polar NiIOOH nano wall arrays and non-
polar CNT conductive networks [150]. The lower contact
angle compared with the PP meant that electrolyte could eas-
ily penetrate this composite separator which is beneficial for
rapid ionic transportation. Shi et al obtained a Mott—Schottky
heterogeneous layer modified separator through the vertical
growth of MoS, arrays on the PANI in situ reduced graphene
oxide (RGO) (figure 6(e)) [151]. The wettability of the separ-
ator to the electrolyte was investigated by contact angle meas-
urements, and the RGO-PANI/MoS, (RPM) separator dis-
played the most favorable surface wetting, which was bene-
ficial for the infiltration of electrolyte and the diffusion of
Li ion (figures 6(f) and (g)). The unique ‘reservoir’ struc-
ture developed by MoS, arrays and RGO-PANI substrate can
effectively trap polysulfides, giving the cells excellent rate per-
formance (553 mA h g~ ! at 10 C) and outstanding cycle stabil-
ity (524 mA h g~ ! after 700 cycles at 5 C) (figures 6(h) and (i)).
Kong et al prepared a hierarchical porous phosphorus doped
carbon NSA as separator coating layer to realize an effect-
ive trapping-conversion of polysulfides (figure 6(j)) [152]. An
array of nanoparticles on the surface of the PP separator is also
considered as a good strategy. Deng et al designed an arrayed
poly(methyl methacrylate) (PMMA) microspheres retarding
layer coated on PP layer as the separator (figure 6(k)) [153].

The synthesized PMMA microspheres not only suppress the
diffusion of polysulfides but also improve the affinity of the
separator to the electrolyte.

Moreover, the NA structures achieve binder-free interfer-
ence with in situ growth and infiltration percolating electron
pathways. The modified membrane prepared by in situ one
sided growth of polar CoSOy4 hydrate (CS/PP-6) has a needle-
like array structure, and the large pore volume and specific sur-
face area result in more catalytic activity [59]. Using the same
growth method, Yang et al fabricated multifunctional NiCo,S4
(NiCoS) NSAs on a PP for high performance Li—S batteries
[154]. The NiCoS NSAs were interconnected, conductive and
closely adhered to the PP membrane without using any binder.
Even at high sulfur loading of up to 5.3 mg cm~2, the cell
still approached a high reversible capacity of 495 mA h g~!
after 200 cycles.

4.3. Lithium metal anode

Li metal has become an ideal anode material due to its
extremely high theoretical specific capacity (3860 mA h g=')
and lowest reduction potential (—0.304 V vs. SHE) [42].
In a typical Li-S battery with a composite S/C cathode,
Li is highly reactive and can react with most electrolytes
to form a heterogeneous SEI. Subsequently, active polysulf-
ides and fresh Li are consumed by side reactions, reducing
coulomb efficiency (CE) and further diminishing the capa-
city of Li—S batteries. For this reason, researchers have pro-
posed solutions in terms of ion distribution, deposition beha-
vior etc., which are mainly divided into the following three
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Figure 7. NA structures employed as Li metal anode. (a) Illustrated schematic of the failure process of a lithium anode. Reprinted with
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types: (a) surface protection - a protective film with excel-
lent mechanical properties is constructed on the surface of the
lithium metal anode to prevent dendrites from piercing; (b)
lithium-carrying framework - using nano-materials with reg-
ular morphology as the ‘host’ for metal lithium deposition
to reduce the volume change on the negative electrode side;
(c) solid electrolyte - this type of the electrolyte can effect-
ively prevent dendrites from penetrating and has extremely
high safety [155-158]. Relatively low electrical conductivity
is desirable when choosing an appropriate scaffold/framework
material to prevent direct Li deposition. Given the vast tool-
box of the expanding field of 2D materials and nanostructure
synthesis, more scaffold designs are expected. This section
mainly analyzes the causes of Li dendrites, introduces and
summarizes the use of NAs structure for skeleton modification
and subsequently optimizes the application advantages of the
array structures.

Some studies have revealed the growth process of Li dend-
rites (figure 7(a)). Firstly, Li metal easily reacts with the elec-
trolyte because of its high reactivity, resulting in the forma-
tion of an uneven SEI coating with unevenly distributed ‘hot
spots’ on the surface. Large deposits are created under the
SEI as a result of the uneven Li deposition and increasing
inhomogeneity with cycles [159]. As a result of the SEI layer

breaking, numerous irregular cracks appear on the surface of
the Li metal, causing severe Li dendritic formation. The dead
lithium originates from the broken dendrite, and the freshly
exposed lithium surface is corroded quickly by the electro-
lyte. Additionally, SEI with poor electronic conductivity forms
surrounding broken Li, which ultimately results in electrode
volume changes and major safety issues.

To resolve the problem, ideal anode structures must fea-
ture uniform surface curvature to equalize the electric field,
and must be able to accommodate significant volume variation
during cycling. Wang et al used 3D wood-derived carbon dec-
orated with Ag, ZnO, and Au particles with a gradient distri-
bution to create lithiophilic sites. This material exhibits excep-
tional 3D spatial controllability and gradient distribution of
silver nanoparticles, which effectively enhances the uniform
deposition of lithium. The average CE achieved at | mA cm™—2
is 99.8%, indicating excellent performance even under high
current density conditions [61]. Yang et al demonstrated that a
3D current collector with a submicron-sized skeleton and NA
structure can effectively improve the electrochemical depos-
ition behavior of Li [160]. As shown in figure 7(b), many
prominent peaks arranged on the submicron skeleton of the 3D
Cu foil function as the charge centers and nucleation sites. This
makes the electric field uniform, resulting in a uniform charge
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distribution along the 3D skeleton. Consequently, Li nucleates
and grows on the 3D current collector in nanosized chunks,
filling the gaps of the arrays, and eventually forming a uniform
Li surface. Luo et al designed an interconnected Liz;P@Cu
mix ion/electron conductive interlayer (MCI) to address the
issue of Li dendrites [161]. The in-situ generated Cu nanodo-
mains provided abundant active sites for fast distribution of
local current density, effectively lowering the energy barrier
for Li nucleation. On the other hand, Li dendrites can also be
suppressed by using a lithium plating method other than form-
ing a framework structure on a lithium foil by an in-situ growth
method. Xu et al synthesized a multifunctional lithium-pinned
array endowed with functions of lithiophilicity, zoning effect
and riveting effect on a surface phosphorized 3D copper foam
[162]. Li can be uniformly plated/stripped both on the surface
and in the inner space of the 3D skeleton with improved mor-
phology. Cheng and coworkers designed a vertically aligned
carbon nanofiber (VACNF) array with a unique and conically
stacked graphitic structure directly grown on a planar Cu cur-
rent collector (figure 7(c)). When used as a high-porosity 3D
host with Li metal anodes, the Li—S batteries exhibited excel-
lent rate capability and high cycling stability with no capa-
city fading over 600 cycles [163]. Liu et al described self-
supported TiC/C core/shell nanowire arrays with diameters of
400-500 nm and confined hosts of molten Li forming an integ-
rated trilayer TiC/C/Li anode (figures 7(d) and (e)) [48]. The
as-prepared TiC/C/Li anode exhibited excellent electrochem-
ical performance with a small hysteresis of less than 85 mV
beyond 200 cycles (3.0 mA cm~?2) along with a very high CE
up to 98.5% for 100 cycles at 1.0 mA cm~2. More importantly,
when the structured anode was coupled with a sulfur cathode,
the assembled full cells separately displayed enhanced capa-
city retention and improved CE (figure 7(f)).

In addition, the lithiophilic character and poor spatial reg-
ulation can be challenging for Li nucleation/skeletal growth.
Lithiophilicity and wettability of the protective layer materi-
als have also emerged as the critical factors that researchers
need to consider. Yang and coworker prepared a thin lithio-
philic layer consisting of vertically aligned CuO nanosheets
directly grown on a planar Cu current collector. The lithio-
philic nature of the CuO nanosheets reduced the polarization
of electrodes, ensuring uniform Li nucleation and a continu-
ous smooth Li plating [164]. The vertical-aligned SnS; NSAs
with intrinsic lithiophilic nature were uniformly decorated on
highly flexible carbon foam (SnS; NSA@CF). Li;3Sns formed
in-situ uniformly induces Li nucleation on NSAs via a reduced
Li nucleation overpotential [165]. Even after 100 cycles, the
R; of SnS; NSA @CF values remained stable with a negligible
fluctuation, indicating lithiophilic SnS; NSA effectively facil-
itates uniform nucleation and deposition of Li metal and thus
maintained a stable SEI film (figure 7(g)).

Li-S batteries, require more sulfur loading and long-cycle
stability for commercial applications. However, Li-S batter-
ies with high sulfur areal loads typically have very short and
poor cycling life. A battery with superior electrochemical
performance requires interaction between cathode and anode

materials. A proper analysis of the effects of different sul-
fur loading on the SEI is necessary to obtain optimal applic-
ation conditions. Yan et al proposed the role of polysulfides
concentration on SEI evolution and Li deposition [166]. As
shown in figure 7(h), when the polysulfides concentration is
very low ([S] < 0.05 M), the formation of a uniform SEI layer
may hardly occur. The SEI prefers to be stable at a very high
amount of electrolyte and a relatively low polysulfides con-
centration (0.10 M). When the sulfur concentration is very
high ([S] > 0.50 M) in the ether electrolyte, the cell exhib-
its a severe decay in efficiency even under the protection of
5.0 wt% LiNOs;. Consequently, the sulfur content of the elec-
trolyte on the anode should be reduced to around 0.10 M for
Li-S cells with very high sulfur loading in order to exhibit a
good cycle life.

5. Challenges of rational design for NA electrodes

Although significant process has been achieved in the research
of NAs in Li-S batteries, there are still many obstacles to
overcome. Arumugam et al introduced the concept of the
‘five 5 s’, which outlines five critical metrics essential for
high-energy-density Li-S batteries, including sulfur load-
ing >5 mg cm™2, carbon content <5%, electrolyte-to-sulfur
(E/S) ratio <5 MI mg~!, electrolyte-to-capacity (E/C) ratio
<5 ml (mA h)~!, and negative-to-positive (N/P) ratio <5
[167]. Meanwhile, the weight and volume of electrode mater-
ial, as well as current collectors, should be lower possibly
to achieve a higher energy density [168, 169]. Table 3 sum-
marizes the reported NAs as electrodes for Li-S batteries.
As displayed in figure 8(a) and table 4, due to the inherent
advantages, most of the NA structure electrodes can achieve
high sulfur loading, 44.2% of them can even realize a sulfur
loading higher than 6 mg cm~2. However, to obtain superior/
maximum specific capacity, high sulfur loading and high sul-
fur utilization are key factors. Unfortunately, the electrolyte/
sulfur (E/S) ratio has not received much attention. Although,
lots of effort has been made toward achieving prolonged cyc-
ling performance, which is based on excessive electrolyte,
the energy density is not up to the commercial standard even
though sulfur loading is satisfactory along with excess elec-
trolyte. As shown in figure 8(b) and table 5, 45.5% of the NA
structure electrodes have an E/S ratio lower than 10 yl mg~!,
while only 18.2% have a ration lower than 5 ul mg~!. Most
of the NA electrodes need to be wetted with a large amount
of electrolyte to form the ion channels. It is a vital challenge
to provide transfer channels for both ions and electrons in NA
electrodes. Therefore, rational control of the E/S ratio needs
to be taken seriously in order to achieve outstanding electro-
chemical performance and energy density.

Moreover, the relationship between the amount of electro-
lyte and sulfur utilization can be characterized by the electro-
lyte/capacity (E/C) ratio. This ratio is defined as the amount
of electrolyte utilized per unit of discharge capacity in a cell.
The E/C ratio is a direct reflection of the sulfur utilization in the
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Figure 8. Challenges of designing NA electrodes. Statistical analysis of (a) areal sulfur loading, (b) electrolyte/sulfur ratio of the Li—S cells
with NA structures. Rational design of NA electrodes for (c) sulfur cathode and (d) Li metal anode.

Table 4. Statistical analysis of areal sulfur loading of Li-S cells
with nanoarray structures.

Areal sulfur loading Amount Percentage (%)
<2mg cm ™2 7 16.3
2-6 mg cm > 17 39.5
6-10 mg cm ™2 12 27.9
>10 mg cm 2 7 16.3

Table 5. Statistical analysis of electrolyte/sulfur ratio of Li—S cells
with nanoarray structures.

Electrolyte/sulfur ratio Amount Percentage (%)
>20 pl mg~! 7 21.1
10-20 gl mg ™! 12 36.4
5-10 gl mg~! 9 273
<5 pl mg™! 6 18.2

cell. In addition to reducing the E/S ratio to below 5 ul mg~!,

cathode designs should also aim to lower the E/C ratio to
below 5 1 (mA h)~! in order to accurately evaluate and assess
new advancements. The negative/positive (N/P) ratio defines
the areal capacity of the Li anode in relation to the sulfur
cathode. Conventional Li-S cells commonly use thick Li-foils
(>500 pm or N/P > 20) as the anode, which reduces the spe-
cific energy of the cell. To address this limitation, employing
thin Li-foils (N/P ratio < 5) can significantly improve both the
gravimetric and volumetric energy density of the cell.

To further enhance the electrochemical performance of Li—
S batteries using NAs in practical application, the following

research should attract much attention. For sulfur cathodes,
several steps could be taken for the rational design of NA elec-
trodes (figure 8(c)):

(1) The selection of appropriate conductive substrate has a
favorable synergistic effect with NAs, thus improving
the electrochemical performance. The modification of the
substrate is considered as an attractive approach, e.g.,
nitrogen—sulfur-doped carbon cloth [121], PCFs [131]
and so on. It is very important for the substrates to
have a rich porous structure that quickly transports elec-
trons/ions, accommodates the maximum amount of sul-
fur, which ensures high sulfur loading and substrates
containing cross-linked maze channels that physically
immobilize the polysulfide species. The most commonly
used substrates are expensive and provide high thick-
ness, weight, and poor mechanical flexibility. Thus, it is
important to develop advanced substrates that are inex-
pensive, highly compatible and with outstanding mech-
anical flexibility. Moreover, researchers should pay more
attention to substrate-free electrodes which can reduce
the whole mass/volume of electrodes, leading to a high
energy density.

(2) In the preparation of NAs materials, it is crucial to control
their morphology accurately with effective and advanced
synthetic approaches. Many 3D self-assembled nanostruc-
tures have been reported, but are difficult to apply in
flexible energy storage devices due to random growth.
Therefore, it remains a serious challenge to precisely con-
trol the morphology of NAs materials with suitable meth-
ods and templates. The architecture of the NA electrode
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can be tailored to create a hierarchical or porous structure.
This structure can provide a large surface area and inter-
connected pathways for the diffusion and immobilization
of LiPSs, reducing their migration. It can also enhance the
utilization of active materials and facilitate efficient elec-
trochemical reactions.

(3) Introducing specific materials within the NA structure
that have high affinity for LiPSs can effectively trap
and immobilize them. Various materials, such as dop-
ing or hybridization at atomic and molecular levels,
the synergistic combination of structure strategy and
defect engineering, and heterostructure engineering, have
shown promising results in absorbing and trapping LiPSs.
Incorporating these methods within the NA electrode can
help mitigate the shuttle effect.

(4) High sulfur loading and low E/S ratios are the key factors
for realizing high-energy Li—S batteries. Designing 3D NA
architectures with a large specific surface area and suffi-
cient active sites is the most widely explored strategy to
fabricate high-sulfur-loading cathodes. Actually, the elec-
trode thickness should be thin enough to achieve super-
ior rate performance, resulting in low sulfur loading.
Therefore, it s still a key challenge to obtain a thicker layer
in electrodes with good flexibility and high-rate capabil-
ity. Moreover, it is necessary to achieve low E/S ratios by
adjusting the inner porosity and wetting properties.

For Li metal anodes, the following steps could be followed
towards the rational design of NA electrodes (figure 8(d)):

(1) Most substrates such as metal foil and metal foam that
mostly support NAs are too expensive and add too much
volume and weight. Therefore, it is necessary to develop
advanced substrates with low price, strong environmental
flexibility and good mechanical stability for improving the
performance of batteries.

(2) Electrodes with excellent lithiophilicity can direct uniform
Li nucleation, suppress dendritic Li growth, and improve
cycling along with coulombic efficiency. Thus, it is essen-
tial to design lithiophilic NA structures for Li metal anodes
with a low Li nucleation barrier, dendrite-free morpho-
logy, and safe batteries with Li metal anodes.

(3) Research into artificial SEI is extremely important and
should be highly valued. In addition to the common
requirements of SEI, such as uniformity, fast ion trans-
port, mechanical strength, the effect of polysulfides on
the SEI needs further consideration and rational design.
The shuttling effect of polysulfides is the most serious
obstacle hindering practical applications of Li-S batter-
ies. Therefore, researchers should pay more attention to
determining anode protective structures that can protect
lithium metal against dissolved polysulfides. Additionally,
constructing SEI that can reject polysulfides may be a
promising strategy.

Stability plays a significant role in determining the
long-term performance and cycle life of the battery system.

20

The following guidelines should be followed to ensure stabil-
ity in the design of both the sulfur cathode and lithium anode:

(1) Substrate design - select a substrate that offers mechan-
ical support and stability to the array electrodes. Consider
using flexible or rigid substrates that can withstand the
expansion and contraction of the electrode materials
during cycling.

(2) Material selection - choose materials with excellent mech-
anical properties and chemical stability. Consider mater-
ials that can withstand the stress and strain experienced
during cycling and that exhibit high chemical resistance to
the electrolyte.

(3) Electrode architecture - design hierarchical or intercon-
nected structures to provide mechanical support and min-
imize electrode deformation.

(4) Electrode thickness - control the thickness of the array
electrodes to strike a balance between maximizing act-
ive material loading and maintaining structural stabil-
ity. Thick electrodes may enhance capacity, but they
can also increase mechanical stress and strain, leading
to degradation.

There has been significant progress in the development
of NA electrodes for Li-S pouch cells. NA electrodes have
emerged as a promising approach to enhance the performance
of Li-S batteries by addressing some of the key challenges
associated with this technology, such as low cycling stability
and poor sulfur utilization. Despite the progress, there are still
some challenges that need to be addressed before NA elec-
trodes can be effectively implemented in commercial Li-S
pouch cells. One of the major challenges is the stability of
the NA structure over long cycling periods. Maintaining the
structural integrity of the NA electrodes and preventing their
degradation is crucial for the long-term performance and dur-
ability of Li-S batteries.

6. Future perspectives

Li-S batteries are regarded as the most promising candidates
for energy storage devices due to their high theoretical energy
density. The fabrication of effective and stable catalysts is cru-
cial for the realization of high-performance Li—S batteries. NA
electrodes have exhibited marvelous electrochemical perform-
ance and durability due to their features of having no binders/
additives, a large number of active sites, high sulfur loading,
facile electron/ion transport, and a stable structure for buffer-
ing volume changes. In this review, we comprehensively elab-
orate the progress and development of NA structures start-
ing with the advantages of NAs materials, principles of fab-
rication and synthetic methods, along with applications for
the sulfur cathode, separator and lithium metal anode of Li—
S batteries. In short, this review provides an in-depth ana-
lysis of the challenges and rational design of NA structures
for Li-S batteries.

Despite the fact that great progress has been made in
the fabrication of NA structures for sulfur cathodes, lithium
anodes, and functional separators, enormous challenges and
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opportunities remain in advancing practical Li-S batteries.
We should always adhere to the ‘five 5 s’ design guidelines:
sulfur loading >5 mg cm~2, carbon content <5%, E/S ratio
<5 ml mg~! and E/C ratio <5 ml (mA h)~!, as they serve
as the minimum standard for achieving a lightweight and
compact high-energy system. While most NA electrodes can
achieve a high sulfur loading, they need to be wetted with
a large amount of electrolyte in order to form ion channels
within the electrode. Thus, the E/S ratio and E/C ratio must be
taken seriously to simultaneously achieve outstanding electro-
chemical performance and energy density. The development
of NA electrodes holds promise for high-energy Li—S pouch
cells. By improving sulfur utilization and cycling stability,
NA electrodes have the potential to significantly increase the
energy density and lifespan of Li—S batteries. However, further
research is needed to optimize the design, materials, and man-
ufacturing processes of NA electrodes to ensure their practical
viability and scalability.

Furthermore, it is of critical importance to understand the
scientific mechanism such as electrochemical process, elec-
trode degradation, etc in Li—S systems which be helpful in fur-
ther improvement of overall battery performance. The phase
transitions, volume changes, and side reactions that take place
during the charge/discharge process may all be precisely mon-
itored using the NA structures, which can assist to remove
the interference of binders and additives in conventional
electrodes. Therefore, based on the NA structure electrodes,
it is effective to explore the energy storage processes and
mechanisms using advanced characterization techniques and
computational simulations.

In addition, (quasi) solid state electrolytes energy stor-
age devices based on NA structures are also very promising.
With suitable interspacing between orderly formed nanostruc-
tures, NA structures electrodes can achieve more adequate
electrolyte penetration, resulting in tight interfacial contact
with solid-state electrolytes, as opposed to the limited con-
tact in conventional powder electrodes. Therefore, (quasi)
solid state Li—S batteries based on NA structures need to be
further studied.
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