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Rechargeable Li-chalcogen (S, Se, and Te) batteries (LCBs) have attracted considerable interest owing to their
high theoretical capacities and energy densities. However, LCBs normally suffer from dramatic volume expansion
of elemental chalcogen, dissolution and shuttling of intermediates in ether electrolytes, and serious Li dendrite
growth. Carbon nanotubes (CNTs) have been employed to resolve these pressing issues, including the construc-
tion of cathodes, fabrication of interlayers, modification of separators, and design of Li anodes. In this review, the
properties of different chalcogen elements and the electrochemistry of LCBs are first provided. Next, the multiple
functions of CNTs are presented to mitigate the notorious issues faced by LCBs. More importantly, recent repre-
sentative studies on CNT-based architectures for LCBs are presented and analyzed in detail, in terms of design
concepts, fabrication methods, electrochemical performance, and underlying mechanisms. Finally, the remaining
issues and future challenges in the adoption of CNTs for LCBs are discussed. It is believed that this paper can

provide new insights into the further development and commercialization of LCBs.

1. Introduction

The global energy crisis and environmental pollution necessi-
tate high-performance energy storage and conversion devices [1, 2].
Lithium-ion batteries (LIBs) are currently popular for powering portable
electronics and electric vehicles [3, 4]. However, their energy densities
are limited to 300 Wh kg~!, owing to which they cannot meet the in-
creasing demands of modern high-end electronic markets [5, 6]. There-
fore, several types of energy storage devices, including sodium-ion bat-
teries, potassium-ion batteries, and supercapacitors, have recently been
explored as promising alternatives to the commonly used LIBs [7-11].
Li—chalcogen batteries (LCBs), which rely on the electrochemical redox
reactions of Li with chalcogen (S, Se, and Te) elements, have gained im-
mense attention owing to their high theoretical capacities and energy
densities (Fig. 1) [12-19]. Of them, Li-S batteries are the most attrac-
tive because sulfur can store 1672 mAh g~ when fully reduced to Li,$S,
resulting in a high theoretical energy density of approximately 2600 Wh
kg~!. In addition, sulfur is much cheaper and more abundant than Se
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and Te. However, the electrical conductivity of S is much lower than
those of Se and Te, thus requiring highly conductive matrices to ac-
celerate the conversion kinetics. In terms of volumetric energy density,
LCBs exhibit much higher values than conventional LIBs (1190 Wh L.71).
Considering the significant importance of volumetric energy density in
practical applications, LCBs deserve more attention.

With progress in research on LCBs, five major challenges have
emerged, which need to be resolved to promote their commercialization
[20-22]. First, the shuttling of soluble polychalcogenides in ether-based
electrolytes results in a continuous loss of active species and significant
side reactions at the Li anode, both of which contribute to fast capac-
ity decay. Second, the electrical conductivities of S and the polychalco-
genides are still relatively low for enabling fast charge/discharge. Third,
the volume expansion of chalcogen elements during repeated Li-ion in-
sertion/extraction triggers a large internal strain, resulting in the struc-
tural degradation of cathodes and detachment of active materials from
the current collector. Fourth, the uncontrollable Li dendrite growth dur-
ing the repeated plating/stripping cycles gives rise to serious safety con-
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Fig. 1. (a) Comparison of chalcogen elements with the cur-
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cerns [23]. Finally, the slow reaction kinetics at a low electrolyte/sulfur
(E/S) ratio compromise the energy density of LCBs. Very recently, Bon-
nick et al. estimated via modeling that the gravimetric energy density
of a Li-S battery with an E/S ratio greater than 3 mL g~! is lower than
that of a Li[Ni 33Mng 33C0¢ 3310, ||Li cell [24]. All these issues must be
addressed to promote the commercialization of LCBs.

Substantial efforts have been made towards resolving these in-
tractable issues faced by LCBs. Ji et al. pioneered the study of using
carbon structures to host sulfur species [25]. The ordered carbon ma-
trix, i.e., CMK-3, could conduct electrons to the active sulfur component,
thus realizing an efficient conversion between S and Li,S. Furthermore,
they also coated the sulfur/carbon composite with polyethylene glycol
to mitigate the dissolution and shuttling of polysulfides because simple
physical (spatial) entrapment is not sufficient for long-term cycles. Since
then, various carbon matrices, including meso- and microporous car-
bons, carbon nanotubes (CNTs), carbon fibers, graphene, and mixtures
thereof, have emerged as chalcogen and Li hosts, interlayers, and sep-
arator modifiers to prolong the lifespan of LCBs [26-29]. These carbon
matrices not only offer high-speed electron pathways for active mate-
rials but also accommodate the volume changes of chalcogen cathodes
and Li anodes, and alleviate the shuttling of soluble intermediates via
physical entrapment.

Of diverse carbonaceous materials, CNTs have been extensively stud-
ied for use in various batteries owing to their extremely high length-to-
width ratio, extraordinary electrical conductivity, remarkable mechani-
cal/chemical/thermal stability, and large specific surface areas [30-33].
CNTs are typically produced by four main methods: arc discharge, laser
ablation, gas-phase catalytic growth from carbon monoxide, and chem-
ical vapor deposition (CVD)[34]. Of these methods, the CVD approach
offers better potential for producing large quantities of CNTs at a low
cost. For this reason, the use of commercial CNTs to construct hierarchi-
cal micro-and nanostructures such as CNT spheres, films, and sponges,
thus promoting fast ion/electron transport in battery electrodes, is a
well-recognized tactic for rechargeable batteries. Moreover, CNTs have
also been produced by annealing various precursors comprising Co, Ni,
Fe catalysts at high temperatures [35, 36]. In such a way, the CNT frame-
works are uniformly distributed on elaborately designed architectures

Fig. 2. Schematic of the functions of CNTs in LCBs, and the proposed CNT-based
micro-and nanostructures.

without compromising their characteristics, resolving the dispersion is-
sue for making CNT-based electrodes. For example, Co-based metal-
organic frameworks (MOFs) can be used to produce CNTs that are grown
in situ on MOF-derived frameworks [37-39]. In addition, CNTs can be
easily integrated with other carbonaceous materials and assembled into
various sophisticated architectures, making them very promising for use
in the preparation of flexible electrodes.

CNT-based materials have been used in LCBs to construct hierarchi-
cal Li/chalcogen hosts, interlayers and to modify separators to improve
their electrochemical performance [40-42], as illustrated in Fig. 2. For
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Table 1
Summary of the detailed parameters of different chalcogens.
Mole Mass Mass Density Electronic
Element  Crystal structure (g mol™!) (g em™3) Conductivity (S m~!) Melting point (°C)
S monoclinic (Ring-like Sg) 32.1 2.07 5x10728 115
Se Trigonal(chain-like Seg), rhombohedral (Sey), 79.0 4.81 1x1073 221
monoclinic (Ring-like Seg), and amorphous
Te Trigonal (Chain-like Teg) 127.6 6.24 2x102 450

example, Wei et al. prepared an intriguing structure composed of a
graphene/single-walled CNT (SWCNT) hybrid to encapsulate elemen-
tal sulfur [43]. The SWCNTs, CVD-grown graphene, as well as the ro-
bust connection between SWCNTs and graphene, conducted electrons to
the sulfur species, whereas the internal spaces between the two stacked
graphene layers and among the SWCNTs offered room for sulfur. How-
ever, simple spatial confinement cannot completely block the diffusion
and shuttling of polysulfides over long-term cycles. Later, heteroatom
doping and polymeric materials were used to modify the CNT networks
to enable strong chemical interactions between the intermediates and
polar hosts [44, 45]. In addition, metal compounds that demonstrate
significant catalytic activities have been hybridized with CNT skeletons
to accelerate the conversion of soluble intermediates to solid chalco-
gens and Li chalcogenides [46, 47]. Apart from the numerous efforts on
the development of chalcogen cathodes, modification of separators, con-
struction of interlayers are simple but effective strategies for intercept-
ing the diffusion of intermediates to the anode [48]. Similar to rationally
designed hosts, CNT-based materials with high electrical conductivity,
large surface areas, and strong interactions with intermediates are de-
sired. In addition, substantial efforts have been directed to constructing
CNT assemblies to promote stable and reversible Li plating/stripping by
reducing local current density for Li deposition and introducing nucle-
ation sites [49, 50].

The last few years have witnessed tremendous improvements in the
fundamental understanding of Li-chalcogen chemistries through a com-
bination of science and engineering approaches, particularly focusing on
the chalcogen cathode. CNT-based architectures have been extensively
studied for LCBs. However, a systematic yet in-depth overview of this
exciting field is still lacking. To facilitate their practical applications, we
offer a timely and comprehensive review to present the latest progress in
CNT-based materials for LCBs. In this review, we first compare the elec-
trochemical principles of LCBs in different liquid electrolytes and sum-
marize the multiple functions of CNTs in improving chalcogen utiliza-
tion and mitigating Li dendrite growth. Then, the detailed roles of CNTs
in LCBs are discussed from the viewpoint of design concepts, fabrica-
tion/synthesis methods, electrochemical performance, and underlying
mechanisms. Next, the recent progress of CNT-based hosts for Li-metal
batteries is presented. Finally, the persisting issues and future research
directions are discussed.

2. Electrochemical principles of LCBs

Prior to discussing the working principles of LCBs, the physicochem-
ical properties of S, Se, and Te are compared to help understand their
differences in electrochemistry (Table 1)[21]. First, S, Se, and Te possess
different crystal structures, which may result in different electrochem-
ical activity and solubility properties of polychalcogenides in the elec-
trolytes, thus significantly affecting their electrochemical performance.
For example, Zhou et al. found that amorphous Se underwent multi-step
lithiation while trigonal Se delivered single-phase transformation, signi-
fying the impact of Se phase in Li-Se batteries [51]. Second, the electri-
cal conductivity of chalcogen elements varies. S is an insulator, whereas
Se and Te are semiconductor and semimetal, respectively. The huge dif-
ferences in electrical conductivity render S with poor rate capacity and
require a significant amount of carbon additives to boost the reaction
kinetics. Third, the much higher density (6.24 g cm~3) of Te enables the
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Li-Te to have a comparable volumetric capacity to that of Li-S and Li-Se
batteries, which is of great importance for practical applications requir-
ing limited space. Fourth, the melting point increases with the atomic
number of chalcogen (S: 115°C, Se: 220 °C, and Te: 450°C). As a result,
using the melting infiltration method to make the carbon/Te compos-
ite undergoes inevitable limitations of higher cost, inferior safety, and
lower active mass loading. In this section, we will discuss in detail the
electrochemical principles of Li-S, Li-Se, and Li-Te batteries.

2.1. Li-S batteries

Li-S batteries normally display a multi-step electrochemical redox
reaction characterized by a two-plateau charge/discharge voltage pro-
file in ether-based electrolytes [52]. As shown in Fig. 3a, during the
discharge process, sulfur molecules (Sg) reacted with Li* to form a va-
riety of soluble intermediates, i.e., Li;Sg, Li;Se, Li,Sy, as reflected by
the upper discharge plateau at ~2.3 V. Upon further lithiation, the long-
chain polysulfides transformed into short-chain solid-state and insoluble
polysulfides (i.e., Li,S) depositing on the electrode, corresponding to the
lower discharge plateau at about 2.1 V. During the charge process, the
reversible reactions occur with the conversion of solid-state intermedi-
ates to Li,Sg or S. Overall, the redox reactions of Li-S batteries undergo
a solid to liquid to solid conversions during charge/discharge processes.

For comparison, carbonate electrolytes have been recognized to be
incompatible with the cyclo-Sg cathode because high-order polysulfides
will undergo nucleophilic reactions with the carbonate solvent, lead-
ing to the failure of the battery after the first discharge [53]. Later on,
researchers found that space-confined sulfur molecules S, 4 and cova-
lently bonded organic sulfur show a distinct charge-discharge profile
with an inclined plateau in carbonate electrolytes [54, 55]. This phe-
nomenon can be attributed to the absence of soluble polysulfides in the
system, indicating a solid-solid conversion mechanism. In addition, the
Li-S batteries equipped with a solid electrolyte also display a similar
charge/discharge profile, resulting from the absence of polysulfide shut-
tle [56].

2.2. Li-Se batteries

As a congener of sulfur, Se has a similar lithiation/delithiation mech-
anism to that of S, and the theoretical volumetric capacity of Li-Se
(3253 mAh cm~3) is comparable to that of Li-S (3467 mAh cm~3) al-
though Li-Se has a much lower theoretical gravimetric capacity (675
mAh g1) than that of Li-S (1675 mAh g~1) [57, 58]. Li-Se batteries
also suffer from several pressing issues that prevent their practical ap-
plication, including the dissolution of intermediate polyselenides and
their ensuing shuttle effects in ether-based electrolytes, volume expan-
sion of Se during cycles, and active loss [59, 60]. Li-Se batteries show
different charge/discharge behaviors in ether-based and carbonate elec-
trolytes. For Li-Se batteries operating in ether-based electrolytes, their
working mechanisms are similar to those of Li-S batteries except for a
slightly lower redox potential [61]. Typically, Se is initially reduced to
Li,Se, (n > 4), then to Li,Se, and finally to Li,Se, reflected by the two
discharge plateaus at ~2.1 and ~1.9 V, respectively. During charging,
only one plateau is observed, which may be attributed to the poten-
tial overlapping (Fig. 3b) [62]. In this manner, Li-Se batteries share
the same challenges as Li-S batteries when an ether-based electrolyte
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Fig. 3. Charge/discharge profiles of LCBs in carbonate-based and ether-based electrolytes liquid electrolyte. (a) Li-S batteries. Reproduced with permission [52].
Copyright 2016, Royal Society of Chemistry. Reproduced with permission [54]. Copyright 2015, American Chemical Society. (b) Li-Se batteries. Reproduced with
permission [62]. Copyright 2021, Wiley-VCH. (c) Li-Te batteries. Reproduced with permission [67]. Copyright 2017, Elsevier. Reproduced with permission [14].

Copyright 2016, American Chemical Society.

is used. Notably, the Se cathodes are compatible with carbonate elec-
trolytes, which is essentially different from cyclo-Sg [62]. It is revealed
that the Li-Se batteries experienced a single-phase transformation be-
tween Se and Li,Se without soluble polyselenides, but unclear multi-
step lithiation processes in carbonate electrolytes may exist [51, 63]. In
addition, researchers also found the crystal structure of Se significantly
affects the lithiation behaviors and electrochemical performance of Li—
Se batteries [62]. Overall, the working mechanisms of the Se cathode in
carbonate electrolytes remain controversial. Further advanced charac-
terizations are desired to uncover the fundamental mechanisms of the
Se cathodes in various electrolyte systems.

2.3. Li-Te batteries

As another chalcogen element, Te locates in the same group as S
and Se elements, and Li-Te batteries have recently been studied. Sim-
ilar to Li-S and Li-Se batteries, Li-Te batteries theoretically exhibit a
high volumetric capacity (2558 mAh cm~3) comparable to those of Li-S
and Li-Se batteries. In terms of theoretical gravimetric capacity, Li-Te
batteries possessed a smaller value (419 mAh g=1) than those of Li-
S (1675 mAh g~1) and Li-Se (675 mAh g~!) batteries because of the
higher molecular weight of Te [64, 65]. Wang’s and Yu’s groups pio-
neered the use of Te cathode for rechargeable Li batteries in 2014 [22,
66]. It has been reported that the Li-Te redox reaction in carbonate
electrolytes is a one-step phase transition process associated with the
formation of Li,Te (Fig. 3c) [67]. Since Te cathode is more compatible
with the conventional carbonate electrolytes compared to the Sg cath-
ode, carbonate electrolytes have been widely used in Li-Te batteries. For
comparison, in ether-based electrolytes, the Te cathode is firstly reduced
into chain-like polytellurides and cyclo polytellurides (Li,[Te, 1%, 2 <
n < 8) upon discharge, which are different from those in Li-S and Li-
Se batteries (only chain-like polysulfides and polyselenides) [14]. The
different structures of polytellurides may be associated with the unique
chain-like structure of Te. After that, the polytellurides are reduced into
the insoluble Li ditellurides and/or tellurides (Li,Te, or Li,Te). Upon
charge, the insoluble Li ditellurides and/or tellurides are converted into
Te. As a consequence, Te electrodes encounter the same shuttling issue
as observed in S and Se electrodes in ether electrolytes. Note that the
formation of polytellurides is still under debate. In addition, Te cath-
odes undergo a large volume expansion of approximately 200% during

726

lithiation, thereby resulting in a rapid deterioration in long-term cyclic
stability.

3. Multiple functions of CNTs in LCBs

Considering the pressing issues encountered in LCBs, CNTs play an
important role in enhancing their electrochemical performance. First,
CNTs have excellent electrical conductivity, rendering them an ideal
conductive matrix for various chalcogen cathodes and Li anodes accom-
panied by a small polarization. In addition, the intrinsic large aspect ra-
tio and large surface areas of CNTs would shorten the transport lengths
for both electrons and ions and offer large electrode/electrolyte contact
areas. Second, the surface chemistry of CNTs can be tailored to graft
functional groups or/and support polar components. As such, the solu-
ble intermediates can be anchored within the CNT frameworks, resulting
in faster redox kinetics and less intermediate shuttling. In addition, the
lithiophilicity of CNTs can be improved to promote uniform Li deposi-
tion through surface functionalization. Third, rational construction of
micro-and nanostructures based on CNTs, such as CNT spheres, films,
and sponges is still an effective approach to restrict the dissolution of
intermediates in electrolytes by physical trapping. The pore size, vol-
ume, and shape of the CNT-based carbon matrix play significant roles
in mitigating the crosstalk of intermediate shuttling. Fourth, the superb
mechanical property of CNTs is capable to maintain the structural in-
tegrity of chalcogenide cathodes and Li anodes. As a typical example,
CNT-based structures such as freestanding films enable the construction
of a mechanically robust skeleton with high durability, showing huge
potential in making flexible electronics (e.g., implantable devices, touch
screens, electronic skins, smart clothes, and stretchable displays). In the
following section, we discuss these functions in detail.

(1) Support of polar nanoparticles. It is well known that metal com-
pounds (e.g., metal oxides, sulfide, nitrides, and phosphides) pos-
sessing high polarities are beneficial for suppressing shuttle effects
[68, 69]. In addition, a few metal compounds exhibit significant cat-
alytic activities for polychalcogenides, contributing to faster redox
kinetics and less intermediate shuttling. However, the electronic con-
ductivity of these polar materials is unsatisfactory, resulting in poor
fast charge/discharge performance. Owing to the extraordinary elec-
tronic conductivity of CNTs, they can serve as a support for polar
nanomaterials, thereby enabling the best utilization of both compo-
nents. On one hand, polar particles anchored on CNTs prevent the
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agglomeration of CNTs and have a higher utilization efficiency. On
the other hand, metal compounds with poor electronic conductivity
are integrated with highly conductive CNTs, boosting the electron
transfer for redox reactions, especially at high currents.

Highly conductive pathways. Chalcogen cathodes should display
good electronic conductivity to facilitate fast electron transfer dur-
ing charge/discharge cycles, which is a prerequisite for achieving
good electrochemical performance. However, the electrical conduc-
tivity of chalcogen elements, especially sulfur, is not significant. As
mentioned previously, CNTs have excellent electrical conductivity,
rendering them an ideal conductive matrix for chalcogen cathodes.
Initially, sulfur was simply mixed with CNTs to serve as the sulfur
cathode. Although this simple treatment can enhance the initial re-
versible capacity, the improvement is not significant because of the
poor ionic transport and large volume variation during electrochem-
ical reactions. Considering the large aspect ratio and high surface
area of CNTs, the rational design of three-dimensional (3D) struc-
tures would ensure shorter transport lengths for both electrons and
ions, larger electrode/electrolyte contact area, and better accommo-
dation of the strains arising from conversion reactions. These char-
acteristics should be optimized to achieve better performance.
Restriction of intermediate dissolution and shuttling. The con-
finement of intermediates through a physical trap is another impor-
tant function of CNTs in LCBs. Encapsulating elemental chalcogen in
the pores and voids of CNTs is an ideal solution to mitigate the noto-
rious shuttle effects of intermediate products, but the strong capillary
effect of CNTs limits its realization [70, 71]. Although the interac-
tion between bare CNTs and intermediates is not strong, the design
of various micro-and nanostructures based on CNTs, such as CNT
spheres, films, and sponges can restrict the dissolution of intermedi-
ates. More importantly, heteroatom doping and surface modification
of CNTs have been proven to facilitate stronger adsorption of solu-
ble intermediates and stabilize electrochemical reactions, owing to
which these methods are gaining significant popularity in the fabri-
cation of chalcogen cathodes.

Enhancement of cathode structural stability. As the conversion
reactions always induce large volume variations, the structural dam-
age and collapse of chalcogen cathodes inevitably deteriorate the
electrochemical performance. The sp? carbon-carbon bonding in
CNTs results in exceptional mechanical properties. For example, it
has been reported that the Youth’s modulus and tensile strength of
CNTs are 1.2 TPa and 50-200 GPa, respectively [34]. Therefore, the
construction of chalcogen cathodes using CNTs can dissipate the in-
ternal stress arising from Li-ion insertion/extraction and maintain
superior structural integrity. In addition to their attractive physic-
ochemical properties, CNTs with a large length-to-width ratio can
form various flexible substrates using diverse methods, including
vacuum filtration, layer-by-layer stacking, rolling, and blade cast-
ing. After introducing chalcogen-based active materials, the resul-
tant CNT-based cathodes can work well under bending, stretching,
and twining. The high flexibility of CNTs enabled the utilization of
LCBs in flexible electronics.

Suppression of the Li dendrite growth. The high reactivity and
large volume change of Li anode have led to severe dendrite growth
during repeated plating/stripping cycles, especially under high cur-
rent densities. Reducing local current density, introducing nucle-
ation sides, and designing a stable solid-electrolyte interface (SEI)
are well-accepted methods to alleviate this issue. CNTs, having very
high electrical conductivity, large surface area, and tunable surface
features, are promising materials for suppressing Li dendrites. In ad-
dition, considering the free-standing feature and mechanical prop-
erties, it is believed that the CNT-based Li hosts may attract more
attention in the field of flexible electronics.

(2)

(3)

(€))

(5)

CNTs thus display multiple functions in enhancing the electrochem-
ical performance of LCBs. Owing to the diverse physicochemical prop-
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erties of elemental chalcogens, the applications of CNTs in LCBs may
differ slightly. First, owing to the insulting nature of S, sufficient CNTs
are needed to confer S cathodes with satisfying electrical conductivity.
In contrast, Se and Te endow much higher electrical conductivities, thus
fewer CNTs should be added to ensure a higher capacity. Second, con-
cerning the fabrication of chalcogen electrodes, most S and Se electrodes
have been fabricated using a melt infiltration method due to the low
melting point of S and Se. For comparison, Te has a much higher melt-
ing point of ~450°C, and thereby many Te/CNT electrodes are mainly
prepared by ball milling, vacuum infiltration, and sealed tube method.
Third, Sg is inactive in carbonate electrolytes and suffers polysulfide
shuttling in ether electrolytes, while Se and Te elements are more com-
patible with carbonate electrolytes. As a result, CNT frameworks with
suitable micropores, functionally polar components, excellent electri-
cal conductivity, and good structural stability should be explored when
using carbonate electrolytes. For the Se and Te cathodes operating in
carbonate electrolytes, the main roles of CNTs are to accommodate the
volume changes of Se and Te cathodes and facilitate electron and ion
transportation.

4. CNT-based hosts for chalcogen cathodes

Confining chalcogen elements in various hosts is a simple yet effec-
tive strategy to achieve high chalcogen utilization. An ideal host should
meet the following requirements: (i) high electrical conductivity to al-
low the fast speed electron transfer, (ii) stable physical/chemical proper-
ties against electrolytes, (iii) high pore volume to realize high chalcogen
loading, (iv) special micro-and nanostructures to confine the chalcogen
species, thereby avoiding their leakage, and (v) outstanding structural
stability to sustain long-term electrochemical tests. In this section, we
aim to overview the advanced CNT architectures for different chalcogen
hosts and analyze the critical roles of CNTs thereof.

4.1. CNT-based S hosts

The S cathode is an important component of Li-S batteries, which
significantly affect the electrochemical performance. Elemental sulfur
is an insulator and the generated intermediate polysulfides also possess
low electrical conductivity, resulting in sluggish reaction kinetics. As
an outstanding conductive agent, the addition of CNTs in sulfur cath-
odes can effectively enhance the conductivity of the entire sulfur cath-
ode and the utilization ratio of active sulfur species, thereby improving
the final electrochemical performance (Table 2). Moreover, owing to
the high length-to-width ratio of CNTs, their presence in sulfur cath-
odes strengthens the structural integrity of the cathodes, enabling bet-
ter electrochemical performance, especially long-term cyclic stability.
However, although many related works on the utilizations of CNTs in
Li-S batteries have been reported, these batteries are commonly evalu-
ated with the coin cell form, and few works have been demonstrated in
punch cells and/or cable-like format (Table 3).

4.1.1. Pristine CNT architectures

Pure CNTs can be used to construct sulfur composite cathodes for
Li-S batteries. However, owing to the high capillary force originating
from CNTs, it is extremely difficult to encapsulate elemental sulfur in
the internal voids of the CNTs. Depositing elemental sulfur onto the
CNT surface is a simple strategy for ameliorating Li-S chemistry [72-
79]. As a representative study, Zhang et al. prepared a sulfur cathode
composed of multi-walled CNTs (MWCNTs) and sulfur through a typi-
cal melt-infiltration strategy, for Li-S batteries [72]. The MWCNTs with
high electrical conductivity and good distributions enabled a fast elec-
tron transfer and efficient electrical contact, and the as-achieved elec-
trode demonstrated a specific capacity of 740 mAh g1 at 2.0 C and a
relatively slow capacity decay for 140 cycles. However, the energy den-
sity of the sulfur cathode is low; hence, it cannot meet the requirements
for practical applications. One major reason for this is that the sulfur
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Table 2

Electrochemical performance comparison of Li-S batteries (coin cell) with CNT-based hosts.

Areal sulfur
loading (mg

cm~2)/electrode Sulfur content Electrolyte/S
Sulfur cathodes Morphology Methods area (cm?) (wt.%) ratio(uL/mg) Rate capability Cyclic performance Ref.
CNT/S Tubular structure As received 0.32 50 - 1288 mAh g~! at 0.2 C  Capacity fading rate of [75]
0.33% over 100 cycles
MWCNT/S Clew-like structure MOF-derived 0.7-1.7/1.54 70 ~7.65 640 mAh g at 2.0 C Capacity fading rate of [35]
0.053% over 1000 cycles
MWCNT/S 3D framework Physical mixing 2.0 60 140 ~720mAh g' at1.0C  ~580 mAh g~! after 100 [109]
cycles at 0.2 C
CNT/S 3D forest CVD 2.0 59~63 - - 812 mAh g! after 200 cycles  [126]
at0.4Ag!
CNT@CNT/S Tube in tube Template combined 2.0 85.2 30 1274 mAh g' at 2.0 C 954 mAh g! after 150 cycles [132]
with in situ growth at5.0 C
CNT microsphere/S Porous structure Solution drying 1.0 70 - ~1000 mAh g~! at 2.0 901 mAh g~! after 100 cycles [113]
C at0.5C
Graphene/CNT/S Hierarchical porous CVD - ~90 - ~620mAh g~ at5.0C 650 mAh g after 100 cycles [43]
structure at5.0 C
Graphene/CNT/S 3D aerogel structure Freeze-drying 2.46 50 16.3 1286 mAh g' at 0.2 C  Capacity fading rate of 0.06% [143]
over 500 cycles at 2.0 C
Graphene/CNT/ Hierarchical porous CVD - 77 - 809 mAh g' at 10 C 877 mAh g1 after 150 cycles [169]
porous carbon/S structure at1.0 C
Co-CNT/S Yolk-shell Spray pyrolysis 1.84/1.54 64 - 752 mAh g7 at 2.0 C 700.2 mAh g~! after 400 [192]
bamboo-like combined with cycles at 1.0 C
structure reduction
TiO,/CNT/S Porous hollow Hydrothermal 3.6-4.0 56 - 888 mAh g ! at7.0 C Capacity retention of 90% [205]
structure method after 100 cycles at 5.0 C
1T-ReS,/CNT/S Hierarchical porous Self-assembly 4.8 78 4.5 839 mAh g~! at 2.0 C Capacity retention of 77.1% [225]
structure after 1000 cycles at 1.0 C
Carbon/CNT/CoP Porous structure Solution method 0.7/0.95 70 57.1 527.7 mAh g1 at 3.0 Capacity fading rate of [36]
combined with C 0.076% over 200 cycles at
thermal annealing 0.2C
CNT/graphene-S- 3D porous structure Ultrasonication 3.3 65 62.5 812mAh g~! at 3.0 C Capacity fading rate of [246]
Al3Ni, followed by 0.055% over 800 cycles at
annealing 1.0C
Amine modified Tubular structure Polymerization 1.2 70 32.8 ~310mAh g' at4.0C  Stable for 100 cycles at 2.0 C [45]
CNT/S
MOF/CNT/S Hierarchical porous CVD 3.2-35 64 20 840 mAh g~! at 1.0 C 750 mAh g! after 500 cycles [252]

structure

at1.0 C
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Electrochemical performance comparison of Li-S batteries (punch and cable-like cells) with CNT-based materials.

Areal sulfur loading

(mg cm~2)/electrode Sulfur content Electrolyte/S
Sulfur cathodes Morphology area (cm?) (wt.%) ratio(uL/mg) Electrochemical performance Ref.
CNTs aerogel/S Porous structure 4.89/4.8 43 7.8 8.8 mAh cm~2 after 20 cycles at 0.1 C [104]
CNT film/S Porous structure -/5 60 60 822 mAh g~ after 100 cycles at 0.2 C [128]
Gra-CNTs/S Porous structure 2.0/0.071 45 - volumetric capacity and volumetric energy density [144]
(cable-like) of 0.44 x 106 mAh L' and 917 Wh L!,
respectively
Co-N-CNTs/carbon Hierarchical 5.0/10 ~40 10 4.823 mAh cm~2 after 150 cycles at 0.2 C [196]
fiber paper/S porous structure
VO, /SWCNTs Porous hollow 1.5/6 67 - Stable under bending and unbending states for 24 [200]
structure cycles
MgO/carbon Porous structure 6.6 78 - Stable under bending and unbending states [206]
foam/CNTs-S
ReS,/CNTs/S Hierarchical 4.8/38.96 78 4.5 Capacity fade rate of 0.22% per cycle for 131 [225]

porous structure

cycles
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Fig. 4. (a) Narrow-diameter CNTs for use as the sulfur host in Li-S batteries. Reproduced with permission [80]. Copyright 2018, American Chemical Society. (b)
Porous holey CNFs as the S host in Li-S batteries. Reproduced with permission [82]. Copyright 2015, Wiley-VCH. (c) Hierarchical porous CNTs as the sulfur host in

Li-S batteries. Reproduced with permission [84]. Copyright 2018, Wiley-VCH.

content in the composite cathode is too low. To resolve this issue, Li
et al. synthesized sulfurized CNTs with a high sulfur content (68 wt%)
by functionalizing CNTs using a solvent exchange method to graft sulfur
chains onto the surface of the CNTs [73]. Such a method ensured the
thoroughly loading of sulfur chains with stable interactions, and the as-
fabricated Li-S batteries demonstrated excellent cyclic stability for 1300
cycles and a high rate capability of up to 2 C, along with Coulombic ef-
ficiencies (CEs) above 95.5%. As another example, Hangen et al. grew
CNT arrays on a Ni current collector using a CVD approach [74]. Owing
to the abundant pores and voids, high length, and high conductivity, the
sulfur content was as high as 90 wt%, and the areal sulfur loading was
more than three times higher than that in the regular sulfur electrodes
prepared by slurry coating. Moreover, Zhu et al. fabricated a CNT/S
composite cathode and investigated the impact of areal sulfur loading
on the final electrochemical performance [75]. The areal sulfur loading
was found to significantly affect the specific capacity and energy density
of Li-S batteries. When the sulfur loading is extremely high, the electro-
chemical performance is restricted by the effective contact between the
active sulfur species and the electrolyte.

Encapsulation of elemental sulfur in CNTs is a recognized strategy
for improving the electrochemical performance of sulfur cathodes. Guo
et al. successfully confined the electrochemical reactions of sulfur in two
types of narrow-diameter single-walled CNTs (SWCNTs) with different
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diameters (1.55 + 0.1 and 1.0 + 0.2 nm)[80], as shown in Fig. 4a. The
sulfur cathode was synthesized by exposing the CNTs to saturated sulfur
vapor at 600°C for two days. The sulfur contents in the composites were
measured to be approximately 4.57 and 11.33 wt%, respectively. The
electrochemical properties could be significantly modulated by varying
the diameter of SWCNTs because a suitable diameter of SWCNTSs can
restrict the dissolution and shuttle of intermediates. Despite the direct
encapsulation of elemental sulfur in CNTs, liquid-state long-chain poly-
sulfides can be fully impregnated into CNTs. For instance, Jeong et al.
synthesized a flexible sulfur electrode composed of a Li,Sg solution-
impregnated CNT film with a conductive 3D skeleton structure [81].
Owing to the excellent flexibility and superior electrical conductivity of
the CNT film, the constructed Li-S batteries can be applied to flexible
electronic devices. A high specific capacity of 975 mAh g~! at 0.5 C
and stable cyclic performance for 500 cycles were obtained. More im-
pressively, by using a polysulfide solution as the active sulfur species
for making sulfur cathodes, the utilization ratio of sulfur species can be
significantly enhanced.

Porous CNTs have been carefully designed and constructed to restrict
the dissolution and shuttle effects of polysulfides [82-93]. The pores of
CNTs allow the effective contact of active sulfur with electrolytes and
enable the fast transport of Li*, thus improving the electrochemical per-
formance, especially the high-rate capability. This has been verified by
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Zhou et al., who fabricated porous, holey CNTs through the chemical
activation method as the sulfur host for Li-S batteries (Fig. 4b) [82].
The special structure of CNTs allowed the high sulfur loading in sulfur
composite, and thus the as-fabricated CNT/S cathode exhibited a high-
rate performance (424 mAh g~! at 6 C). Yang et al. prepared a nacre-
like CNT sheet with sulfur compactly embedded into the CNT structure
via the unidirectional freeze-drying approach [83]. The nacre-like struc-
ture enabled the high electrode stability with fast electrolyte penetra-
tion, and the Li-S batteries fabricated using this sheet demonstrated a
high specific capacity of 1236 mAh g~! at 0.1 C and maintained at 498
mAh g~! at 2 C with an areal sulfur loading of 5.0 mg cm~2. After in-
creasing the sulfur loading to 10 mg cm~2, the areal capacity reached
11.0 mAh cm~2. Kang et al. selected a completely green and straight-
forward strategy to synthesize hierarchical porous CNTs without the as-
sistance of templates and activation procedures [84]. The as-prepared
CNTs (Fig. 4c) possessed a hierarchical micro/meso/macroporous struc-
ture with a specific surface area as high as 1419 m? g~!. When employed
as the sulfur host, an impressive rate performance (391 mAh g~! at 4
C) and stable long-term cyclic stability (947 mAh g~! after 100 cycles
at 0.2 C) were attained with the very high sulfur content.

The abovementioned pure CNTs can indeed enhance the electro-
chemical performance of Li-S batteries; however, the enhancement
is not significant. Recently, surface-functionalized CNTs have been
adopted as sulfur hosts [35, 44, 94-102]. It is well known that het-
eroatom doping of carbonaceous materials has two apparent benefits:
(i) enhancing the electrical conductivity of the entire sulfur cathode
and (ii) strengthening the capability for adsorbing intermediate poly-
sulfides. Both aspects contribute to improving electrochemical perfor-
mance. For example, Zuo et al. prepared MOF-derived screw-like N-
doped MWCNTs as hosts for Li-S batteries [35]. The N-doped MWC-
NTs possess 3D conductive and interconnected open-ended structures
(Fig. 5a) and demonstrated an outstanding capability to encapsulate el-
emental sulfur and immobilize intermediate polysulfides. As a result,
the assembled Li-S batteries exhibited an impressive electrochemical
performance with ultra-long cyclic stability over 1000 cycles, accom-
panied by a low capacity decay of 0.053% per cycle. To further en-
hance the chemical adsorption of intermediate polysulfides by the host,
Tao et al. fabricated boron and oxygen co-doped MWCNTs to serve as
the sulfur host via chemical doping strategy [44]. Both theoretical and
experimental results confirmed that boron and oxygen doping signifi-
cantly enhanced the adsorption of polysulfides and promoted fast elec-
tron transfer, thereby improving the cyclic stability and rate capability.
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CNTs can form various micro-and nanostructures, which can max-
imize the utilization of sulfur in Li-S batteries. 3D CNT architectures
are popular as sulfur skeletons for Li-S batteries [49, 103-111], as they
provide well-established conductive networks and large voids/spaces
for loading sulfur and restricting the dissolution/shuttling of generated
polysulfides. Yu et al. fabricated a 3D free-standing porous CNT sponge
for Li-S batteries via mechanochemical treatment (Fig. 5b) [49]. Ben-
efiting from the reduced interfacial resistance and charge transfer re-
sistance, the as-fabricated sulfur cathodes exhibited the highest areal
capacity ever reported (13.3 mAh cm~2). Moreover, a lightweight, free-
standing interconnected 3D CNT foam was prepared via simple one-step
spray pyrolysis, as a flexible host for Li-S batteries [103]. The CNT foam
ensured high structural integrity and preeminent electron transfer path-
ways. With a high areal sulfur loading of 7.1 mg cm~2, the sulfur uti-
lization of the total electrode was up to 72%, and the areal capacity
was approximately 9 mAh cm~2. The abovementioned electrochemical
performance, including the rate capability and cyclic performance, is
better than those of most of the reported CNT-based sulfur cathodes.
In addition, Wang et al. fabricated a mesoporous CNT aerogel host to
obtain high-areal-capacity Li-S batteries via capillary action [104]. The
3D porous structure of the CNT aerogel offers high-speed electron trans-
fer pathways and rapid ion transport channels, whereas the 3D CNT
structure itself allows the thorough wetting of the sulfur host with the
electrolyte. Consequently, the as-obtained Li-S batteries exhibited an
ultrahigh areal capacity of 22.9 mAh cm~2 at a high sulfur loading of
approximately ~20 mg cm~2. In addition, the 3D CNT aerogel demon-
strated potential for application in punch cells.

CNT spheres have been considered as an ideal sulfur host because
of the existence of pores, voids, conductive networks, etc. These mer-
its of 3D CNT spheres contributed to the improved electrochemical
performance of assembled Li-S batteries [112-117]. For instance, Han
et al. proposed a high N-doped CNT microsphere as the sulfur host
for Li-S batteries through a simple spray drying and one-step pyrolysis
method [112]. The interconnected CNTs with surface modifications of-
fer highly conductive electron/ion channels, block polysulfide shuttling,
and ensure fast sulfur infiltration. These synergistic effects contributed
to a significantly improved electrochemical performance in terms of
high rate capability and stable cyclic performance. Furthermore, porous
CNT spheres achieved ultrahigh areal sulfur loading for Li-S batteries
(Fig. 5¢). As reported by Moon et al., the sulfur content was as high
as 70 wt% without the attachment of a sulfur residue, because of the
existence of abundant pores and voids [113]. The as-fabricated sulfur
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cathode demonstrated a high specific capacity of 1343 mAh g~! at 0.2
C and a high rate capability with a capacity retention of 74% at 2.0 C.

The CNT array is another type of 3D architecture that effectively
encapsulates elemental sulfur in Li-S batteries. 3D CNT arrays possess
hierarchical and porous structures and enable the prevention of poly-
sulfide dissolution and shuttling in electrolytes [118, 119]. Notably, 3D
CNT arrays are commonly synthesized by various template approaches;
thus, the porosity and thickness of the shells can be tuned well. As a pio-
neering study, Wang et al. fabricated 3D CNT arrays using a commercial
anodic aluminum oxide (AAO) membrane as a template [118]. Elemen-
tal sulfur can be infused into the pores and voids of the 3D CNT arrays
via a typical melt-diffusion method. More importantly, the electrolyte
can reach the site where liquid elemental sulfur can diffuse, ensuring
effective contact between elemental sulfur and the electrolyte. High
cyclic stability and CE values were achieved when these arrays were
used as sulfur cathodes in Li-S batteries. Wei et al. fabricated similar
structures composed of hierarchical tree-like CNT architectures through
in situ CVD self-assembly [119]. Catalysts (Fe nanoparticles) were uti-
lized to catalyze the direct growth of SWCNTs and MWCNTs, and these
two types of CNTs self-organized into a tree-like architecture because of
the decreased interfacial adhesion energy. Such a structure ensured good
electron transport networks and stable structural integrity. The Li-S bat-
teries fabricated using it demonstrated an impressive rate performance
and long-term cyclic stability (530 mAh g~1 after 450 cycles at 1.0 C).
Apart from the abovementioned CNT arrays, other types of CNT arrays
have demonstrated similar improved electrochemical results [120-125].

Furthermore, other CNT-based architectures, including CNT forest
[126], CNT paper/film [127-129], CNT networks [130, 131], and CNTs
inside CNTs [132, 133], have been designed and constructed to serve as
sulfur hosts for Li-S batteries. As a fundamental study on flexible Li-S
batteries, Zhang et al. fabricated a hierarchical free-standing CNT pa-
per electrode with an ultrahigh sulfur loading mass (6.3 mg cm~2) via
the bottom-up synthesis strategy [127]. In this study, short MWCNTs
were utilized as a short-range electrically conductive skeleton for sul-
fur accommodation, whereas long CNTs served as a long-range conduc-
tive network and interconnected mechanical framework. Consequently,
a high areal capacity of 6.2 mAh cm2, with 60% sulfur utilization
and a capacity decay of 0.20% per cycle was successfully achieved.
Electrochemical results indicative of practical feasibility were obtained
by stacking several layers of sulfur electrode films. Moreover, Wang
et al. reported an ingenious CNT-based tube-in-tube architecture, com-
posed of small-sized CNTs inside large CNTs, through the typical self-
sacrificing AAO template method [132]. This intriguing structure with
a large number of voids and pores efficiently resolves the critical issues
including poor electrical conductivity, dissolution/shuttling of polysul-
fides, and large volume expansion during cycles. With an extremely high
sulfur content (85.2 wt%), the sulfur cathode exhibited a high specific
capacity of 163 mAh g~! at 0.1 C, and high cyclic stability with a specific
capacity of 954 mAh g~! after 150 cycles at 5 C.

4.1.2. CNTs hybridized with carbon matrices

To enhance structural integrity, CNTs need to be hybridized with
other carbon matrices, such as graphene, reduced graphene oxide (rGO),
carbon nanofibers (CNFs), and porous carbon. Various architectures can
be formed by the hybridization of CNTs with other carbon matrices,
which can greatly resolve the issues encountered by sulfur cathodes.

Graphene and rGO: Owing to its large specific surface area and
good mechanical properties, graphene has been extensively hybridized
with CNTs. The interaction between CNTs and graphene offers several
structural advantages, including (i) a large specific surface area and
high pore volume to encapsulate elemental sulfur; (ii) intact electri-
cal conductive networks for promoting electron transfer; (iii) plenty
of pores/voids to accommodate the volume expansion of sulfur during
cycles; and (iv) numerous channels generated to allow thorough elec-
trolyte penetration, thereby enabling effective contact between active
sulfur species and the electrolyte. The synergistic effects of these mer-

731

Energy Storage Materials 42 (2021) 723-752

its result in a significant enhancement in electrochemical performance
in Li-S batteries. Commercially available graphene sheets can be mixed
directly with CNTs, and vacuum filtration is the most widely used ap-
proach to fabricate graphene/CNTs [134, 135]. For example, Wu et al.
fabricated a lightweight and binder-free sulfur host comprising lignin
fibers@CNTs/graphene composite via a vacuum filtrated method [134].
Benefiting from a sandwich-like structure with CNTs stacked between
graphene sheets, the as-fabricated sulfur cathode exhibited a high spe-
cific capacity of 1632 mAh g~! at 0.1 C and long-term cyclic stability
of 987 mAh g~! after 500 cycles at 1.0 C. Furthermore, a remarkable
electrochemical performance was obtained using similar CNT/graphene
architecture [135].

An in situ growth method can also produce graphene sheets that
are then mixed with CNTs. Compared with the physical mixing meth-
ods, this approach strengthens the interaction between the CNTs and
graphene sheets, thus enhancing the overall structural integrity. With
Ni foam serving as the catalyst and glucose and dicyandiamide as the
carbon and nitrogen sources, Yu et al. prepared a well-interconnected
N-rich CNTs-graphene hybrid with a 3D architecture using a solid-state
growth strategy (Fig. 6a) [136]. This intriguing framework with CNTs
grown on both graphene sides enabled high structural stability, fast elec-
tron transfer, and good intermediate restriction during cycles. After the
sulfur infiltration process, the sulfur cathode displayed a high reversible
capacity of 1314 mAh g1 at 0.1 C and a high capacity retention of 97%
after 200 cycles at 2.0 C. Moreover, to improve the structural stabil-
ity, Wei et al. synthesized an N-doped aligned CNT/graphene sandwich
structure via a catalytic growth method [40]. Owing to their high sur-
face area, large pore volume, highly conductive skeletons, abundant in-
terfacial adsorption sites (Fig. 6b), and N-doping feature, the assembled
Li-S batteries presented outstanding electrochemical results with a high
specific capacity of 1152 mAh g~! at 1.0 C and significant cyclic sta-
bility (880 mAh g1 after 880 cycles). The binding of SWCNTs among
graphene planes through covalent C—C bonds is expected to produce
extraordinary physical properties. Therefore, Wei et al. fabricated an
intriguing structure comprising a graphene/SWCNTs hybrid to encap-
sulate elemental sulfur through a solid-state CVD method [43]. The sul-
fur cathode delivered an excellent electrochemical performance (a high
specific capacity of 928 mAh g~! at 1.0 C and 650 mAh g~! after 100
cycles at 5.0 C with CEs of approximately 92%). Furthermore, other
graphene matrices, such as graphene foam [137], graphene networks
[138-140], graphene spheres [141], graphene films [142], have been
developed for hybridizing with CNTs, and such structures have facili-
tated improvements in Li-S batteries.

In addition to the direct introduction of graphene sheets into the
design and preparation of CNT/graphene composites, rGO has been
employed because it possesses numerous oxygen-containing functional
groups, which are helpful for the chemical adsorption of intermediate
polysulfides and further restrict their shuttle effects. Moreover, struc-
tural defects could be generated during the reduction processes, bene-
fiting electrolyte diffusion and penetration as well as lowering the inter-
facial resistance between the sulfur host and electrolyte. For instance,
Wau et al. fabricated a 3D free-standing graphene/CNT aerogel for serv-
ing as a 3D sulfur host, via a solution-based synthesis method followed
by alight heating process [143]. The architecture possessed an intercon-
nected conductive framework, large surface area, and high pore volume
(Fig. 6¢), which enabled a fast electron transfer and ultrahigh sulfur
loading. The free-standing graphene/CNT/S aerogel showed a high spe-
cific capacity of 1286 mAh g~! at 0.2 C, and a low capacity decay of
0.06% per cycle over 500 cycles at 2.0 C. Similarly, Kim et al. con-
structed an ultralight and flexible sulfur host comprising of CNTs inter-
calated uniformly between the amphiphilic GO sheets through a one-
step electrospinning method [144]. Importantly, the oxygen-containing
groups on the rGO surface adsorbed the intermediates through chemical
interactions, thereby restricting the leakage and shuttle effects of poly-
sulfides. At a moderate sulfur loading mass ranging from 0.028 to 0.13
mg cm~2, the cable-like Li-S batteries exhibited a high capacity of 1255



L. Ma, J. Wu, Y. Li et al.

a Dicyandiamide

o -: (;nphene deposition
\V Nlelchmg 2
800°C, Ar : E
¥ N mm— nrgrowtn
L, : k
Glucose : -
Ni foam

Layered carbon nitride
My vyrolyzed aromatic carbon

NENPs NCNT/G
(&0 N-doped cNT P N-doped graphene layers
_____________________________________________ e mmmmm————
i
Supersaturation of !
dissolved carbon atoms o tip growth
‘(\ ¢
800 °C

- “ —

Dlssoluuon of carbon .
atoms around Ni NPs i tip growth

Y

N| removal by HCI

Energy Storage Materials 42 (2021) 723-752

CNT o .
Hybridization N-doping
4 e LS,
Graphene
=
. ACNT/G N-ACNT/G
c ~
o Freedrying 8 8 YN\ self-propagating |
- - (S propagating
~ reduction -
GO and CNT GO/CNT o
dispersion \
CNT
[ Assembly Ci % e
‘ | »~Compassing %
AALR RTINS ‘ ’ ‘; p- s
RPN GICNT-S

G/CNT-S cathode

Fig. 6. (a) Schematic of the synthesis of N-CNTs/graphene hybrid. Reproduced with permission [136]. Copyright 2016, Wiley-VCH. (b) Schematic of the N-doped
aligned CNTs/graphene. Reproduced with permission [40]. Copyright 2014, Wiley-VCH. (c) Schematic of the synthesis of CNTs/graphene/S composite. Reproduced

with permission [143]. Copyright 2019, Elsevier.

mAh g1 at 0.05 C, corresponding to a high areal capacity of 2.49 mAh
cm™2. Moreover, the cable-like Li-S batteries demonstrated outstanding
flexibility under repeated bending-unbending operations. To improve
the utilization efficiency of sulfur species and the ability to withstand
volume changes during cycles, solid-state polysulfides, e.g., Li,S, can be
used directly as the active component. Wu et al. fabricated a practical
Li,S cathode consisting of a Li,S/FWCNTs@rGO nanobundle forest for
Li-S batteries through a fast freeze-drying method [145]. In such a struc-
ture, FWCNTSs serve as axial shafts to direct the structure, Li,S acts as
the internal active material, and rGO sheets supply contact to reduce
the resistance of Li,S toward the electrolyte and adsorb the intermedi-
ates. Consequently, the assembled Li-S batteries demonstrated a high
discharge capacity of 868 mAh g~! at 0.2 C even after 300 cycles and
a high rate capability with a specific capacity of 433 mAh g~! at 10 C.
Furthermore, other rGO/CNT-based architectures of various morpholo-
gies, including microspheres [146], films [147], aerogels [148, 149],
sponges [150], and networks [151-155], have been fabricated for use
as sulfur hosts in high-performance Li-S batteries.

CNFs: CNFs with a high aspect ratio, outstanding mechanical prop-
erties, high electrical conductivity, and excellent structural integrity,
have been considered superior carbon skeletons for energy storage and
conversion systems [156, 157]. The combination of CNFs and CNTs can
take full advantage of their benefits and overcome the problems of sul-
fur cathodes for Li-S batteries [158-161]. For example, Gao et al. fabri-
cated a free-standing porous CNF/CNT film where CNTs were decorated
on CNF to immobilize sulfur in Li-S batteries via the templated method
[158]. As shown in Fig. 7a, the interconnected structure facilitates high
sulfur loading, good electrolyte diffusion and penetration, strong chem-
ical adsorption of intermediate polysulfides, and reliable accommoda-
tion of volume expansion during electrochemical cycles. The stacked
S/CNF/CNT cathodes exhibited a high areal capacity of 13.5 mAh cm~2,
along with an extremely high sulfur loading of 12 mg cm~2. To further
enhance the sulfur content in the sulfur composites, pores and voids
were deliberately designed in the CNF/CNT architectures. For instance,
Zhou et al. fabricated porous hollow CNT/CNFs (CNTs grown on CNF
surfaces) through a CVD method for use as a sulfur host in Li-S batter-
ies [159]. In such a structure, amorphous elemental sulfur was encapsu-
lated in the pores/voids of hollow CNFs enclosed by conductive CNTs,
thereby improving the electrical contact with the current collector. The
resulting sulfur cathodes with a sulfur content of 55 wt% showed a high
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reversible capacity of 572 mAh g~! at 5 C and retained approximately
430 mAh g1 after 200 cycles at 5 C.

Porous carbon materials: Porous carbon materials can act alone as
sulfur hosts, because of their high specific surface areas, large pore
volumes, and good capability to prevent polysulfide dissolution and
thereby, shuttle effects [162, 163]. However, porous carbon materials
normally exhibit poor electrical conductivity compared to CNTs and
graphene, thus affecting the rate performance of Li-S batteries. CNTs
hybridized with porous carbon materials can resolve these issues by
providing an integrated conductive network for electron transfer and
additional physical confinement of polysulfides [164-180]. Wang et al.
fabricated a 3D conductive framework of close coverage with seam-
less junctions of CNTs using N-doped porous carbon through a tem-
plate method (Fig. 7b) [164]. This architecture inherits and strengthens
the advantages of both the high electrical conductivity of CNTs and the
strong polysulfide trapping capability of N-doped porous carbon. Conse-
quently, the sulfur cathodes exhibited a high reversible capacity of 1065
mAh g~ at 0.5 C and impressive capacity retention of 817 mAh g~ after
300 cycles. To enhance the restriction of intermediate polysulfide disso-
lution and shuttle effects, Wang et al. doped heteroatoms (B and O) into
a porous carbon matrix (Fig. 7c) that was attached to CNTs via a sim-
ple organic condensation reaction [165]. It was demonstrated that the
hybrids promoted the chemical adsorption and conversion of interme-
diate polysulfides through chemical bonding between the heteroatoms
and polysulfides. Furthermore, a large specific capacity of 1077 mAh
g~! was obtained after 200 cycles at 0.2 C. When the current was in-
creased to 1.0 C, a capacity of 794 mAh g~ ! was maintained after 500
cycles. Although elemental sulfur is conventionally used as the active
component, polysulfides can also be adopted as the active species in Li—
S batteries. Zhang et al. synthesized a porous carbon-coated Li,S-CNT
composite for use as a sulfur cathode by heating carbon disulfide and
a Li hydride-CNT mixture at a moderate temperature (250°C) [166].
The Li,S@porous carbon particles were interconnected by a 3D CNT
network, and the sulfur cathodes showed a reasonable electrochemical
performance (a specific capacity of 573 mAh g1 at 1.0 A g~1).

Other carbon matrices: Other carbon matrices, such as carbon cloth
[181], and activated wheat dough [182], have been combined with
CNTs to generate elaborate structures. He et al. fabricated a 3D func-
tionalized CNT/graphitic carbon nitride hybrid composite to serve as
the sulfur host for Li-S batteries through a self-assembly-assisted method



L. Ma, J. Wu, Y. Li et al.

a

CNTs/SiO2
Quaternization

2) HF etching

NPC-coated CNT

1) Carbonization

Energy Storage Materials 42 (2021) 723-752

1. stabilization

2.carbonization

SiO,/PCNF/CNT
v SiO; etching

Hydrothermal
85 °C, 3days

COF-10@CNT

2 Carbonization
700 °C, 2h

Electrode

Sulfur Loading
—_—3
155°C, 12h

\.

BOC@CNT/S BOC@CNT ™%

Fig. 7. (a) Schematic of the synthesis of porous CNFs/CNTs. Reproduced with permission [158]. Copyright 2018, American Chemical Society. (b) Schematic of
CNTs/N-doped porous carbon hybrid. Reproduced with permission [164]. Copyright 2017, Wiley-VCH. (c) Schematic of the synthesis of B, O co-doped carbon/CNTs/S

composite. Reproduced with permission [165]. Copyright 2019, Wiley-VCH.

followed by a calcination process [183]. Such an interconnected frame-
work between CNTs and graphitic carbon nitride directs the electron
transfer from CNTs to carbon nitride, thereby enhancing the electri-
cal conductivity of the hybrid composite and providing abundant N-
containing functional groups. Owing to this unique design concept, the
resultant sulfur cathodes with a high sulfur content (80 wt%) demon-
strated a high specific capacity of 1351 mAh g~! at 0.1 C and remarkable
cyclic stability of 759 mAh g1 after 200 cycles at 1.0 C, along with a
sulfur loading of 5.0 mg cm=2.
4.1.3. CNTs hybridized with polymers

Polymers exhibiting high electrical conductivities and good Li-ion
conducting properties have been used with CNTs to produce various
composites. For example, Archer et al. fabricated a sulfur host using
amine-functionalized CNTs (Fig. 8a) [45]. It was found that the amine-
functionalized CNTs offer a specific and strong interaction between the
sulfur species and amine groups in the interconnected conductive CNT
network. Eventually, high specific capacities were obtained at both low
and high current rates. Furthermore, other polymers, including polypyr-
role [184], polyethylene glycol [185], polyethylenimine [186], and
polyphenylene [187], have been utilized to modify CNT/S cathodes, and
these sulfur composite cathodes demonstrated considerably improved
electrochemical results. Recently, polymeric S/CNTs composites have
become popular because the strong chemical bonds between sulfur and
the polymers effectively restrict the dissolution and shuttling of interme-
diate polysulfides, whereas the CNTs ensure efficient electron and ion
transfer [188-191]. For instance, an S-rich co-polymer@CNT composite
was developed to enable the long-term cycle of Li-S batteries through
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a template method combined with the CVD process [188]. The S-rich
co-polymer can serve as the sulfur cathode, whereas the CNTs acted as
the support to adsorb the polysulfides tightly. Benefiting from the com-
positional and structural characteristics (Fig. 8b), the sulfurized poly-
mer/CNT cathodes exhibited a high reversible capacity of 1300 mAh g~!
at 0.1 C, a high rate capability of 700 mAh g~! at 2.0 C, and excellent
cyclic performance with a specific capacity of 880 mAh g~! after 100
cycles at 1.0 C. Moreover, a free-standing composite comprising CNTs
encapsulated in sulfurized PAN was used as a binder-free sulfur cath-
ode for Li-S batteries via a combined electrospinning and carbonization
method [189]. The sulfur bonds well with the PAN skeleton, and the
CNT networks strengthen the structural integrity of the sulfur cathode
and further ensure their fast electron transfer. When used as the cath-
ode for Li-S batteries, a high specific capacity (1610 mAh g1 at 0.2 C)
and remarkable cyclic stability (1106 mAh g~! after 500 cycles at 1.0
C) were achieved.

4.1.4. CNTs hybridized with inorganic compounds

CNTs hybridized with carbonaceous materials can form various im-
pressive architectures, but the prevention of polysulfide dissolution and
shuttling in such structures is limited. As discussed in Section 2, polar in-
organic compounds are beneficial for suppressing the shuttle effect. The
hybridization of CNTs with inorganic materials has demonstrated the
following advantages: (i) inorganic materials with highly polar proper-
ties enable strong chemical adsorption of polysulfides, thereby limiting
their dissolution and further shuttle effects; (ii) CNTs can act as conduc-
tive networks to improve the electrical conductivity of the sulfur hosts,
by promoting fast electron transfer during cycles; and (iii) CNTs are
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able to enhance the structural integrity of sulfur hosts, thereby facilitat-
ing long-term cyclic stability tests. Thus far, different inorganic fillers,
including metals, metal oxides, metal sulfides, metal phosphides, and
MXenes, have been extensively studied.

Metals: Metal nanoparticles have high electrical conductivities and
highly polar properties, which can contribute to their strong chemical
affinity for polysulfides and promote fast polysulfide conversion kinet-
ics [33, 46, 192-199]. As a typical example, metallic Co can not only
catalyze the growth of CNTs but also exhibit strong interactions with
polysulfides, making it an attractive material for constructing elaborate
architectures in Li-S batteries. For example, a hierarchical yolk-shell
microsphere, comprising of Co nanoparticles encapsulated in bamboo-
like N-doped CNTs (Fig. 9a), was synthesized through a spray pyrolysis
method and then used as an efficient S host [192]. This architecture
with Co doped yolk-shell microspheres enables high sulfur loading, mit-
igates polysulfide dissolution, and improves the chemical affinity for
intermediate polysulfides. As a result, the Li-S batteries with a high sul-
fur content (64 wt%) exhibited a specific capacity of 700 mAh g~ after
400 cycles at 1.0 C, accompanied by high capacity retention of 76%.
Moreover, Chen et al. fabricated a “tube on cube” nanohybrid as a com-
pact sulfur host through an electrospinning method followed with py-
rolysis process (Fig. 9b), which comprised a fibrous carbon skeleton,
highly porous carbon cube filler, and abundant CNT tentacles [193].
Benefiting from the excellent electrical conductivity, abundant active
interfaces, and strong chemical/physical confinement of polysulfides,
the sulfur cathodes delivered a superior rate capability of ~623 mAh
g~! at 10 C and impressive cyclic stability up to 2000 cycles. Remark-
ably, with a high S loading and an optimized electrolyte, high energy
densities of 348.8 Wh kg~! and 327.6 Wh L-! were achieved at the
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Fig. 8. (a) Schematic of the synthesis of
CNTs-PEI/S. Reproduced with permission [45].
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system level, demonstrating the potential for application in practical
Li-S batteries. In addition, Ma et al. utilized flower-like metal hydrox-
ides as precursors for in situ growth of a carbon matrix and N-doped
CNTs on the surface of Co particles via a CVD method followed by an
acidic etching process (Fig. 9c) [194]. The carbon matrix ensured out-
standing structural integrity of sulfur electrode and promote the elec-
tron transfer, while the doping N atoms and Co nanoparticles promoted
the fast intermediate conversions. The sulfur cathode fabricated with a
high sulfur content and high areal sulfur loading of 6.5 mg cm~2 exhib-
ited a high areal capacity of 4.37 mAh cm~2 and avoided self-discharge
issues.

Metal oxides: Metal oxides with high polarities have been exten-
sively employed as adsorbents for trapping intermediate polysulfides
through chemical bonding. However, metal oxides usually exhibit poor
electrical conductivity, which affects the electron transfer and ion trans-
port during charge/discharge cycles, thereby resulting in a deterioration
of electrochemical performance, especially at high rates. The combina-
tion of CNTs with metal oxides can effectively resolve the weak poly-
sulfide adsorption of pure CNTs and the low electrical conductivity of
metal oxides.

CNTs can readily form flexible interconnected networks that serve
as conductive matrices to support metal oxides in the voids and spaces
between CNTs. Wei et al. prepared VO, hollow nanospheres by a hy-
drothermal method, and they were further mixed with SWCNTs to ob-
tain a flexible binder-free composite [200]. It was revealed that SWCNTs
intertwined around the VO, nanospheres and generated a high-speed
electron pathway, whereas VO, nanospheres provided a strong chem-
ical affinity for intermediate polysulfides. As a result, the sulfur com-
posite film exhibited a high specific capacity of 1069 mAh g~ at 1.0 C
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and excellent rate performance of 614 mAh g=! at 20 C. Furthermore,
other metal oxides, such as MoO5 [201], SnO, [202], Co30,4 [203], and
NiFe,0, [204], have been combined with CNTs to serve as sulfur hosts,
and the final sulfur cathodes have demonstrated enhanced electrochem-
ical performance compared with the sulfur cathodes constructed using
bare CNT hosts.

CNTs are popular as supports for loading metal oxides [205-221].
Sun et al. reported a robust sulfur host comprised of hollow mesoporous
titania embedded within CNTs [205]. The titania particles are linked
via CNTs (Fig. 10a), and this feature ensures effective electron trans-
fer during the electrochemical cycles. After the infiltration of elemental
sulfur into the pores of the hollow mesoporous titania, the resultant sul-
fur cathodes exhibited an exceptional electrochemical performance with
excellent capacity retentions at high rates of 1.0, 2.0, and 5.0 C. More-
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over, a flexible hybrid consisting of carbon foam@CNTs decorated with
MgO particles was synthesized to serve as a stable sulfur host through
a solution-based method followed by carbonization [206]. The dense
CNTs uniformly wrapped in carbon foam skeletons built an intercon-
nected conductive network for rapid ion/electron transport, whereas
MgO particles and N-doping carbon matrix significantly restricted poly-
sulfide dissolution and the shuttle effect. As such, the as-obtained sulfur
cathodes, with an extremely high areal sulfur loading of 14.4 mg cm~2,

demonstrated a high initial areal capacity of 10.4 mAh cm~2 and re-
tained 8.8 mAh cm~? after 50 cycles. With a relatively low areal sulfur
loading of 1.2 mg cm~2, the sulfur cathodes maintained a high specific
capacity of 390 mAh g1 after 800 cycles at 2.0 C, accompanied by an
extremely low capacity decay of 0.06% per cycle and an average CE of
~98%.
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In addition, CNTs can be grown in situ within sulfur hosts to improve
electrical conductivity and enhance the overall structural integrity. The
CNTs grown in situ within the host produce intriguing micro-and nanos-
tructures, which cannot be achieved via simple physical mixing. A novel
3D hierarchical sulfur host assembled using hollow TiO, spheres and a
vertically rooted CNT network was fabricated by Wang and coworkers
via a CVD method [222]. As shown in Fig. 10b, the 3D CNT network
promotes long-range electrical conductivity, whereas the TiO, micro-
spheres with hollow and porous structures buffer the volume changes
and suppress polysulfide dissolution and shuttle effects. Consequently,
the sulfur cathodes delivered a high specific capacity of 1135 mAh g~! at
0.2 C and a remarkable long-term cyclic stability for 500 cycles with an
ultralow capacity fading rate of 0.072% per cycle. Even at a high areal
sulfur loading of 5.9 mg cm~2, the sulfur cathode exhibited a remark-
able electrochemical performance (4.33 mAh cm~2 at 0.2 C). A similar
improvement was observed in the unique TiO,/Co30,4-CNT host [223].

Metal sulfides: Metal sulfides have high electrical conductivity and
high polarity, which make them good sulfur hosts for Li-S batteries.
The combination of CNTs with metal sulfides can form an intercon-
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nected conductive network that enables fast electron transfer [224-236].
For instance, Chen et al. reported a microstructure comprising CNTs
inserted in hollow Co;S,; nanoboxes through a self-templated method,
serving as an efficient sulfur host for Li-S batteries (Fig. 11a) [224].
The CNT framework in the composite rendered ultrafast charge transfer
and the hollow Co3S, nanoboxes contributed to efficient polysulfide re-
tention via both physical confinement and chemical bonding. Further-
more, the sulfur cathodes delivered a high specific capacity of 1535
mAh g1 at 0.2 C and demonstrated cyclic stability across 500 cycles.
Increasing the testing temperature to 50°C resulted in high capacity re-
tention (718 mAh g~! after 300 cycles at 0.2 C) and a good rate capabil-
ity (446 mAh g1 at 0.5 C). Moreover, Manthiram et al. decorated the
CNT surface with 1T-ReS, nanosheets through a self-assembly method,
which served as polysulfide conversion electrocatalysts for Li-S batteries
[225]. Thanks to the high electrical conductivity and rich nano-porosity
in the composite, the architecture facilitates fast electron transfer and
ion diffusion and provides abundant active sites for catalyzing polysul-
fide conversion. After sulfur infiltration, the as-fabricated sulfur cath-
odes demonstrated a high specific capacity with excellent long-term



L. Ma, J. Wu, Y. Li et al.

a

3 COZ+

‘ / 2-MIM TAA Sg
>§ / sulfurization Melt-diffusio
CNTs CNTs/ZIF-67 CNTs/Co;S,-NBs

C,H,-Ar

Sulfidation
———

Co-glycerate CogSg
Cc
I Il
P —
‘ / v

CoP@HPCN

ZIF-8 ZIF-8/ZIF-67

cyclic stability (capacity retention of 71.7% over 1000 cycles at 1.0 C).
The in situ growth of CNTs ensures a strong combination between the
CNTs and metal sulfides, which is conducive to the transfer of electrons
and ions. Qian et al. prepared an integrated hierarchical double-shelled
CoySg@CNT nanostructure for Li-S batteries via a solvothermal method
followed by a CVD process using C,H, as the carbon source (Fig. 11b)
[226]. In such a structure, the CNT components offered well-maintained
structural integrity and high electron pathway throughout the cathode,
while the CogSg species entrapped polysulfides and further boosted the
polysulfide redox kinetics. As a result, the sulfur cathode demonstrated
a high specific capacity of 1415 mAh g~! at 0.2 C, a high rate capability
of 677 mAh g~! at 10 C, and an unprecedented long-term cyclic stability
over 1000 cycles with an extremely low capacity decay of 0.0448% per
cycle. Upon further increasing the areal sulfur loading to 5.5 mg cm~2,
a remarkable areal capacity of 4.3 mAh cm~2 was retained.

Metal phosphides: Emerging metal phosphides including CoP [36],
MoP [237], NiP [238], and Co,P [239], have been hybridized with CNTs
to make sulfur hosts, owing to their high chemical affinity for polysul-
fides and high catalytic activity in promoting polysulfide conversion.
Chen et al. fabricated a hollow polyhedral/CNT-confined CoP nanopar-
ticle superstructure via a phosphatization of Co30, embedded hollow
polyhedron/CNTs (Fig. 11c) [36]. The high porosity, cavities, and mul-
tidirectional channels of the sulfur host accommodate the volume ex-
pansion and entrap sulfur species, whereas the inserted CoP nanopar-
ticles act as the adsorbent and electrocatalyst to bind the polysulfides
and catalyze their conversion to Li,S. Owing to these advantages, the fi-
nal sulfur cathodes exhibited an excellent rate performance (~528 mAh
g1 at 3.0 C) and cyclic stability (capacity retention of 84.9% after 200
cycles) with an areal sulfur loading of 2.3 mg cm~2. Furthermore, Lu
et al. investigated the influence of highly polar NiP/CNTs on Li-S bat-
tery performance [238], whereas Wang et al. demonstrated the effects
of MoP/CNTs on polysulfide conversions [237]. Both studies proved
that excellent electrochemical performance can be achieved using metal
phosphides/CNT hosts for Li-S batteries.

MXene: Recently, MXene nanosheets have become a promising sulfur
stockpile because of their high electrical conductivity, strong chemical
affinity, and good mechanical strength [240, 241]. Unfortunately, the
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Fig. 11. (a) Schematic of the synthesis of
S@CNT/Co;S, nanoboxes. Reproduced with
permission [224]. Copyright 2017, American
Chemical Society. (b) Schematic of the fabri-
cation of CogSg@CNTs. Reproduced with per-
mission [226]. Copyright 2019, Royal Soci-
ety of Chemistry. (c) Schematic of the synthe-
sis of hollow polyhedron/CNT confined CoP/S.
Reproduced with permission [36]. Copyright
2019, Elsevier.
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significant stacking and aggregation of MXene nanosheets inhibit ionic
transfer, thus limiting the efficient utilization of active sulfur species
and polysulfide conversion kinetics. The insertion of CNTs into the in-
terlayers of MXene nanosheets can prevent the re-stacking of MXene
nanosheets and enhance the electrical conductivity of sulfur compos-
ites to improve sulfur utilization [242]. For instance, Nazar et al. fab-
ricated interwoven MXene nanosheet/CNT composites through a fil-
trated method, which was then used as the sulfur host [243]. The CNTs
were well interconnected on MXene sheets, thereby an enhanced elec-
trochemical performance was achieved using these composites, as com-
pared with Li-S batteries using MXene nanosheets as the sulfur host.
Moreover, Chen et al. prepared MXene/CNT hierarchical porous hol-
low microsphere host via a spray-dry method [244]. CNTs ensure the
structural stability of sulfur cathodes, whereas MXene nanosheets ad-
sorb intermediate polysulfides and promote the conversion kinetics of
polysulfides, and the microspherical structure ensures high stability dur-
ing cycles. As a result, the sulfur cathodes exhibited a high specific ca-
pacity of 1451 mAh g~! at 0.2 C, a remarkable rate capability of 686
mAh g~! even at 8.0 C, and stable cyclic performance over 500 cycles.
A similar improvement was observed upon using porous MXene/CNT
microspheres, as reported by Han and coworkers [245].

Others: In addition to the abovementioned metal-based composites,
other polar materials, including graphene/Al3Ni, [246], boron nitride
(BN) [247, 248], 3D Al foam [249], carbon/Al,(OH), 7¢F354 [250],
Fe/Fe;C nanoparticles [251], and Co-MoC [47], have been combined
with CNTs to serve as S hosts for Li-S batteries. Huang et al. prepared
a 3D network comprising CNT/graphene/S-Al;Ni, for Li-S batteries via
the physical mixing method [246]. The 3D network and Al species pro-
vide channels for fast electron transfer and ion transport, the Ni species
accelerate the polysulfide conversion kinetics, whereas the CNTs serve
as the conductive channels for electron transfer. In this manner, the sul-
fur cathodes exhibited a high specific capacity of 2.05 mAh em~2 over
200 cycles at 2.76 mA cm~2, accompanied by a capacity retention of
85.9%. To improve the adsorption of polysulfides, CNT/BN fibers were
fabricated through a physical mixing method and used as an effective
sulfur host for Li-S batteries [247]. The CNTs act as the additive for
separating BN, and further serve as the high-speed pathways to promote
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electron transfer. This structure enables the loading and entrapment of
active sulfur species and localizes soluble long-chain polysulfides within
sulfur cathodes. When used as the sulfur host in Li-S batteries, the as-
fabricated sulfur cathodes demonstrated a high initial specific capacity
of 1222 mAh g~ at 0.1 C and outstanding cyclic stability with a capacity
of 482 mAh g1 after 500 cycles at 4.0 C.

4.1.5. CNTs hybridized with MOFs

MOFs with a high specific surface area and abundant pores are
considered to be good hosts for Li-S batteries. However, MOFs usu-
ally exhibit extremely low electronic conductivity, which restricts elec-
tron transfer during electrochemical reactions. Incorporating CNTs
in MOFs alleviates these issues and enhances the structural stability
of sulfur hosts. Cao et al. prepared a sulfur host comprising a 3D
porous MOF@CNT framework with CNTs uniformly distributed in MOFs
through the solution-based method [252]. The long CNTs intercalated
the MOFs together and ensured the high electrical conductivity of the
entire electrode. After sulfur infiltration, the as-fabricated sulfur cath-
ode demonstrated a high specific capacity of 1380 mAh g~! at 0.1 C and
remarkable cyclic stability with negligible capacity decay (over 500 cy-
cles). Even with a high areal sulfur loading of 8.0 mg cm~2, an impres-
sive areal capacity of ~11 mAh cm~2 was obtained at 0.1 C. Further-
more, a few other MOF/CNT hosts have been designed to improve the
electrochemical performance of Li-S batteries [253, 254]. These studies
demonstrated that the utilization of MOFs can resolve the issues faced
by Li-S batteries, indicating their potential for practical applications.

4.2. CNT-based Se hosts

Carbonaceous materials are typically employed hosts to accommo-
date the volume changes of Se and entrap the polyselenides [255-259].
Zhang et al. developed a low-cost and highly efficient solution-based
technique to fabricate Se/MWCNT composites using ethylenediamine as
the solvent (1.0 M LiTFSI in DOL/DME, 1:1 in v/v) [255]. Besides the
accommodation of volume expansion, the existence of CNTs served as
the support and conductive network. Compared to the melt infiltration
method, the solution-based approach enables the homogenous distribu-
tion of small Se particles on the CNT skeleton, thus leading to enhanced
battery performance. The Se content is another crucial parameter that
determines the specific capacity of CNT/Se composites. To elevate the
Se content in the component, Mukkabla et al. loaded the Se nanoparti-
cles on the cetyltrimethylammonium bromide-functionalized MWCNTs
with a high Se content of ~72 wt% using a facile hydrothermal method
[256]. The surface-functionalized MWCNTs with high electrical conduc-
tivity enhanced the adsorption capability of intermediates, thereby im-
proving the utilization ratio of Se. The as-prepared Li-Se batteries (1.0 M
LiTFSI in DOL/DME, 1:1 in v/v) showed a substantially prolonged lifes-
pan. Moreover, to further enhance capability for suppressing the shuttle
effects of polyselenides, Dutta et al. infused the Se into the cavity of
CNTs [257]. As the polyselenides are completely confined within the
precincts of the CNT cavity, the as-prepared Se-CNT composite deliv-
ered exceptionally stable battery performance at widely varying current
densities in 1.0 M LiPF/EC-DMC (1:1 in v/v). Various micro-and nanos-
tructures based on the CNT matrix were designed to facilitate Se loading
and better accommodate the volume expansion of Se. For example, Feng
et al. fabricated CNT microspheres using an ultrasonic spray method and
subsequently loaded Se via a molten-diffusion strategy (1.0 M LiPF¢ in
EC/DMC, 1:1 in v/v) [258]. As shown in Fig. 12a, the CNT microspheres
possessed abundant pores and voids for loading Se and mitigating vol-
ume changes, and the spherical morphology ensured the high structural
integrity. When Se/CNT microspheres were used as the cathode, the Li-
Se batteries exhibited an initial specific capacity of 626 mAh g~! at 0.2
C, a high rate capability with a specific capacity of 390 mAh g~! at 5.0
C, and remarkable cyclic performance with a capacity retention of 80%
after 500 cycles at 1.0 C.
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Although the construction of CNTs with various micro-and nanos-
tructures enhanced the polyselenide retention during cycles, the Se load-
ing mass and electrochemical performance are still not satisfactory for
practical applications. CNTs combined with various carbon matrices
produce intriguing architectures and are capable of restricting polyse-
lenides. Moreover, the coupling with CNTs improved the structural in-
tegrity of the entire Se host, thereby improving the electrochemical per-
formance, especially the long-term cyclic stability. To date, graphene
[260-264], CNFs [264], and porous carbon matrices [265, 266], have
been integrated with CNTs. For instance, He et al. fabricated a 3D free-
standing graphene-CNT@Se aerogel, with CNT/Se sandwiched between
graphene nanosheets, via a simple solvothermal method (Fig. 12b)
[260]. The unique 3D mesoporous and conductive network offers highly
efficient channels for electron transfer and ion diffusion, and the hierar-
chical features, originating from the interconnections between graphene
and CNT, restrict polyselenide dissolution and prevent Se volume expan-
sion during electrochemical cycles. Therefore, the Li-Se batteries (1.0 M
LiTFSI in DOL/DME, 1:1 in v/v) exhibited a high reversible capacity of
632.7 mAh g~! at 0.2 C and a high rate capability of 192.9 mAh g1 at
10 C. Moreover, Han et al. prepared a flexible, self-standing graphene-
Se@CNT composite film via vacuum filtration method, which has been
utilized as a cathode in Li-Se batteries (1.2 M LiPF in EC/EMC, 3:7
in v/v) without binders and additives [261]. The graphene-CNT ma-
trix with tight interactions releases the strain/stress arising due to vol-
ume expansion, provides a conductive framework with open channels
for electron transfer and ion diffusion, and restricts polyselenide disso-
lution. The graphene-Se@CNT composite demonstrated a high specific
capacity of 400 mAh g~! at 0.1 C and stable cyclic performance (315
mAh g1 after 100 cycles at 0.1 C). Remarkably, an MWCNT/CNF free-
standing substrate has also been used to prevent the dissolution of poly-
selenide intermediates, which is promising in making flexible Li-Se bat-
teries (1.0 M LiPF¢ in EC/DMG, 1:1 in W/W) [264]. In addition, a tube-
in-tube structure comprising MWCNTs encapsulated by highly porous
carbon was synthesized via a hard template-assisted method [265]. Such
a design facilitated the encapsulation and further confinements of Se
species and enhanced the electrical conductivity of the entire electrode.
The Se host had a high pore volume of 2.167 cm® g~! and a remarkable
surface area of 1131 m? g~!, enabling a high Se loading content of 70
wt%. After Se infiltration, the cathodes (1.0 M LiPF¢ in EC/DEC, 1:1 in
v/v) exhibited a specific capacity of 625 mAh g~! at 0.2 C, an outstand-
ing rate performance (190 mAh g~! at 10 C), and impressive cyclic sta-
bility with a negligible capacity decay of 0.01% per cycle for 4000 cycles
at 1.0 C. Inspired by the confinement of small sulfur molecules in micro-
pores, Xin et al. further extend this strategy to study the electrochemistry
of small Se molecules confined in slit micropores versus Li (electrolyte:
1.0 M LiPF¢ in EC/DMC, 1:1 in W/W) [266]. A pyrolytic microporous
carbon sheath was coated on an MWCNT core via an ultrasonic spraying
method, and Se was further penetrated into the micropores of the outer
shell to form the Se-C composite (Se/CNT@MPC). Benefiting from the
CNT-formed spherical morphology and intrinsic high electrical conduc-
tivity, the Se/CNT@MPC composites have been characterized by high
specific capacities and good cyclic stability, which promise Li-Se bat-
teries with a high volumetric energy density of 2308 Wh L-1.

4.3. CNT-based Te hosts

In light of the less shuttle effect, Yin et al. adopted the S-doping
strategy to synthesize Te; .S, nanorod cathodes via a melting-diffusion-
vaporization method for Li-Te batteries. They concluded that the trans-
port kinetics of Li* and electrons can be accelerated by S-doping thanks
to the redistribution of electrons between low electronegative Te and
high electronegative S. As a result, the optimal Tejg,S; g cathode
without any carbonous matrix exhibits a high volumetric capacity of
1615 mAh cm~3 over 100 cycles at 0.1 C [267]. Making Te/carbon com-
posites appears to be another viable approach to surmount these issues,
which attracts enormous interest [22, 268]. For example, He et al. em-
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e Fig. 12. (a) Schematic of the synthesis
| of Se/CNT microsphere. Reproduced with

permission [258]. Copyright 2019, Else-
| vier. (b) Schematic of the synthesis of 3D
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with permission [260]. Copyright 2016,
American Chemical Society.
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Copyright 2016, Wiley-VCH. (b) Schematic of the synthesis of CNT@hollow carbon cell/Te cathode and the cyclic performance (0.5 C) of Li-Te batteries. Reproduced

with permission [270]. Copyright 2018, Elsevier.

ployed MOF-derived carbon polyhedra to serve as the host with a high
Te loading of 77 wt%. An ultrahigh initial capacity of 2615.2 mAh cm=
was delivered [268]. Considering the excellent characteristics of CNTs,
Yu et al. incorporated CNTs with Te nanowires to fabricate composite
electrodes through the solution-based method combined with the car-
bonization process (Fig. 13a) [269]. A CNT aerogel with high electrical
conductivity and porous structure was used, which enables fast elec-
tron/ionic transport and the efficient trapping of active species. In addi-
tion, CNTs enhance the integrity of the Te cathodes, thereby facilitating
a stable cyclic performance. As a result, the fabricated Li-Te batteries
exhibited remarkable electrochemical performance, in terms of a high
specific capacity of 548 mAh g~! at 0.1 C, excellent rate capability of 215
mAh g~ at 5.0 C, and good cyclic stability with almost no capacity de-
cay for 200 cycles. Moreover, Xu et al. reported a muscle-like electrode
via the carbonization of CNTs/MOFs precursor for high-performance Li—
Te batteries (Fig. 13b) [270]. Hollow carbon cells were utilized to con-
fine Te, accommodating the volume change and restricting the loss of ac-
tive species, whereas the CNTs provide abundant channels for both elec-
tron and ion transfer during electrochemical cycles. Owing to such an
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intriguing design, Li-Te batteries showed good rate performance (124
mAh g1 at 5.0 C) and high cyclic stability with a specific capacity of
~240 mAh g1 after 500 cycles at 0.5 C. These studies demonstrated that
CNT networks play a significant role in resolving/alleviating the issues
of Te cathodes in Li-Te batteries. Overall, the application of CNTs in Li-
Te batteries is still in its infancy stage with very few works have been
reported. This may be attributed to the high cost and low abundance of
Te elements. In addition, the conversion mechanisms of Li-Te batteries
in different electrolyte systems have not been well studied, which can be
accomplished with the assist of start-of-the-art techniques and compu-
tational approaches with different scales. Further works should focus on
the construction of high volumetric-energy-density CNT-based Te cath-
odes to realize task-specific applications such as aerospace engineering,
safety and rescue, and medical devices which required limited space.

5. CNT-based interlayers/separators

Functionalized interlayers and/or separators are widely used to in-
tercept the shuttling of polychalcogenides for improving the utilization
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of active species (Table 4). Before moving to in-depth discussions of
CNT-based interlayers and separators, the differences between these two
terms are revisited to avoid any misunderstandings. In general, the in-
terlayer is a freestanding film inserted in-between the existing separator
and electrode, whereas the functional separator is a physicochemical
modification on the routine separators by hybridizing with materials
(e.g., nanocarbon and inorganic nanomaterials). The CNT-based inter-
layer and CNT-modified separators indeed have almost the same func-
tions in cutting off the polychalcogenide shuttling, but differences re-
main. First, an interlayer should be free-standing, while a CNT-modified
separator normally requires a binder to form a dense coating film on the
pristine separator. In this regard, different fabrication methods should
be used to prepare CNT-based interlayer and CNT-modified separators.
Second, the relatively dense structure of CNT-modified separators in-
evitably introduces high resistance to the transfer of Li-ions. For com-
parison, CNT interlayers require a porous structure and high surface
area to reduce the weight and offer more sites for intermediate adsorp-
tion, respectively. Third, an interlayer has other functions, such as up-
per current collectors and structure stabilizer of the chalcogen cathode,
whereas CNT-modified separators mainly focus on the block of interme-
diate shuttling.

5.1. CNT-based interlayers for Li-S batteries

The rational construction of sulfur hosts has effectively resolved the
issues associated with Li-S batteries. As an alternative strategy, the in-
troduction of interlayers to prevent polysulfide shuttling is simple and
effective (Table 4). Ideally, interlayers should meet the following re-
quirements: (1) high electrical conductivity for fast electron transfer, (2)
high chemical affinity for adsorbing intermediate polysulfides, (3) abil-
ity to catalyze the conversion of long-chain polysulfides, (4) large sur-
face area to ensure adequate contact with polysulfides, and (5) sufficient
electrolyte penetration and compatibility. Although pure CNTs have
been used as interlayers in Li-S batteries to enhance electrochemical
performance [271-274], the weak interactions between CNTs and poly-
sulfides can not effectively prevent polysulfide shuttling. Thus, CNTs
combined with other materials including carbon matrices, polar metal
compounds, polymers, and MOFs, have emerged as interlayers for Li-S
batteries.

5.1.1. Carbon-based interlayers

Constructing pure carbon-based architectures can prevent the dis-
solution and shuttle effect of intermediate polysulfides by physical re-
striction. To inhibit the dissolution of polysulfides, GO, Cqy and g-C3Ny4
have been coupled with CNTs [275-278]. These carbon-based architec-
tures usually have hierarchical and porous structures, thus facilitating
the contact and penetration of electrolytes. As a typical study, Lee et al.
prepared a flexible carbon-based membrane comprising graphene ox-
ide (GO) and CNTs (Fig. 14a), via a simple vacuum filtration approach
[275]. Owing to the oxygen-containing functional groups on GO and
the high electrical conductivity of CNTs, polysulfides were strongly ad-
sorbed in the interlayer with a high specific capacity of 1591.56 mAh
g1 at 0.2 C. Moreover, Ma et al. employed an N-deficient g-C5N,/CNT
composite as the polysulfide barrier for Li-S batteries [277]. The defect
chemistry of g-C3N, enhanced its chemical affinity to polysulfides and
promoted fast polysulfide conversion during cycles. Hence, the Li-S bat-
teries displayed a high reversible capacity of 1128 mAh g~! at 0.2 C and
567 mAh g1 after 500 cycles at 1.0 C.

5.1.2. CNT/metal oxide-based interlayers

Similar to their utilization in the fabrication of sulfur hosts, metal
oxides with high polarity can be hybridized with CNTs to fabricate inter-
layers. Metal oxides used in the fabrication of interlayers include MnO
[279], TiO, [280, 281], ZnO [282], MoO5 [283], and CoNiFeO, [284],
and the prepared interlayers have significantly enhanced the electro-
chemical performance of Li-S batteries by confining polysulfides in the
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cathodic region. Wang et al. developed an ultrathin MnO,/GO/CNT
interlayer as an efficient polysulfide trapping shield for Li-S batteries
through a simple layer-by-layer procedure (Fig. 14b) [279]. Owing to
their physical confinement in the hierarchical nanostructures and chem-
ical confinement by the oxygen-containing groups of GO and MnO,,
the intermediate polysulfides are well preserved and stored in the ca-
thodic region, thus preventing their further diffusion toward the Li an-
ode. Moreover, the long-range CNTs enhance the structural integrity
and electrical conductivity of the entire electrode during cycles. Con-
sequently, Li-S batteries with high sulfur loading contents of 60—80
wt% demonstrated a high rate capability of 747 mAh g~! at 10 C along
with an extremely low capacity fading rate of 0.029% per cycle. No-
tably, a low self-discharge rate was achieved with a capacity retention
of 93.0% after 20 days of rest. In addition, Sun et al. fabricated an inter-
layer consisting of mesoporous TiO, threaded by CNTs via a vacuum-
filtrated method [280]. Because of the good polysulfide suppression by
both physical and chemical adsorption, the Li-S batteries displayed a
low capacity decay of 0.07% per cycle for 500 cycles at 0.5 C.

5.1.3. Others

Other materials, such as metal sulfides [41], phosphides [285], poly-
mers [286, 287], fluorides [288], and COFs [289], have also been used
to construct functional interlayers by their rational combination with
CNTs. The as-fabricated interlayers exhibited merits similar to that of
interlayers comprising CNTs and metal oxides, thus effectively restrict-
ing polysulfide shuttling. Wang et al. verified that the Li-S battery per-
formance was enhanced significantly when an ultrathin and lightweight
MoS,/CNT interlayer was used [41]. Notably, the CNTs served as a con-
ductive network and supporting skeleton, whereas MoS, nanosheets ad-
sorbed the polysulfides well through strong chemical affinity. A high
specific capacity of 1237 mAh g~! at 0.2 C and a remarkable capac-
ity of 784 mAh g1 at 10 C were obtained. Moreover, they developed a
multifunctional interlayer consisting of MoP, and CNTs by a typical flux
method to prevent polysulfide dissolution [285]. The CNTs not only act
as the support for MoP, but offer fast electron transfer and good struc-
tural stability for the whole electrode. Consequently, the Li-S batteries
equipped with the MoP,/CNTs interlayer exhibited a reversible capac-
ity of 905 mAh g~! for 100 cycles at 0.2 C, accompanied by a capacity
fading rate of 0.152% per cycle. These studies demonstrated that the
introduction of interlayers is an effective solution for producing high-
performance Li-S batteries.

5.2. CNT-modified separators for Li-S batteries

The modification of the separator is another feasible approach to in-
tercept the polysulfide shuttling in Li-S batteries (Table 4) that is com-
patible with the current production line [290-292]. Carbonaceous ma-
terials and polar ingredients have been introduced into CNT matrices to
improve their capability in preventing polysulfide shuttling [293]. Wu
et al. used a CVD method to synthesize a 3D graphene@CNT composite,
which is then coated on a separator to restrict polysulfide dissolution
[294]. With S/carbon black as cathode, the Li-S batteries exhibited a
high reversible capacity of 935.1 mAh g1 at 0.2 C, and good cyclic sta-
bility with a specific capacity of 755.6 mAh g1 after 200 cycles at 1.0
C. Moreover, Xia et al. fabricated an ultralight coating layer comprising
MWCNTs and carbon quantum dots for Li-S batteries by a hydrother-
mal method [295]. The MWCNTs with excellent electrical conductivity
and the carbon quantum dots capable of chemically adsorbing polysul-
fides built a physical shield against polysulfides. Benefiting from the
synergistic effects of MWCNTSs and carbon quantum dots, Li-S batteries
displayed a high specific capacity of 1330.8 mAh g~! and outstanding
cyclic performance with a low capacity fading rate of 0.05% per cycle
over 1000 cycles at 0.5 C. In addition, a porous carbon matrix [42],
and g-C3N, [296] have been integrated with CNTs to functionalize the
separators for Li-S batteries, resulting in improved electrochemical per-
formance.
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Table 4

Electrochemical performance comparison of Li-S batteries with CNT-based interlayers and coating layers.

Areal sulfur loading Sulfur
(mg cm~2)/electrode content Electrolyte/S
CNT-based layers Morphology Methods area (wt.%) ratio Rate capability Cyclic performance Ref.
CNT interlayer Porous structure Filtration 3.0/1.54 80 - 1112 mAh g7! at 0.1 Capacity retention of [272]
C 95.8% after 100 cycles at
05C
GO/CNT interlayer Porous structure Vacuum ~1.0 27.8 20 469 mAh g~! at 2.0 671 mAh g~ after 300 [276]
filtration C cycles at 0.2 C
MnO,/GO/CNT Hierarchical Layer-by-layer 1.11~2.37 60~80 - 747 mAh g~! at 10 C Capacity fading rate of [279]
interlayer porous structure method 0.029% after 2500 cycles
at1.0C
MoP, /CNT interlayer Porous structure Flux method 1.2 70 - 360 mAh g1 at 5.0 905 mAh g~! after 100 [285]
C cycles at 0.2 C
CNT coating layer Porous structure Vacuum 3.0 - 10 ~1000 mAh g at 1056 mAh g~! after 400 [290]
filtration 2.0C cycles at 0.5 C
MWCNT/carbon Porous structure Vacuum 1.3~1.5 60 - 666.7 mAh g1 at 1330.8 mAh g! after [295]
quantum coating layer filtration 3.0C 1000 cycles at 0.5 C
Nb,05/CNT coating Tubular Solvothermal 1.3~1.5/1.13 80 507 mAh g~! at 5.0 992 mAh g~! after 100 [297]
layer structure method 14.6~154 C cycles at 0.2 C
Sb,S;/CNT coating layer Layered Exfoliation ~1.0 65 50 530 mAh g1 at 2.0 Capacity fading rate of [307]
structure method C 0.05% after 200 cycles at
2.0C
Ni@N-doped Porous structure In situ growth 1.0~1.2 70 ~30 710.9 mAh g~! at 265 mAh g~ after 500 [313]
graphene/CNT coating method 5.0C cycles at 10 C
layer
Co,B/CNT coating layer Particle Self-templated 3.6 72.45 - 1172.8 mAh g~! at Capacity fading rate of [309]
interconnected method 5.0C 0.0072% after 3000
structure cycles at 5.0 C
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Although the coating layers comprising CNTs and other carbon ma-
trices enhanced polysulfide utilization, the restriction was physical, and
the electrochemical performance deteriorated, especially the long cyclic
stability. Metal oxides with a strong chemical affinity to intermediate
polysulfides have recently been combined with CNTs to modify the sep-
arator [297-304]. In addition, metal oxides can catalyze fast polysulfide
conversion reactions during cycles. For example, Liu et al. employed a
solvothermal method to make Nb,O5/CNT composite [297]. The con-
struction of a conductive and catalytic Nb,O5/CNT layer provides a
long-distance electron transfer network, strong chemisorption proper-
ties, and abundant catalytic sites for polysulfide conversion. As a result,
a high specific capacity of 1286 mAh g~! at 0.2 C, accompanied by
a capacity decay rate of 0.23% per cycle, was achieved. Similarly, a
lightweight multifunctional Sc,0;@CNT capping layer prepared by a
solvothermal method was developed for loading onto the separator of
Li-S batteries [298]. Benefiting from the synergistic effects of both phys-
ical and chemical confinement due to Sc,O5 and CNTs, the Li-S batter-
ies demonstrated significantly enhanced electrochemical performance,
in terms of specific capacity, rate capability, and long-term cyclic sta-
bility.

Additionally, other fillers, including polymers [305, 306], metal sul-
fides [307, 308], Co,B [309], MOFs [310, 311], and metals [312, 313],
have been integrated with CNTs to modify Li-S battery separators. Con-
sidering metal sulfides as a typical example, Kim et al. reported the use
of a novel Sb,S; nanosheet/CNT coupling layer on the separator sur-
face via vacuum filtration for Li-S batteries [307]. The employment of
2D Sb,S; nanosheets enables the exposure of a large surface area and
therefore the abundant active sites, which are conducive to the chemi-
cal confinement of intermediate polysulfides, while the CNTs guarantee
the high stability of Sb,S; nanosheets and improve the reaction kinet-
ics. The Li-S batteries with this modified separator demonstrated a high
specific capacity and a remarkable capacity fading rate of 0.05% over
200 cycles at 2.0 C. Furthermore, theoretical simulations verified the im-
portant role of Sb,S; nanosheets in trapping polysulfides and creating a
low energy barrier for Li-ion diffusion. Wang et al. reported an efficient
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polysulfide barrier of Ni@N-doped graphene nanosheets/CNT hybrids
via a CVD method [313]. The Ni@N-doped graphene nanosheets/CNT
hybrids are capable of providing a large surface area for polysulfide
adsorption, accelerating the electron transfer, and boosting polysulfide
conversion kinetics. Consequently, the Li-S batteries exhibited a high
specific capacity of 265 mAh g1 after 500 cycles at 10 C. All these
studies provide new insights into the utilization of CNTs to modify sep-
arators for enhancing the performance of Li-S batteries.

5.3. CNT-modified separators for Li-Se batteries

Similar to Li-S batteries, CNTs have been used to modify the sep-
arator for Li-Se batteries. As a representative example, Wang et al.
prepared a mixture comprising an ultrathin cetrimonium bromide
(CTAB)/CNTs/MXene hybrid by filtration to modify the separators in
Li-Se batteries (1.0 M LiTFSI in DOL/DME, 1:1 in v/v) [314]. Owing to
the existence of Lewis acid-base interactions between CTAB/MXene and
polyselenides, polyselenide dissolution was well suppressed. Moreover,
CNTs can be inserted into the MXene layers to facilitate electrolyte in-
filtration and ionic transport. As such, the Li-Se batteries demonstrated
extremely high cyclic performance with a low capacity fading rate of
0.05% per cycle at 1.0 C. All these excellent results imply that the uti-
lization of CNT-based composites is a promising approach for promoting
commercial applications of Li-Se batteries.

To sum up, unremitting efforts have been paid to the construction of
CNT-based interlayers/separators for LCBs and impressive electrochem-
ical results were achieved. Notably, the combination of cathode design
and functionalized interlayers/separators is capable to further improve
the electrochemical performance. However, it is worth noting that most
of the current results are based on the coin cells, and the overuse of Li
supply and electrolyte amount artificially exaggerates the realistic per-
formance. In addition, the addition of non-active components inevitably
negates the energy density of the whole system. In this regard, much at-
tention should be paid to the practical parameters used in industry, thus
creating safe, low-cost, and high-performance LCBs.
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As discussed in the above sections, the utilization of CNTs in Li-S bat-
teries have been extensively studied as compared to that in Li-Se and
Li-Te batteries. This can be partially attributed to the higher specific
energy of Li-S batteries. As shown in the above discussions, the volu-
metric energy densities of Li-Se and Li-Te batteries are comparable to
Li-S batteries, indicating their great potential for applications in devices
that require limited packing space. It is worth noting that a large propor-
tion of carbon-based host materials are needed in Li-S batteries, which
will inevitably further reduce their gravimetric and volumetric energy
densities. Regarding the short history of Li-Se and Li-Te batteries begun
in the past several years, the published papers in these two battery sys-
tems are still much fewer than those in Li-S counterparts. Meanwhile,
the substantial achievement in Li-S batteries has triggered a surge of
interest in Li-Se and Li-Te batteries, thus accelerating the development
of Li-Se and Li-Te batteries. Currently, most of the studies focus on
the construction of host materials for Li-Se and Li-Te batteries. Other
strategies including the fabrication of interlayers and modification of
separators need more exploration and optimization regarding the sim-
ilar shuttling effects. With the continuous efforts on the exploration of
CNTs for LCBs, their commercialization will be witnessed soon.

6. CNT-based composites for Li metal anodes

Besides the issues associated with chalcogen cathodes, the prac-
tical applications of LCBs are also hindered by the uneven Li depo-
sition/dissolution, severe volume change of Li anode, and unstable
SEI films, thus resulting in uncontrollable Li dendrite growth and low
Coulombic efficiency [315]. Various strategies have been proposed to
resolve these issues, including new electrolyte formulation, artificial SEI
design, novel Li hosts [316-318]. CNTs with high electrical conductivity
and tunable surface characteristics are well suited for Li metal hosts. var-
ious CNT architectures, including 3D CNT network/skeleton/framework
[319-321], CNT sphere [322], CNT sponge [49, 323], and CNT paper
[324] have been reported to improve the stability of Li metal anode. Yu
et al. prepared a Li metal host consisting of CNTs with trenches in a free-
standing porous CNT sponge using a novel mechanochemical method
[49]. The created trenches provided lithiophilic surface for Li metal an-
odes, and the large specific surface area significantly reduced the local
current density for uniform Li deposition. As a result, when coupled
with sulfur cathodes, the as-achieved batteries exhibited a remarkable
specific areal capacity of 13.3 mAh cm~2, attributing to the improved re-
action kinetics and decreased overpotentials. Moreover, Ji et al. synthe-
sized a lightweight mechanically robust CNT paper as the freestanding

743

framework to resolve the issues faced by Li metal anode (Fig. 15a) [324].
Benefiting from the intrinsic physicochemical properties (large surface
area, high electrical conductivity, and elastic properties) of CNTs, the
Li metal dendrites were greatly suppressed. Consequently, a high areal
capacity of 10 mAh cm~2 with 90.9% of Li metal utilization for 1000
cycles at 10 mA cm~2 was finally achieved.

Surface functionalization has also been developed to enhance the
interaction between Li and CNTs for governing the growth of Li [325,
326]. Xiong et al. fabricated a lithiophilic amide-functionalized CNT
skeleton for Li metal anodes [325]. The functionalized CNT skeletons
with a large surface area not only reduced the local current density but
also promoted the uniform growth of Li metal thanks to the strong in-
teractions between Li* and lithiophilic functional groups. Consequently,
the as-obtained electrodes showed a low overpotential of 14 mV, accom-
panied by high Coulombic efficiency of ~97.8% for 300 cycles. More im-
pressively, the amide-functionalized CNT skeleton displayed dendrite-
free morphology for 1800 h, which is remarkable compared to the un-
treated counterpart. The weak interactions and poor contact among in-
dividual CNT have led to large contact resistance and weak structural
integrity, which may degrade during repeated volume expansion and
shrinkage. To resolve the above issues, Sun et al. prepared a new struc-
ture comprising of an N-doped CNT forest planted on the surface of N-
doped carbon sheets (CSs-CNT) (Fig. 15b) [327]. The N atoms provided
abundant Li nucleation sites, the voids accommodated the volume ex-
pansion of Li, resulting in smooth and uniform Li deposition. More im-
portantly, the adoption of CSs-CNT enhanced the total structural stabil-
ity and the capacity for encapsulating Li metal. Eventually, the electrode
exhibited a high Coulombic efficiency of 98.8% for 2000 h with a low
overpotential. In addition, Wang et al. confirmed that a self-standing
CNT aerogel integrated with amorphous carbon coating can serve as a
stable host for encapsulating Li metal [328].

Metal oxides with a high affinity to Li have been incorporated into
CNT frameworks to act as nucleation sites during the Li plating process
[50, 329, 330]. Li et al. fabricated stretchable fiber-shaped Li metal an-
odes by using the CNT fibers modified with lithiophilic ZnO nanowire
arrays to infiltrate molten Li [50]. The CNT fiber provides a well-defined
conductive network for electron transfer and served as a support for ZnO
nanowires, while the ZnO nanowire arrays increase the lithiophilicity of
CNT fiber (Fig. 16a). As a result, the composite Li anode showed excel-
lent cyclic stability under a strain of 100%, accompanying a dendrite-
free morphology during long-term cycles. Moreover, Hu et al. synthe-
sized a 3D CNT sponge modified with an Al,O5 coating layer for serv-
ing as a metallic Li host [329]. The Al,O05 decorated CNT sponge with
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a large surface area lowers the local current density for Li deposition
and offers abundant nucleation sites to induce homogeneous Li growth.
The as-prepared electrode displayed a stable voltage with an extremely
low overpotential of 16-30 mV for 100 h at 1.0 mA cm~2. Impressively,
the electrode showed a dendrite-free morphology, with a Coulombic ef-
ficiency of 92.4% for 80 cycles at 1.0 mA cm™2. Other metal oxides,
such as Sb,MoOg [331] and SiO, [332], were also hybridized with CNT
architectures to realize stable and reversible Li plating/stripping.
Besides the design and construction of Li metal hosts, the introduc-
tion of modification layers on Li metal anodes is another easy and effec-
tive way to suppress Li dendrite growth [333-335]. Lu and co-workers
developed an MWCNT interlayer to alleviate the problematic Li dendrite
growth [333]. The structure can efficiently relieve the volume expan-
sion of Li metal during deposition, thus leading to smooth Li morphol-
ogy and stable cyclic stabilities under various current rates. Moreover,
He et al. prepared a hierarchical porous layer comprising CNT core and
N-doped hierarchically porous membranes (NHPM) to homogenize Li*
ions at electrolyte/SEI interface (Fig. 16b) [334]. The doped N atoms
are capable to adsorb Li* and reduce the energy barrier for Li* diffu-
sion on the carbon surface, while the high specific surface area provides
more nucleation sites and lowers the local current density on Li anode.
The modified Li anodes exhibited a remarkable Coulombic efficiency of
~99% and a dendrite-free morphology for 500 h even under 8 mA cm~2.
Owing to their ultrahigh electrical conductivity, large specific sur-
face areas, and excellent mechanical properties, CNTs are widely
deemed to be a promising material to construct Li hosts and protec-
tive layers. Through surface modification and hybridization, CNT-based
assemblies have shown exciting performance in guiding uniform Li de-
position and maintaining electrode integrity. However, the construction
of CNT architectures requires multi-steps and high costs. In addition,

a
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Fig. 16. (a) Schematical illustration of the fab-
rication process of the fiber-shaped Li metal an-
ode. Reproduced with permission [50]. Copy-
right 2019, Elsevier. (b) Schematical illustra-
tion of the redistributed Li* flux in the presence
of NHPM as well as the nucleation and uniform
deposition of Li* on NHPM. Reproduced with
permission [334]. Copyright 2021, Elsevier.
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the performance of CNT assemblies is usually worse than the building
units because of the weak interactions and large contact resistance. In
this regard, crosslinked CNT frameworks are desired and deserve more
attention. Since Li tends to nucleate on the top region of conductive
skeletons, proper modification of CNTs at different locations, such as de-
signing conductivity and lithiophilicity gradients, is the key to achieving
better Li deposition and utilization in 3D conductive hosts.

7. Conclusions and perspectives

LCBs with high theoretical capacities and energy densities have been
recognized as promising alternatives to LIBs. However, the practical ap-
plication of LCBs is hindered by the severe volume expansion of chalco-
gen cathodes, dissolution and diffusion of intermediates in ether-based
electrolytes, sluggish redox reaction kinetics, and problematic Li den-
drite growth. CNTs with diverse micro-and nanostructures have been
adopted to resolve these issues with much improved electrochemical
performance. This review discusses the recent advances in CNTs for
LCBs with respect to their diversified roles in the cathode, anode, and
interlayer/separator. Although significant progress has been achieved,
issues and challenges remain to be resolved. The following are some of
the main challenges in the development of CNT-based LCBs.

(1) Scalable manufacturing of CNTs remains a hurdle for practical ap-
plications in LCBs. The CNT synthesis with controllable chirality,
super-alignment, and predetermined size and length is still challeng-
ing. Although the fabrication cost of CNTs has been reduced sig-
nificantly, the available products are still expensive than other car-
bonaceous materials (e.g., carbon black), especially for SWCNTs and
super-aligned CNTs. In addition, the processing of CNT assemblies is
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still difficult because of the strong coupling among CNT structures
and the inert surface properties, and post-treatments.
High-performance CNT assemblies should be constructed for both
the cathode, interlayer, separator, and anode. Up to date, various
CNT assemblies, including OD microspheres, 1D fibers, 2D films,
and 3D aerogels/foams, have been developed to load a high mass
of chalcogens and Li metal. Although CNT itself has shown excel-
lent mechanical strength and electrical conductivity, the assemblies
exhibit relatively poor properties caused by the weak interactions
and poor contact among individual CNTs. In this regard, intercon-
nected structures should be constructed to establish fast electron/ion
transportation and good structural stability. Since CNT assemblies
normally have a large surface area, low packing density, and high
porosity, the volumetric energy densities of LCBs are debated. On
the other hand, large surface area and high porosity are required to
allow high active material loading [336], provide abundant active
sites to promote chalcogen redox reactions and guide Li deposition
and accommodate the volume variation during electrochemical pro-
cesses. In this regard, the balance among different critical parameters
is necessary to improve the overall performance.

The precise control in the functionalization of CNTs is crucial to
LCBs and needs systematic study. The inert surface of pure CNTs
brings about good chemical stability but leads to poor interaction
with soluble intermediates, causing serious shuttling effects. Sur-
face modification by heteroatoms, functional groups, and polar inor-
ganic species can offer strong interactions with soluble polychalco-
genides and Li metal, thus ensuring high chalcogen utilization and
homogeneous Li growth. However, these treatments inevitably in-
duce defects, thus giving rise to lower electrical conductivity, de-
graded mechanical stability, and inferior chemical stability. More
importantly, the surface modification should be tailored to meet the
requirements for each component in LCBs. For example, when serv-
ing as the chalcogen hosts and intermediate blocking layers, compo-
nents that can chemically anchor soluble intermediates and catalyze
the conversion are of great interest and should be implanted into
the CNT skeletons to achieve high chalcogen utilization. To promote
dendrite-free Li growth, the lithiophilicity of CNT substrates should
be modulated by heteroatom doping and by introducing nucleation
seeds [337,338]. In addition, modifying CNTs with different proper-
ties at different locations precisely (i.e., graded structure) is another
intriguing direction that deserves more attention for the applications
in LCBs.

Apart from the rational design of CNT skeletons, other components
that significantly affect the performance of LCBs should also be ex-
plored to push their commercialization. Currently, ether-based elec-
trolytes are widely used in research; however, the notorious shuttle
effects in such electrolytes trigger continuous intermediate dissolu-
tion and significant side reactions that corrode the Li anode, which
results in inferior cyclic stability. In addition, ether electrolytes are
extremely volatile and highly flammable, thus causing serious safety
concerns. Therefore, safer electrolytes that are compatible with both
Li anodes and chalcogen cathodes are required. Very recently, the
development of all-solid-state inorganic electrolytes is flourishing,
which is expected to resolve the shuttling of soluble intermediates
and prevent Li dendrite growth [56]. In addition, practical cell pa-
rameters should be used to evaluate the realistic performance of
LCBs.

The working mechanisms of different LCBs should be determined
and clarified. Owing to the different physicochemical properties of
chalcogens, the working mechanisms of LCBs may differ slightly. It
has been reported that the working principles of Li-S and Li-Se bat-
teries in ether and carbonate electrolytes show huge differences and
are still controversial. For the Li-Te system, the mechanistic studies
are far behind those in Li-S counterpart, offering a great opportunity
in this field. More importantly, understanding the reaction mecha-
nisms of LCBs, especially those of Li-Se and Li-Te batteries, is of
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great importance to select suitable strategies for improving their per-
formance. In this regard, there is an urgent need to employ advanced
characterization techniques, such as in situ Raman spectroscopy, in
situ ultraviolet spectroscopy, and in situ transmission electron mi-
croscopy, as well as high-throughput calculations to understand the
fundamental mechanisms in detail.

In summary, CNTs with unique physical and chemical proper-
ties have gained tremendous interest for use in LCBs. Although great
progress has been achieved, research in this regard is still in its infancy.
Thus, numerous efforts are urgently needed to devote to further exper-
imental research and theoretical simulations. Given the rapid develop-
ment and thorough understanding of the multiple functions and working
mechanisms of CNTs in LCBs, the commercialization of LCBs is expected
to be realized soon.
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