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Abstract

Lithium–sulfur (Li–S) batteries, although a promising candidate of next‐
generation energy storage devices, are hindered by some bottlenecks in their

roadmap toward commercialization. The key challenges include solving the

issues such as low utilization of active materials, poor cyclic stability, poor rate

performance, and unsatisfactory Coulombic efficiency due to the inherent

poor electrical and ionic conductivity of sulfur and its discharged products

(e.g., Li2S2 and Li2S), dissolution and migration of polysulfide ions in the

electrolyte, unstable solid electrolyte interphase and dendritic growth on an-

odes, and volume change in both cathodes and anodes. Owing to the high

specific surface area, pore volume, low density, good chemical stability, and

particularly multimodal pore sizes, hierarchical porous carbon (HPC) mate-

rials have received considerable attention for circumventing the above pro-

blems in Li–S batteries. Herein, recent progress made in the synthetic methods

and deployment of HPC materials for various components including sulfur

cathodes, separators and interlayers, and lithium anodes in Li–S batteries is

presented and summarized. More importantly, the correlation between the

structures (pore volume, specific surface area, degree of pores, and

heteroatom‐doping) of HPC and the electrochemical performances of Li–S
batteries is elaborated. Finally, a discussion on the challenges and future

perspectives associated with HPCs for Li–S batteries is provided.

KEYWORD S

carbon/sulfur cathodes, hierarchical porous carbon, lithium–sulfur batteries, lithium metal
anodes, separators/interlayers, synthetic methods

1 | INTRODUCTION

The demand for sustainable energy has witnessed a
drastic increase mainly due to the vast emissions of
greenhouse gases associated with excessive combustion

of fossil fuels. Extensive research efforts have been
dedicated toward the technology development for re-
newable energy sources (e.g., solar, wind, tide, and geo-
thermal energy) and methods to harvest and convert
them for societal use.1,2 However, these clean energy
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sources are intermittent, unevenly distributed, and un-
stable for utilization. Pursuing reliable, economical, and
efficient energy storage systems with high energy density
is of great significance in addressing these issues and for
taking advantage of renewable energies.3 Rechargeable
batteries, such as lead‐acid, nickel–cadmium, nickel
metal hydride, and lithium‐ion batteries (LIBs), have
been widely used in numerous applications during the
past century. Among them, LIBs, based on ion‐insert li-
thium metal oxides or lithium phosphates as the cath-
odes and graphite as the anodes, ever since their
naissance in the late 1980s, have been dominating the
electronic market for more than 30 years owing to their
relatively high energy density and operating voltage, low
self‐discharge rate, no memory, and long lifespan.4–6

Nevertheless, current commercial configurations of LIBs
are approaching the theoretical limitation of energy
density/capacity and have rather high costs and safety
issues, and therefore cannot meet the demands for
widely storing the renewable energies and the endurance
of electrical transportation and devices. Alternative sub-
stitutes of LIBs with desirable energy density, good
safety, and low cost have been intensively researched in
both academia and industry.

Rechargeable lithium–sulfur (Li–S) batteries have
great potential as promising candidates of the next‐
generation batteries due to their high theoretical capacity
(1675mAh g−1 calculated based on sulfur) and energy
density (2600W h kg−1), abundance in resources, and the
low cost of sulfur.7,8 Despite the aforementioned merits,
the practical commercialization of Li–S batteries is im-
peded by the following issues.9–11 First, both S and its
discharged products (lithium sulfide or disulfide) are
intrinsic electrical and ionic insulators, resulting in low
utilization of active materials, sluggish kinetics, and poor
rate performances.12,13 In addition, the dissolution and
migration of intermediate polysulfide (PS) ions (Li2Sx,
x= 4–8) during the charging and discharging processes
cause serious loss of active materials in the electrolyte
and parasitic reactions with the lithium anode, which are
associated with severe decay and deterioration of
batteries.14 The large volumetric expansion (80 vol%)
during the conversion from S into Li2S also leads to
fracture or delamination of electrodes. Moreover, the
formations of Li dendrites and an unstable solid elec-
trolyte interphase (SEI) on Li metal anodes cause low
Coulombic efficiency (CE), continuous consumption of
electrolytes, and safety concerns.15–17

Extensive research has been conducted to tackle the
aforementioned problems with the aim of improving the
performance of Li–S batteries. The main methods for
solving the issues caused by sulfur cathodes and PSs are
to improve the conductivity of the battery system and

physically constrain PS ions by introducing carbonaceous
materials as conductive hosts for cathodes18 and as
coating layers for separators.19,20 These carbonaceous
materials include graphene,21,22 carbon nanotubes,23

carbon spheres,24 porous carbons,25–27 and many other
carbon forms and structures. After a major breakthrough
made by Li et al.28 through confining sulfur in CMK‐3
(a kind of mesoporous carbon, Figure 1A), porous car-
bons with high specific surface areas (SSA), tunable pore
structures, and controllable morphologies and chemical
components have been extensively investigated and uti-
lized as both sulfur hosts and functional coating layers to
enhance the Li–S battery performances. According to the
classification of the International Pure Union and Ap-
plied Chemistry (IPUAC) in 1985, porous carbon mate-
rials can be divided into three categories based on pore
width: macroporous carbon with pore widths larger than
50 nm, mesoporous carbon with pore widths between 2
and 50 nm, and microporous carbon with pore widths
smaller than 2 nm.39 In previous reviews, it was reported
that the micropores and small mesopores with high SSA
confer better cyclic stability due to solvent‐restricted li-
thiation/delithiation of sulfur, while the large mesopores
and macropores with high pore volume enable high
sulfur loadings and facilitate ion transport.18,40 In many
cases, carbon materials with unimodal pore size hardly
provide desirable electrochemical performances of Li–S
batteries as well as other energy storage devices.41,42

Contrary to microporous carbon, mesoporous carbon,
and macroporous carbon, all of which only have unim-
odal pore sizes, hierarchical porous carbon (HPC) ma-
terials have multiple levels of porosity and show a porous
structure with multimodal pore sizes from micropores,
mesopores to macropores.43,44 The multiple levels of
pore sizes of HPC usually comprise bimodalities such as
micro/meso, meso/macro, and micro/macro, or even
trimodalities such as micro/meso/macro.45 Thus, in ad-
dition to their excellent electrical conductivity, tailor-
ability, and low costs, HPCs also have the advantages of
large pore volume, high SSA, and unique multimodal
porous structures.46,47 Due to the combination of the
advantages of micropores and large pores, HPCs are po-
tentially able to augment the electrochemical perfor-
mance of Li–S batteries in industry.48 Extensive progress
has been made in the field of HPC‐based Li–S cells
during the past decade, and some typical milestones
(experiments and theoretical calculations) are presented
in Figure 1, from S@HPC cathodes, HPC interlayer/
HPC‐coated separators, and the Li@HPC anode to finally
integrate these configurations for further improving the
performance toward practical applications.

In comparison with carbon materials of unimodal
pore sizes, HPCs have the following merits when used in
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Li–S batteries. As a sulfur host, the conductive carbon
skeleton can greatly improve the conductivity of cath-
odes. Moreover, the micropores and small mesopores of
HPCs endow sulfur cathodes with high SSA and provide
more active sites for sulfur redox, while the large pore
volume originating from large mesopores and macro-
pores is favorable for storing a high content of sulfur and
buffering the volume expansion.

Similarly, HPCs can be used as coating layers/inter-
layers for modifying separators to improve cell perfor-
mances on the basis of multiple functions. First, the HPC
layers can serve as a second current collector to enhance
the electrical conductivity of sulfur cathodes. Second, the
redox reactions of the as‐dissolved and migrated PSs
occur on the conductive HPCs, therefore reutilizing the
active materials and retaining capacity retention. Fur-
thermore, the three‐dimensional porous channels and
particularly the micropores can serve as barriers to sup-
press the migration of PSs without blocking or reducing
the transport of lithium ions, leading to a mitigated

“shuttle effect”. As a result, the concentration of PSs on
the lithium anode side can be significantly reduced,
preventing the corrosion of lithium anodes and the for-
mation of thick sulfide films on anodes. Due to these
functions, the capacity, cyclic stability, and fast dis-
charge/charge performances of the Li–S cells can be
considerably enhanced. However, the addition of thick
coating layers or interlayers would inevitably increase
the mass and volume of the battery, requires more elec-
trolyte, and thus decreases the energy density. More re-
search needs to be conducted to balance the cyclic
stability, rate performances, and energy density of Li–S
cells by tuning the thicknesses, microstructures, and
mass of HPC interlayers.

Aside from confining PSs and improving con-
ductivity, HPCs can also potentially be applied in anodes
and enhance the performances of Li metal batteries
(including Li–S batteries). On the basis of Sand's time
model, which indicates the onset of lithium dendrites,
the growth of dendrites is correlated to several factors:

FIGURE 1 A brief timeline and representative strategies of hierarchical porous carbons (HPCs) (including experiments and theoretical
simulations) for improving the performance of lithium–sulfur (Li–S) cells, covering HPC‐based composite cathode design, separator
modification/interlayer configuration, and lithium metal protection: (A) S@CMK‐3 cathode, with the work leading to the revival of Li–S
batteries; (B) S@micro/mesoporous carbon; (C) conception of a porous carbon interlayer between the separator and the cathode;
(D) S@micro/meso/macroporous graphene working from −40°C to 60°C; (E) N,O–Co‐doped meso/microporous carbon coating on the
separator; (F) density functional theory (DFT) calculations for interaction between heteroatom doping and polysulfides; (G) Au‐imbedded
hollow carbon for selective Li deposition, introducing seed‐guided lithium growth; (H) pouch cell integrating the S@HPC cathode and the
HPC‐coated separator achieving a high‐energy‐density Li–S battery at an extremely low E/S ratio (electrolyte amount/sulfur mass); (I) DFT
calculations for lithiophilicity chemistry of heteroatom‐doped carbon; and (J) NbC, Co–HPC as the host for both sulfur and lithium.
(A) Reproduced with permission: Copyright 2009, Nature Publishing Group.28 (B) Reproduced with permission: Copyright 2009, American
Chemical Society.29 (C) Reproduced with permission: Copyright 2012, Nature Publishing Group.30 (D) Reproduced with permission:
Copyright 2013, Elsevier.31 (E) Reproduced with permission: Copyright 2014, Royal Society of Chemistry.32 (F) Reproduced with permission:
Copyright 2016, Wiley.33 (G) Reproduced with permission: Copyright 2016, Nature Publishing Group.34 (H) Reproduced with permission:
Copyright 2017, Wiley.35 (I) Reproduced with permission: Copyright 2019, American Association for the Advancement of Science.36

(J) Reproduced with permission: Copyright 2021, Wiley37
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the ambipolar diffusion coefficient, electrolyte con-
centration, anionic and cationic mobilities, and practical
current density.49 To function as current collectors and
host materials of the anode, three‐dimensional (3D)
porous skeletons have a larger electrode/electrolyte in-
terface than that of two‐dimensional (2D) current col-
lectors, thus decreasing the current density and
prolonging Sand's time, consequently delaying the for-
mation of dendrites.50,51 The porous structure could
further confine the deposition of lithium to suppress
dendrite growth and accommodate volume changes. The
creation of small pores such as nanopores considerably
increases the electrode/electrolyte interface. However,
nanopores have a relatively small pore volume that limits
the accommodation of lithium and electrode capacity.
Large pores such as macropores yield large pore volume
but have the limitation of low surface area. To this end,
the hierarchical porous structure that comprises of both
small pores and large pores can synergistically boost the
electrode/electrolyte interface and electrode capacity.
Compared to metallic current collectors, carbon materi-
als, in particular, have low density and good electro-
chemical stability. These advantages increase the
potential to use hierarchical carbon materials in future
research on Li metal anodes. However, there are few
reviews on the applications of HPCs for Li metal
anodes.52–54

This article focuses on the progress of HPCs for use in
rechargeable Li–S batteries, including the novel synthetic
strategies of HPCs, design, and applications of advanced
sulfur cathodes, separators/interlayer, and rationally
constructed lithium anodes to enhance the electro-
chemical performance of Li–S batteries (Figure 2). The
structure–activity relationships between the structures
(pore volume, specific surface area, ordering degree of
pores, and heteroatom doping) of HPCs and the elec-
trochemical performances of Li–S batteries will be sys-
tematically elaborated. The progress made with the use
of HCPs for designing Li metal anodes is also discussed.
Finally, we highlight the key challenges and perspectives
associated with future research on HPCs for Li–S
batteries.

2 | SYNTHETIC STRATEGIES
OF HPCS

A variety of approaches have been developed for the
preparation of HPCs, which can be generally classified
into a hard‐templating method, a soft‐templating meth-
od, a templating/activation combination method, and a
templating‐free method according to the template agents
utilized during the synthesis process. In this section, a

recapitulative description of preparation methods for
HPCs is elaborated in detail.

2.1 | Hard templates

The hard templating method is an efficient way to pro-
duce HPCs due to its ability to precisely control the
morphologies, particle sizes, and pore structures of HPCs
by adjusting the structures and concentration of prede-
signed templates. The synthesis of HPCs using the hard
templating method consists of the following steps: at
least two hard templates with different particle sizes or
pore structures, or one hard template with a hierarchical
structure are impregnated with carbon precursors, fol-
lowed by a heat treatment of the mixture in an inert or
hydrocarbon atmosphere. HPC replicas can be obtained
after the removal of hard templates by chemical etching
or dissolution. Considering the cost and manipulability,
silica, metal/metal oxide/metal hydroxide templates, and
inorganic salt templates are the widespread hard tem-
plates, while phenolic formaldehyde (PF) resin, sac-
charides (sucrose, glucose, and chitosan), melamine,
polymers, and carbon‐rich gases (CH and C2H2) are
common carbon feedstocks for producing porous carbon
materials.

FIGURE 2 An overview of the synthetic methods of
hierarchical porous carbons (HPCs) covering hard templating
methods, soft templating methods, self‐templating methods, hard
and soft templating methods, and templating and activation
methods, and the applications of HPCs in lithium–sulfur (Li–S)
cells, including S@HPC cathodes, HPC‐functionalized separators/
interlayers, and Li@HPC anodes
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2.1.1 | Silica templates

Various types of silica structures, including nanoparticles/
nanospheres,55–60 silica gel/colloidal silica,61–65 silica mono-
lith,66–68 hierarchical microarchitectures,69,70 and hier-
archical porous silica,71,72 are popular hard templates for
producing HPCs due to their low costs and accessibility, as
well as the development of Stober methods. As shown in
Figure 3A, a series of 3D flower‐like carbon nanospheres of
size around 200 nm were prepared using urchin‐like hier-
archical silica spheres (UHSSs) as the template and tuning
the calcination temperature.69 To begin with, UHSS was
modified by 3‐aminopropyltrimethoxysilane in a dry toluene
solution. Thereafter, due to the surface electrostatic self‐
assembly, glucose was uniformly coated on the surface and
filled into the pores of UHSS, after a hydrothermal reaction.
Finally, after carbonization at a high temperature, followed
by the removal of silica templates using hydrofluoric acid,
flower‐like hierarchical carbon nanospheres with micro-
porous and small mesoporous channels were obtained.

Ionic liquids with high thermal stability and different
heteroatoms have been broadly used as carbon sources
for the preparation of heteroatom‐doped carbonaceous
materials. For example, Schneider et al.71 developed a
nitrogen‐doped carbon with an interconnected hier-
archical porous microstructure (N‐HPC) using 1‐ethyl‐3‐
methylimidazolium dicyanamide (EMIM DCA) feedstock
providing both carbon and nitrogen, while hierarchical
porous silica monoliths were used as hard templates. To
achieve maximum filling of EMIM DCA into the pores of
silica monoliths, the impregnation process should be op-
erated at reduced pressure and can be quickly completed,
which is less tedious than using other precursors. The
pore size distribution of N‐HPC revealed two distinct
maxima at 6–7 and 750 nm from the nitrogen adsorption
and mercury intrusion porosimetry analyses, demon-
strating the meso/macroporous structures.

Beyond directly using the presynthesized silica tem-
plates, the silica templates can also be formed in the mixture
containing both silica and carbon precursors. Following re-
action and carbonization, highly ordered porous carbon
materials can be fabricated. For instance, a root‐like carbon
nanofiber with an ordered hierarchical porous structure
(OHPCNF) was synthesized using a facile electrospinning
technology, with polyvinylpyrrolidone (PVP) as the carbon
source and tetraethyl orthosilicate (TEOS) as the silica
template precursor.59 As a result of the hydrolysis of TEOS,
the silica template was generated during the course of
the reaction. In addition, because TEOS could enhance
the phase separation of the solution and then influence the
diameter of nanofibers, the nanofiber diameter can also be
controlled by altering the ratios of TEOS to PVP solution.59

Another advantage is that the freestanding carbon nanofiber

networks can be conveniently fabricated by peeling the
electrospun nanofibers off the substrates and used for
lightweight electrodes with enhanced energy density.

2.1.2 | Metal/metal oxide/metal hydroxide
templates

The removal of silica templates usually requires poiso-
nous hydrofluoric acid or hot concentrated alkali, which
is time‐consuming and harmful to both humans and
the environment. In contrast, insoluble metal, metal
oxide, and metal hydroxide templates, such as
nickel,76–80 magnesium oxide,73,81,82 calcium oxide,83

zinc oxide,84 anodic aluminum oxide,85 manganese
dioxide,86 ferroferric oxide,87 and nickel hydroxide,88–90

magnesium hydroxide,91–93 and layered double
hydroxide,94,95 can be readily etched or removed using
diluted acids. In addition, these metals, metal oxides, and
metal hydroxide templates can usually catalyze the
growth of graphitic carbon, thus improving the graphi-
tization and electrical conductivity of HPCs. For ex-
ample, Wang et al.90 reported a strategy to fabricate 3D
periodic hierarchical porous graphitic carbon (PHGC)
under alkaline synthesis conditions. In their work,
ethanol solution of phenolic resin was added to the al-
kaline Ni(OH)2 solution to obtain a homogeneous hy-
droxide/resin mixture. After drying, a hybrid of inorganic
and resin materials was obtained. The PHGC was then
synthesized after further calcination, followed by etching
templates. To further optimize the structure of HPC with
an HPC–carbon nanotube (CNT) hybrid structure using
metal hydroxide, a one‐step approach, which is by in-
corporating Ni(OH)2 into a phenolic resin carbon pre-
cursor under alkaline conditions, was developed by Luo
et al.78 During carbonization, Ni nanoparticles that were
reduced from Ni(OH)2 served as pore agents for the
hierarchical pores and catalyzed the epitaxial growth of
CNTs, improving the conductivity of hybrids and leading
to better performance than pure HPCs for energy storage.

In recent years, chemical vapor deposition (CVD)
growth of high‐quality graphene/few‐layer graphitic carbon
with a hierarchical structure on the porous metal/metal
oxide substrates has been proven to be an efficient ap-
proach. In particular, MgO‐based templates have been
shown to be one of the most favorable catalysts for CVD
growth of porous graphene/few‐layer graphitic carbon both
experimentally96–98 and theoretically.99 As shown in
Figure 3B, Lyu et al.73 reported a kind of hierarchical car-
bon nanocage with only a few‐layer carbon shell and co-
existing micro‐, meso‐, and macropores using a MgO
template. MgO templates derived from a magnesium car-
bonate precursor of 4MgCO3·Mg (OH)2·5H2O by thermal
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FIGURE 3 Synthesis of hierarchical porous carbon (HPCs) through hard templates. (A) Preparation of flower‐like carbon nanospheres
(FCNSs) using hierarchical silica spheres. (B) Synthesis of HPC nanocages using MgO templates through chemical vapor deposition growth.
(C,D) Transmission electron microscopy (TEM) image and high‐resolution TEM image of HPC nanocages, respectively. (E) Production of
hierarchical porous graphene using a porous nickel template. (F) Utilization of salt templates for the production of HPCs. (A) Reproduced
with permission: Copyright 2017, Royal Society of Chemistry.69 (B–D) Reproduced with permission: Copyright 2015, Elsevier.73

(E) Reproduced with permission: Copyright 2018, Royal Society of Chemistry.74 (F) Reproduced with permission: Copyright 2015, Royal
Society of Chemistry. HF, hydrofluoric acid; NPG, nanoporous graphene; NPNi, nanoporous nickel
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decomposition retained the hierarchical nature of the pre-
cursor.73 CVD carbon layers were deposited on the surface
of the hierarchical MgO by introducing benzene vapor.
Hierarchical carbon nanocages with four to seven well‐
graphitized carbon layers (Figure 3C,D) were then collected
after the removal of the template. Benefiting from a large
SSA of 1276m2 g−1 and a high micro–mesopore volume of
4.18 cm3 g−1, the unique hollow structures could contribute
to high sulfur loading and energy density for Li–S batteries.

As graphene or graphitic carbon has higher crystal-
lization than amorphous carbon, hierarchical porous
graphene or graphitic materials show higher electrical
conductivity and better mechanical properties. Usually,
the synthesis of porous graphitic carbon or graphene
through CVD is realized at high temperatures (above
1000°C). Most of the metallic frameworks are subjected
to severe coarsening of pores and ligaments at such high
temperatures, resulting in undesirable pore sizes of por-
ous graphene or carbon materials. To regulate the pore
sizes of porous graphene and avoid coarsening of metal
templates, our group has developed a low‐temperature
approach (≤800°C) for synthesizing interconnected
meso/macroporous graphene through solid‐state growth
of graphene on the surface of nanoporous nickel that
functions both as a template and as a graphene‐growth
catalyst (Figure 3E).74,100 The as‐generated 3D graphene
foam possessed two different types of pores, namely,
nontubular open pores inherited from Ni macrofoams
and closed tubular pores produced from the etching of Ni
ligaments. Both the nontubular and tubular pores yielded
a 3D bicontinuous network, which is favorable for mass
transfer during discharging and charging. Thanks to the
method, the tubular pore sizes were tunable from a few
microns down to below 50 nm by selecting templates
with a corresponding ligament size. Notably, a high‐
performance cathode with enhanced cyclic stability was
constructed by accommodating sulfur nanoparticles in-
side the tubular pores of as‐synthesized nanoporous
graphene (NPG). As the walls of tubular pores contain
defect‐induced micropores, the dissolution of the long‐
chain PSs with length above 0.5 nm is assumed to be
effectively prohibited due to the physical and chemical
trapping by the holey graphene walls, which was con-
firmed by the enhanced cyclic stability. It was also found
that smaller pore sizes lead to higher utilization of sulfur.
Further investigations revealed that reduced particle si-
zes of the NPG hosts favored mass transfer and, there-
fore, enhanced the rate performances.100

Benefiting from the facile synthesis of nanoporous Ni
through hydrogen reduction of metallic salts in a more ef-
ficient and recyclable approach, the synthesis of porous Ni
templates and the growth of graphene were combined in a
one‐route process, through which a lightweight and 3D

porous graphene foam was obtained and used for a free‐
standing sulfur cathode with high electrode capacity.101

2.1.3 | Salt templates

Apart from metal/metal oxide/metal hydroxide, inorganic,
and organic salts are another group of hard templates that
can be conveniently removed using water or dilute acid for
the production of hierarchical porosity. For instance, in-
organic NaX salts (X: Cl−, CO3

2−, SiO3
2−) were chosen as

templates for the preparation of 3D HPCs, which is sche-
matically shown in Figure 3F.75 At first, glucose and three
kinds of NaX were dissolved into distilled water, and then
the water was removed via freeze‐drying. During the
freezing process, multiscale (from nanometers to micro-
meters) salt particles formed because of crystallization of
the salts. Simultaneously, salt particles evenly coated with
glucose were self‐assembled into a 3D architecture. Finally,
pure 3D HPCs were obtained after carbonization and re-
moval of salts by washing.75 However, the aggregation of
salt nanoparticles owing to the high surface energy, espe-
cially during high‐temperature calcination, is the main
problem, which inevitably leads to the generation of dis-
ordered pores with undesirable pore shapes. To overcome
this obstacle, an in situ template formation strategy was
adopted. For example, water‐soluble lithium citrate could
be used as the template agent. Under high‐temperature
heating, lithium citrate was decomposed to gen-
erate Li2CO3 templates, while sucrose and the decomposed
carbon‐containing products of citrate were transformed
into carbon. After thermal treatment and the removal of
Li2CO3, ordered micro‐, meso‐, and macropores remained
in the carbon structures, presenting a facile way to avoid
the agglomeration of salt templates.102

2.1.4 | Organic polymer templates

Besides the inorganic materials, some organic
materials that are soluble in nonpolar organic solvents or
thermally decomposable such as polyurethane103 and
tetramethylammonium oxalate104 have been studied as
hard porogenic agents for synthesizing HPC materials.
Due to the good solubility in hot acetone and decom-
position under an air atmosphere, interconnected
polystyrene is the widely used organic hard template.

2.2 | Soft templates

Despite the precise tailoring of the morphology and
the pore structure of HPCs using hard templates, the
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hard‐templating technique obviously has some intrinsic
disadvantages associated with large‐scale production as it
usually requires sophisticated procedures and harmful
chemicals for the removal of the templates. In contrast,
the soft templating method, which is based on self‐
assembly between organic molecules/amphiphilic block
copolymers and polymerizable carbon precursors, is
more flexible and less harmful for synthesizing HPCs.
Generally, the production of HPCs with soft templates
consists of the following two steps: self‐assembly of soft
templates and precursors, and then annealing of
precursor–template composites. In the first step, dis-
solved soft template moleculars combine with each other
into micelles, and then their charged, hydrophilic ter-
minations covalently bond with carbon precursors, and
form rigid organic micelles with carbon precursor
warping. In the calcination step, precursors can be pyr-
olyzed and converted into carbon while pores are formed
due to the thermal decomposition or evaporation of
templates at high temperatures and in an inert atmo-
sphere. Originating from the ordered assembly for the
formation of micelles, HPCs obtained by these soft tem-
plates usually contain ordered mesopores. In addition,
the shapes of micelles influence the pattern of the or-
dered pores: cylindrical micelles are likely to yield hex-
agonal structures, while spherical micelles are likely to
form cubic patterns. To date, surfactant templates are the
main soft templates used for preparing HPCs.

On the basis of the polarity of the functional groups,
surfactant templates can be divided into the following
three types: cationic surfactants, anionic surfactants, and
nonionic surfactants. Owing to its positive charge, hex-
adecyl trimethylammonium bromide (CTAB), being a
kind of cationic surfactant, was chosen as a soft template
to interact with negatively charged H2BO3

− and HSO4
−.

Driven by the electrostatic interaction between the CTAB
chains, H2BO3

−, HSO4
−, and threonine, self‐assembled

micelles formed at the interface. After the pyrolysis of
micelles, HPC spheres were achieved.105 In addition to
cationic surfactants, triblock polymers are nonionic
structure‐directing agents that produce HPCs with or-
dered mesoporous walls, the most popular one of which
is poly(ethylene glycol)–poly(propylene glycol)–poly
(ethylene glycol), for example, F127,106–110 and poly
(ethylene oxide)–poly(propylene oxide)–poly(ethylene
oxide) (PEO–PPO–PEO), for example, P123.111–113

F127 and P123 have different molecular weights, but
similar structures, which are composed of a central hy-
drophobic block of polypropylene (PP) glycol/oxide and
hydrophilic blocks of polyethylene glycol/oxide at two
chain ends. All oxygen atoms of the polymer chains are
capable of interacting with hydrogen atoms of carbon
feedstocks via hydrogen bonds or covalent bonds. The

triblock polymer micelles filled with carbon precursors
are spherical or hexagonal and are finally transformed
into HPCs with ordered mesoporous walls. An example is
shown in Figure 4A; pyrrole was first modified and
grafted with hydrophilic carboxyl groups, and then P123
was utilized as the soft template to promote the uniform
assembly and polymerization of hydrophilic PEO and
functionalized pyrrole.112 During the above synthesis,
macroporous structures were formed due to tuning the
electrostatic interaction through pH and microphase se-
paration during the formation of porous polymer net-
works. Mesoporous structures were generated by the
structural directing triblock copolymer micelles, which
were subsequently removed by calcination to give rise to
mesopores with high‐degree periodicity (Figure 4B,C).
The micropores were created by the removal of inter-
penetrating block copolymer tails into the polymer ma-
trix and partly from the cleavage of the butanoic acid
group. Another example is the combined use of a non-
ionic surfactant (F127) and an anionic surfactant (so-
dium dodecyl sulfate) developed by Sun et al.114 As
shown in Figure 4D, chitosan‐protic salt [Chit][HSO4]
was used as a source of carbon, nitrogen, and sulfur,
while F127 and sodium dodecyl sulfate (SDS) served as
the mesoporous and macroporous soft templates, re-
spectively. During the curing process, the surfactant
templates and precursors melt at elevated temperatures,
which leads to a homogeneous, mobile reaction and ex-
cellent compatibility of various components. Due to the
existence of abundant hydroxyl groups and protonated
amino groups in the molecular structure of [Chit][HSO4],
aggregation occurs easily between [Chit][HSO4], F127,
and SDS by the driving force of hydrogen bonding,
charge attraction, van der Waals forces, and so forth,
contributing to the formation of micelles. During pyr-
olysis, F127 and SDS are gradually removed to form a 3D
interconnected honeycomb‐like structure, while the mi-
cropores are derived from the release of SO2 and NH3 by
the decomposition of [Chit][HSO4] during pyrolysis.

Although soft template agents can be removed easily
during the pyrolysis and lead to the formation of ordered
mesoporous walls of HPCs, usually, the electrostatic self‐
assembly requires organic solvents for the reactions
between carbon precursors and surfactants and takes a
long time. Thus, more attention needs to be paid to the
use of aqueous or solvent‐free synthesis systems for the
large‐scale production of HPCs.

2.3 | Hard/soft combined templates

Another method for the fabrication of HPCs is the use of a
combination of hard and soft templates. As is known, hard
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templates have rigid structures and mostly can withstand a
high‐temperature treatment to prevent the shrinkage of
carbon precursors during carbonization, while soft tem-
plates help to form the periodic nanoporous structures of
HPCs. Thus, the combination of hard and soft templates is
believed to be an effective approach for the construction of
2D and 3D ordered HPCs. In particular, the pore size of
HPCs can be tuned in a wide range using these methods,
which is difficult to achieve when only using soft or hard
templates. Liu et al.115 prepared a novel type of N‐HPC with
unique ordered 2D hexagonal mesostructures and inter-
connected micropores, the process of which is schemati-
cally shown in Figure 5A. At first, the amino groups in octa

(aminophenyl) silsesquioxane (OAPS) could strongly in-
teract with the PEO blocks of PEO–PPO–PEO via inter-
molecular hydrogen bonds, ensuring the microphase
separation through the universal solvent evaporation‐
induced self‐assembly process and resulting in highly or-
dered mesostructured hybrids. During thermal curing and
subsequent pyrolysis in a nitrogen atmosphere, the ag-
gregates (i.e., micelles) of the block copolymer surfactants
can be eliminated and produce ordered open mesopores,
while the cross‐linked OAPS is transformed into a carbon
skeleton containing amorphous silica nanoparticles. After
the removal of silica nanoparticles, the resulting HPC has
abundant silica‐imprinted uniform micropores (~1 nm)

FIGURE 4 Synthesis of hierarchical porous carbons (HPCs) through soft templates. (A) Schematic of the synthesis of HPCs using P123
as a soft template and modified polypyrrole as a carbon source. (B,C) Transmission electron microscopy images of HPCs demonstrating the
[110] and [001] directions of the hexagonal array, respectively; the insets show fast Fourier transfer diffractograms. (D) Procedure for the
preparation of nitrogen, sulfur co‐doped HPCs (N/S‐HPCs) with the combination of F127 and sodium dodecyl sulfate (SDS) as soft
templates. (A–C) Reproduced with permission: Copyright 2015, American Chemical Society.112 (D) Reproduced with permission:
Copyright 2019, Elsevier114
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FIGURE 5 Preparation of hierarchical porous carbons (HPCs) by hard/soft combined templates. (A) Schematic diagram of the synthesis of
HPC with the combination of a silica hard template and a P123 soft template. (B) Transmission electron microscopy (TEM) and (C)
high‐resolution TEM (HRTEM) images of HPC viewed along the [001] direction. (D) TEM image of HPC viewed along the [110] direction. The
insets in (B) and (D) show the corresponding fast Fourier transform diffractograms. (E) Illustration of synthesis of HPCs with the combination of a
CTAB soft template and SiO2 hard templates. (A–D) Reproduced with permission: Copyright 2016, Elsevier.115 (E) Reproduced with permission:
Copyright 2016, Elsevier.116 CTAB, hexadecyl trimethylammonium bromide; EISA, evaporation‐induced self‐assembly; HF, hydrofluoric; OAPS,
octa(aminophenyl) silsesquioxane; PEO, poly(ethylene oxide); PPO, poly(propylene oxide); RF, radiofrequency; TEOS, tetraethyl orthosilicate
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(Figure 5C), interconnecting the highly ordered mesopores
(~4 nm) (Figures 5B and 4E). As expected, the unusual pore
structure endows the obtained HPCs with a high
Brunauer–Emmett–Teller (BET) surface area of
2144m2 g−1 and a total pore volume of 1.47 cm3 g−1,
showing good capability for sulfur loading and enhance-
ment of Li–S cells. Furthermore, when using Pluronic F108
with a higher PEO/PPO ratio as a mesoporous template to
substitute PEO–PPO–PEO, HPCs with 3D cubic mesos-
tructures and well‐defined micropores were also synthe-
sized. Similarly, a facile strategy for producing bowl‐like
HPCs was developed by Zhang et al.116 involving the self‐
assembly of worm‐like CTAB micelles with polymerization
of silica/RF at the interface of TEOS droplets (Figure 5E).
After calcination and SiO2 etching, the bowl‐like HPCs
obtained showed a high BET surface area of 1255m2 g−1

and a high pore volume of 1.87 cm3 g−1. More interestingly,
by controlling the shape of micelles of a CTAB‐coated re-
sorcinol aggregate with varied ethanol–water ratios, porous
silica/carbon nanomaterials with various morphologies in-
cluding nanorods and nanospheres can also be pre-
pared.117,118 All of these results demonstrate the versatility
and adjustability of the combined hard/soft templating
method to produce HPCs with controlled structures and
morphologies.

2.4 | Self‐templates

Despite the fact that templating methods are general and
versatile to control the nanoporous structures of HPCs,
there are still some challenges including the requirement
of sophisticated preparation technology, and high‐cost
templates, which might restrict the large‐scale produc-
tion of HPCs for Li–S batteries. Therefore, self‐templating
methods have been proposed and have gained popularity
in recent years due to their facile nature. Self‐templating
methods can also be considered template‐free methods,
which means synthesizing HPCs through the direct cal-
cination of carbon precursors without the addition of
structure‐directing agents. On the basis of original pre-
cursors used in the synthesis systems, self‐templated
HPCs can be categorized into biomass‐derived carbon
and synthetic material‐derived carbon.

Biomass‐derived HPCs: Biomass, the main ingredient in
the formation of fossil fuels, has attracted considerable
attention, serving as both self‐templates and carbon
feedstocks for the generation of HPCs due to tailorable
physical/chemical properties, natural abundance, and low
costs.119 Various types of biomasses have been studied for
the preparation of HPCs, including plant‐derived materials
(bark of tree,120 leaves,121,122 cassava,123 coffee ground,124

green algae,125 waterweed,126 banana peels,127 cotton,128

tobacco,129 etc.), animal‐derived materials (eggshell mem-
brane,130 pig bone,131 crab shell,132 silk cocoon,133 etc.), and
microorganisms (filamentous fungi,32 Aspergillus Oryzae,134

and bacterial cellulose135). Usually, biomass inherently
contains organic polymers and elements of N, S, and P.
During the pyrolysis and decomposition of biomass,
abundant pores are generated and the carbon skeleton can
be doped with heteroatoms (e.g., N, S, and P). As a result,
the heteroatom‐doped HPCs obtained from biomass could
effectively adsorb PS and show excellent electrochemical
performances. Tree leaves containing hierarchically ar-
ranged epidermis and parenchyma cells were explored to
produce HPCs by Arumugam et al.121 via one‐step carbo-
nization under an argon atmosphere without using time‐
consuming templates or multistep treatments. Benefiting
from the perfectly retained anatomically layered structure
of the leaves, the as‐produced HPCs film showed a layered
hierarchical structure with abundant stomata. As is known,
the pores and stomata of the lower epidermis serve as water
reservoirs and exchange openings in vascular plants.
Similarly, the inherited pores can serve as pathways for ion
transport, promoting the chemical reactions in energy
storage devices.

Recently, N and P dual‐doped spore‐derived carbon
with a porous maze structure consisting of crosslinked
nanofolds was developed by Zhong et al.134 In their work,
rice was used as the culture medium for the growth of
Aspergillus oryzae spores. After inoculation with Asper-
gillus oryzae, the inoculated rice was transferred to
an incubator and kept for 1 week. Subsequently, the
Aspergillus oryzae spores could be easily harvested by a
filter screen, and then the proteins and polysaccharides
of spores could be converted into carbon after heat
treatment at 900°C under argon protection. As can be
seen in Figure 6, the spore‐derived carbon shows a spe-
cial concaved porous morphology with a rugged texture
and a wrinkled maze‐like secondary architecture. The
structure consists of interconnected nanofolds with dia-
meters of 2–3 µm (Figure 6B–D), and the nanofold
structure is made up of interconnected carbon wrinkles.
Simultaneously, the carbon skeleton can provide a con-
tinuous conductive network for fast electron transport.
The hierarchical hollow porous structure observed from
the TEM images (Figure 6E and inset) is amorphous
carbon confirmed by the selected area electron diffrac-
tion pattern and the disordered lattice fringe in the high‐
resolution TEM image. Furthermore, the corresponding
energy‐dispersive X‐ray spectroscopy (EDX) elemental
mapping images demonstrated intrinsic doping with N
and S atoms, which are beneficial for fast charge transfer
and capacity retention.

Synthetic self‐templated HPCs: Despite the aforemen-
tioned merits, there is also an intrinsic challenge
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associated with biomass‐derived HPCs; namely, obstacles
in accurately tailoring the pore size and pore distribution
as the porous structure is inherited from the natural
precursor. To circumvent this difficulty, synthetic
materials with pre‐designed porous precursors or tunable
structures were selected as carbon sources, such as
metal–organic frameworks (MOFs),136–144 graphene/
graphene oxide,31,145–147 graphitic C3N4 (g‐C3N4),

64 and
decomposable salts.148

MOFs, composed of organic ligands and metal cores,
have been receiving attention for fabrication of HPCs
due to their inherent ordered porous structures.149,150

Klose et al.136 selected commercial iron‐containing
MOF, Basolite F300, as a proof of concept to prepare

HPCs using a thermal decomposition approach. Basolite
F300 is a coordinated complex with an iron ion core and
1,3,5‐benzenetricarboxylate ligands. During the pyr-
olysis process, 1,3,5‐benzenetricarboxylate acted as a
sacrificial carbon precursor, while iron acted as a cata-
lyst for the growth of graphitic carbon to enhance the
graphitization and electrical conductivity of MOF‐
derived carbon. Apart from MOFs, prefabricated g‐C3N4

was also used as a template for the synthesis of hier-
archical porous graphene using a two‐step calcination
method,64 during which graphene was simultaneously
doped with N and S atoms using dithiooxamide as a
doping reagent. Confirmed by N2 adsorption–desorption
isotherms, an intense adsorption curve appeared at low

FIGURE 6 Synthesis of hierarchical porous carbons through self‐templates. (A) Schematic illustration of the spore carbon synthesized
from Aspergillus oryzae. (B–D) Scanning electron microscopy images and (E,F) transmission electron microscopy images of spore carbon.
(G) Energy‐dispersive X‐ray spectroscopy elemental mapping images of spore carbon. (A–G) Reproduced with permission: Copyright 2018,
Wiley134
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relative pressure, demonstrating the typical presence of
micropores. The H3‐type hysteresis was accompanied
by capillary condensation in mesoporous structures,
implying the presence of hierarchical pores. The corre-
sponding pore‐size distribution also confirmed the
hierarchical porous structure containing the pores in
different ranges such as 0.5–1.7 nm (micropores) and
3.5–35 nm (mesopores).

2.5 | Combination of templating
and activation methods

Activation methods are widely adopted to further tune
the pore sizes, SSA, and pore volume of carbon mate-
rials. Depending on the activating agents used, the
activation methods can be divided into physical and
chemical activation.151 The physical activation method
is performed by inert‐atmosphere calcination, followed
by high‐temperature (600–1200°C) activation with the
introduction of suitable gasifying agents
(CO2,

135,152–157 NH3,
158,159 Cl2,

160–163 and steam164). In
contrast, chemical activation includes mixing of car-
bonaceous materials and activating agents (e.g.,
KOH,29,84,165–199 NaOH,200 K2CO3,

201,202 H3PO4,
203–205

etc.), followed by calcination at a lower temperature
(400–900°C). Nearly two‐thirds of our reviewed pub-
lications on activated HPCs for Li–S cells adopted KOH
as the activating agent because it can promote the
creation of micropores, high micropore volume, and a
very high SSA of up to 3000 m2 g−1. The activating
process is associated with many variables such as the
experimental parameters (temperature, KOH/carbon
ratio, etc.) and the reactivity of KOH with different
precursors. Generally, the reaction between carbon
and KOH starts with solid–solid reactions, followed by
solid–liquid reactions, including the reduction of po-
tassium compounds to metallic potassium, the oxida-
tion of carbon to CO2 and carbonate, and the formation
of various active intermediates (CO2, H2O, H2).

206,207

Thus, three main activation mechanisms for KOH ac-
tivation of carbon have been widely accepted206–210: (1)
the redox reactions between various potassium com-
pounds with carbon are responsible for generating the
pore network; (2) the formation of intermediates (e.g.,
H2O and CO2) in the activation process could posi-
tively contribute to further production of porosity
through the gasification of carbon; (3) the intermediate
of metallic potassium is able to efficiently intercalate
into the carbon lattices, which gives rise to the ex-
pansion of the carbon lattices. After removing the in-
tercalated metallic potassium and other potassium
compounds by washing/etching, HPCs with enhanced

porosity and SSA were created due to the expanded
carbon lattices. An example of a KOH‐activated silk
cocoon‐derived porous HPC is shown in Figure 7A,194

which could be simply obtained by precarbonization of
silk cocoon, followed by KOH activation. With an in-
crease in the weight ratio of KOH/carbon from 0.5 to
1.5, carbon could react more with KOH, leading to a
much higher SSA of HPC‐1.5 (HPC‐X, X represents the
weight ratios) than that of HPC‐0.5. The N2

adsorption–desorption isotherms of HPCs (Figure 7B)
were identified as type IV with a typical H1 hysteresis
loop according to the IUPAC classification.211 The
pore‐size distribution of HPCs (Figure 7C) demon-
strated the main micro–mesoporous structures, which
originated from the etching of carbon skeleton and gas
(i.e., H2 and CO2) generation during activation.208

By combining an MXene hard template, an F127 soft
template, and chlorine activation, a series of 2D–2D
heterostructures consisting of MXene‐derived carbon
(MDC) and ordered mesoporous carbon (OMC) were
prepared (Figure 7D). In the synthesis, layered MXene
can provide interspaces between F127 and resol, while
F127 serves as a mesopore agent, and chlorine activation
can finally remove the titanium and etch the carbon
skeleton to generate abundant micropores. Due to a
combination of these merits, HPCs with layer‐by‐layer
motif architectures and ordered pores (Figure 7E,F) were
obtained, which prevented the restacking and blocking of
layered structures. In addition, the SSA (1021m2 g−1)
and pore volume (1.62 cm3 g−1) of MDC–OMC were
greatly enhanced after chlorination compared with
Mxene–OMC (84m2 g−1 for SSA, 0.19 cm3 g−1 for pore
volume).

In conclusion, herein, we briefly summarize the
features of five strategies for the synthesis of HPCs,
including the hard‐templating method, the soft‐
templating method, the hard and soft‐templating
method, the self‐templating method, and the templat-
ing/activation combined method. (1) The hard tem-
plating method is efficient in tuning the morphologies,
particle sizes, and pore structures of HPCs by adjusting
the structures and concentration of predesigned tem-
plates. (2) The soft templating method can lead to the
formation of HPCs with ordered mesoporous walls,
and in particular, the templates can be removed easily
by calcination. (3) The hard and soft templating
method is very effective for the construction of 2D and
3D ordered HPCs. Hard templates are stable even at
high temperatures, which can offer rigid and stable
scaffolds to avoid framework shrinkage of carbon
precursors during carbonization, while soft templates
can help to form periodic nanopores. (4) Template‐free
methods for synthesizing HPCs are beneficial in terms
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of the direct calcination of carbon feedstocks without
using templates, which is time‐saving and economical.
(5) The templating/activation combined method can
integrate the strengths of templates and activation:
templates can promote the formation of ordered me-
sopores or macropores, and the activation step can

endow HPCs with abundant micropores, further im-
proving the specific surface area and pore volume. It is
often not possible to classify a certain method as the
ideal method for producing HPCs, but we can select
the suitable method according to the microstructures
required for the specific application in focus (e.g.,

(A)

(B) (C)

(D) (E)

(F)

FIGURE 7 Synthesis of hierarchical porous carbons (HPCs) through templating and activation methods. (A) Schematic diagram of
synthesis of HPCs by pyrolysis of silk cocoon, followed by KOH activation. (B) N2 adsorption−desorption isotherms and (C) pore size
distributions of HPCs. (D) Schematic illustration of the synthetic route for producing MDC–OMC. (E) Top‐view SEM and (F) TEM images of
the MDC–OMC. Scale bars are 100 nm for (E), inset in (E), and 20 nm for (F). (A–C) Reproduced with permission: Copyright 2014,
American Chemistry Society.133 (D–F) Reproduced with permission: Copyright 2017, Nature Publishing Group.163 MDC, MXene‐derived
carbon; OMC, ordered mesoporous carbon; SEM, scanning electron microscope; TEM, transmission electron microscope
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sulfur cathode, interlayers, and lithium anode), which
will be elaborated in the following sections.

3 | NOVEL SULFUR/HPC
CATHODES AND PARAMETERS
AFFECTING BATTERY
PERFORMANCE

As mentioned in the introduction, the main challenges
such as volume change, insulating nature, and the
“shuttle effect” originating from the use of a sulfur
cathode hinder the commercialization of Li–S bat-
teries. Since the work carried out by Liang et al.,29

HPCs containing bimodal/trimodal pores have shown
singificantly enhanced electrochemical performances
for Li–S cells. Basically, conductive carbon materials
can facilitate electron transport and improve sulfur
utilization and reaction kinetics. In addition, the
micro‐ and mesopores in HPCs can provide a high
surface area to improve the contact between sulfur and
carbon, and provide abundant active sites for adsorp-
tion of PSs. The meso‐ and macropores can accom-
modate sulfur, mitigate the volume change, and
provide pathways for ions margination.

The performance of a Li–S battery is highly corre-
lated to the pore structure of carbon hosts. In this
section, we discuss the correlation between the char-
acteristics of HPCs and the performances of S/HPCs
cathodes of Li–S batteries. As summarized in Table 1,
HPCs can be categorized into three classes according to
the pore‐size distributions for Li–S cells, namely, mi-
cro/mesoporous carbon, micro/meso/macroporous
carbon, and meso/macroporous carbon. On the basis of
the analyses, micro/mesoporous carbon is the most
used one in the published work, accounting for 63.5%,
while the percentages of micro/meso/microporous
carbon and meso/microporous carbon are 28.6% and
7.9%, respectively. As is known, some key parameters
(pore volume, SSA, pore size and order degree of pores,
heteroatom doping) of HPC hosts strongly affect sul-
fur/carbon cathodes (sulfur content and mass loading)
and further influence the electrochemical perfor-
mances (initial capacity, cycle, and rate performance).
However, to date, the correlation between the structure
of HPCs, the sulfur content and loading of the
carbon–sulfur cathodes, and the electrochemical
performance of the Li–S cells has not been compre-
hensively and systematically summarized and dis-
cussed. Therefore, in this part of the review, we focus
our attention on the effects of pore structures (pore
volume, SSA, degree of order, heteroatom doping) of
HPCs on the performance of carbon–sulfur cathodes.

3.1 | The correlation between pore
volume of HPCs and performances of
S/HPCs cathodes

As one of the most significant parameters, the pore vo-
lume of HPCs, which is largely dependent on the size and
ratio of large mesopores and macropores, strongly in-
fluences the sulfur content of S/C composites and battery
performances. In fact, the theoretical maximum sulfur
content loaded in the pores of HPCs can be calculated
based on the following equation when the volume ex-
pansion is not taken into account:

φ
V ρ

V ρ
=

×

× + 1
,

p S

p S
(1)

where φ is the sulfur content (wt%) of sulfur/HPCs, Vp

(cm3 g−1) is the pore volume of HPCs, and ρS is the
density of sulfur (2.07 g cm−3). In consideration of the
volume expansion due to the different densities of sulfur
and lithium disulfide, the sulfur content when storing
maximum Li2S is expressed by the following formula:

φ
V ρ M

V ρ M M
=

× ×

× × +
,

p Li S s

p Li S s Li S

2

2 2

(2)

where MS is the molecular weight of sulfur (32 gmol−1),
ρLi S2 is the density of Li2S (1.66 g cm−3), and MLi S2 is the
molecular weight of Li2S (46mol−1). For example, if the
volume expansion is not considered and sulfur is fully
filled in the pores, the minimum pore volume of HPCs
should be 1.13 and 1.93 cm3 g−1 for the sulfur contents of
70 and 80 wt% of S/HPC composites, respectively. While
the volume expansion of sulfur is taken into account, the
expected pore volume of HPCs for filling with the same
contents of sulfur should be larger than 2.02 and
3.46 cm3 g−1, respectively.

An example of the pore volume affecting the perfor-
mances of S@HPCs cathodes was given by Kang et al.188

Three coal‐derived porous carbons (CDPC‐1, CDPC‐2,
and CDPC‐3) with different SSAs (968, 3036, and
3343m2 g−1 for CDPC‐1, CDPC‐2, and CDPC‐3, respec-
tively) and pore volumes (0.46, 1.65, and 2.10 cm3 g−1 for
CDPC‐1, CDPC‐2, and CDPC‐3, respectively) corre-
sponded to the theoretical sulfur loadings of 48.7, 77.4,
and 81.4 wt%, respectively, without considering the vo-
lume expansion. However, according to thermogravi-
metric (TG) analyses (Figure 8A), the sulfur contents of
the synthesized CDPC/S‐1, CDPC/S‐2, and CDPC/S‐3
were 65, 76, and 75 wt%, respectively. Thus, there were
distinct characteristics of sulfur for CDPC/S‐1 in both the
X‐ray diffraction (XRD) patterns (Figure 8B) and Raman
spectra (Figure 8C), indicating the existence of excessive
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sulfur on the carbon surface. In contrast, there were no
obvious characteristic peaks of sulfur for CDPC/S‐2 and
CDPC/S‐3, demonstrating that sulfur was fully filled in
the pores of HPCs. As expected, CDPC/S‐3 showed the
best electrochemical performance, while CDPC/S‐1 de-
livered the lowest specific discharge capacities due to the
lowest SSA and pore volume of CDPC‐1. On comparison,
CDPC‐2 and CDPC‐3 showed similar SSA
(>3000m2 g−1), but CDPC‐3 had a much higher pore
volume. Therefore, more free space could be retained for
CDPC/S‐3 to buffer the volume expansion and facilitate
the mass transfer during the lithiation/delithiation,
leading to the higher specific discharge capacity and
better cyclic stability than CDPC/S‐2.

Similar to the above work, Guo et al.69 also pointed
out that for HPCs with similar SSA, a higher pore volume
would contribute to better battery performance. A series
of hierarchical porous flower‐like carbon nanospheres
(FCNSs) were synthesized using urchin‐like hierarchical
silica spheres as templates. With an increase in the car-
bonization temperature from 750°C to 1000°C, the SSAs
of FCNS2‐750, FCNS2‐800, FCNS2‐900, and FCNS2‐1000
(FCNS2‐X, X being the carbonization temperature) were

1103, 1148, 1151, and 1080m2 g−1, respectively, and the
total pore volumes correspondingly increased from 1.33
to 1.86, 1.94, and 1.74 cm3 g−1, respectively. The FCNS2‐
900/S81% with a high sulfur content of 81 wt% delivered
the highest discharge capacity and the best cyclic stabi-
lity. A reversible capacity of 1104 mAh g−1 was achieved
for FCNS2‐900/S81% at 1 C after two‐cycle activation at
0.2 and 0.5 C. After 200 cycles, a capacity of 923mAh g−1

and high‐capacity retention of ~85% could be achieved at
1 C. In contrast, other cathodes with smaller pore volume
showed worse cyclic performances (Figure 8D). The
performances increased in the order of FCNS2‐750/
S81% < FCNS2‐1000/S81% < FCNS2‐800/S81% < FCNS2‐
900/S81%, which was consistent with the increase in
their pore volumes. To further explain the differences in
the electrochemical reversibility, the adsorption of PSs by
the as‐synthesized HPCs was detected by exposing the
samples to the Li2S6 solution and then confirmed by
ultraviolet‐visible (UV‐vis) spectroscopy. The photograph
and UV–vis spectra (Figure 8E,F) demonstrated the fol-
lowing order of adsorption capacity with PSs for HPCs:
FCNS2‐750 < FCNS2‐1000 < FCNS2‐800 < FCNS2‐900,
matching well with the cyclic durability.

(A) (B) (C)

(D) (E) (F)

FIGURE 8 Effect of the pore volume of hierarchical porous carbons (HPCs) on the S/HPC cathodes when the sulfur content is higher than
the theoretical maximum optimum value. (A‐C) Thermogravimetric curves, X‐ray diffraction patterns, and Raman spectra of coal‐derived porous
carbon (CDPC)/S composites, respectively. (D) Cyclic performance of flower‐like carbon nanospheres (FCNS2‐S81 wt% cathodes at 1 C after
activation at 0.2 and 0.5 C. (E) Photograph and (F) UV–visible spectra of the Li2S6 solution exposed to as‐obtained FCNSs. (A–C) Reproduced with
permission: Copyright 2018, Elsevier.188 (D–F) Reproduced with permission: Copyright 2017, Royal Society of Chemistry69
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In view of volume expansion (80 vol%) for the sulfur
cathode during operation, the sulfur contents in the
above two studies exceeded the optimal values of HPCs.
To understand the case where the pore volume of the
HPCs is higher than its theoretical value required for
sulfur loading, Hoffmann et al.160 demonstrated an ex-
ample of micro/mesoporous carbon hosts (Figure 9A). In
their research, two carbide‐derived carbons were syn-
thesized with a nanocasting approach using silica nano-
spheres as templates, followed by chlorine treatments.
The obtained DUT‐86‐1 and DUT‐86‐2 had similar mi-
croporous structures, with a high SSA of ~2400m2 g−1

and a specific micropore volume of ~0.53 cm3 g−1, but
different mesoporous structures, with mesopores of
22.4 nm for DUT‐86‐1 and 38 nm for DUT‐86‐2, and
different pore volumes of 3.66 cm3 g−1 for DUT‐86‐1 and
4.97 cm3 g−1 for DUT‐86‐2. A DUT‐86/S composite with a
high sulfur content of 80 wt%, which is still lower than
the theoretical maximum values (81% for DUT‐86‐1% and
85% for DUT‐86‐2), was synthesized. According to the
cyclic stability (Figure 9B), although the DUT‐86‐2/S
cathode showed slightly higher capacity than DUT‐86‐1/

S cathode, both these cathodes delivered good capacity
retention of 74% over 100 cycles at a low rate of 0.1 C
because both DUT‐86‐1/S and DUT‐86‐2/S had extra
space for the mass transfer after sulfur filling (Figure 9A).
However, very high pore volume and porosity of HPCs
could influence the contact between sulfur and carbon
skeletons, further resulting in unsatisfactory electrical
conductivity. Therefore, when the pore volume of HPCs
is lower than that for the desired optimum content of
sulfur, the higher the PV, the better the performance of
S/HPCs.69,162,188,191,221 When the pore volume is much
higher than an optimal volume for that sulfur content,
further increase in pore volume may not have a
positive effect on the performance of Li–S cells
(Figure 9C).135,157,160

3.2 | The effect of SSA for HPCs on the
performance of S/HPC cathodes

The SSA of hierarchical porous materials, which is highly
related to the ratio of small mesopores and micropores, is

(A) (B)

(C)

FIGURE 9 Effect of the pore volume of hierarchical porous carbons (HPCs) on the performances of S/HPCs cathodes when sulfur loading is
lower than that for the desired optimum content of sulfur fully confined in the pores. (A) Schematic representation of S@HPCs nanocomposites
before and after melt infiltration of hydrophobic sulfur. (B) Achievable capacity, cycling stability, and Coulombic efficiency (CE) of the DUT‐86/S
composites at 0.1 C. (C) Scatter plots correlating the discharge capacity obtained at the 100th cycle with pore volume. (A,B) Reproduced with
permission: Copyright 2014, American Chemical Society.160 (C) Reproduced with permission: Copyright 2016, Wiley157
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of great significance in many chemical reaction systems
as a higher SSA can provide more active sites, and this
rule is also applicable to the conversion reaction systems
of Li–S batteries. Two types of HPCs, PSSO3H‐Spiro40_C,
and PSSO3H‐Spiro50_C with the same pore volume of
1.16 cm3 g−1, were produced through twin polymeriza-
tion on sulfonated polystyrene microparticles.57 How-
ever, the micropore volume of PSSO3H‐Spiro40_C
(29.7%) is higher than that of PSSO3H‐Spiro50_C
(23.6%), thus leading to a slightly higher SSA for
PSSO3H‐Spiro40_C (1389m2 g−1) than that for PSSO3H‐
Spiro50 (1262m2 g−1). After infiltration of ~67 wt% sulfur
into the pores of PSSO3H‐Spiro, although 4% of free pore
volume was left for both PSSO3H‐Spiro40_C/S and
PSSO3H‐Spiro50_C/S, the SSA of PSSO3H‐Spiro40_C/S
would be higher if sulfur is uniformly distributed in the
pore. Therefore, more reactive sites of PSSO3H‐
Spiro40_C/S could be retained for the full chemical
conversion between sulfur and lithium sulfide. As can be
seen from the cyclic voltammetry (CV) analysis

(Figure 10A,B), there were two cathodic peaks at around
2.4 and 2.0 V, corresponding to the reduction of sulfur to
high‐order Li2Sn (n> 4) and then to low‐order Li2Sn
(1≤ n < 4), respectively, while the oxidation peak at
~2.5 V was representative for the oxidization of low‐order
Li2Sn to high‐order Li2Sn and finally elemental sulfur. In
addition, the relatively narrow peaks for the PSSO3H‐
Spiro40_C/S electrode indicated fast kinetics of reduction
and oxidation reactions. The CV curves of the subsequent
cycles matched well with the first one, indicating the
better reversibility of PSSO3H‐Spiro40_C/S than other
cathodes. As a result, the PSSO3H‐Spiro40_C/S delivered
higher capacity retention and better rate performances
than PSSO3H‐Spiro50_C/S (Figure 10C).

However, Sahore et al.157 pointed out that to achieve
high sulfur utilization at a high sulfur content, pore vo-
lume becomes more important than SSA when the sulfur
content is higher than the maximum value for HPCs. On
the basis of their results, for HPCs‐S composites with a
high sulfur content of up to 80 wt%, the HPCs with the

(A) (B)

(C) (D)

FIGURE 10 Electrochemical analyses of hierarchical porous carbon (HPC)/S cathodes with different specific surface areas (SSAs) but
the same pore volume. (A,B) Cyclic voltammetry curves at 0.1 mV s−1 for PSSO3H‐Spiro50_C/S and PSSO3H‐Spiro40_C/S, respectively. (C)
Cyclic stability analysis for HPC/S cathodes. (D) Scatter plots correlating discharge capacity obtained at the 100th cycle with SSA. (A–C)
Reproduced with permission: Copyright 2018, Wiley.57 (D) Reproduced with permission: Copyright 2016, Wiley157
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low SSA and pore volume showed low capacities, while
the HPCs with both high SSA and high pore volume
resulted in higher capacities, as expected. Interestingly,
the HPCs with a moderate SSA but a high pore volume
also contributed to the high capacities. In contrast, the
HPCs with a moderate pore volume and a high SSA led
to moderate capacities. According to their findings
(Figure 10D), if the SSA of HPCs was lower than
1500m2 g−1, the discharge capacity increased with an
increase of the SSA; when the SSA exceeded 1500m2 g−1,
however, no obvious correlation was observed between
the discharge capacity and SSA.

3.3 | Relationship between the
positional order of pores and performance
of S/HPC cathodes

Besides the pore volume and SSA, the positional order of
pore structures in HPCs also plays a significant role in
the physical confinement of PS ions in Li–S cells. As
shown in Figure 11A, Choi et al.237 designed an HPC
structure in which the meso/macropores are surrounded
by the outer micropores using an ultrasonic spray pyr-
olysis method for hosting sulfur. The inner meso/mac-
ropores can accommodate most sulfur and serve as
microsized reactors for active materials, and the outer
micropores can function as a protection layer. During
charging and discharging, the micropores positioned in
the outer shell and in the walls between the core meso‐/
macropores could effectively inhibit the migration of the
soluble high‐ordered PSs into electrolytes. The HPC/S
showed a high discharge capacity of 1412 at 100mA g−1

and excellent capacity retention of 77% after 500 cycles at
~4 A g−1 due to the special hierarchical porous structure.
In contrast, the random micropores and mesopores in
conventional activated carbon (AC1600) showed un-
desirable confinement ability with PS (Figure 11B) and
led to a lower capacity of 64% for AC1600‐S. Consistent
with the aforementioned work, Chen et al.60 compared
three kinds of S@hollow carbon nanosphere cluster
(S@HCNC) electrodes (Figure 11C–F) and also con-
cluded that the microporous sheath could inhibit the PS
shuttle and improve the electrochemical performances
(Figure 11G) of Li–S batteries, although the HCNCs with
a microporous layer had lower pore volume and SSA
compared to monodispersed hollow carbon nanospheres
(MHCSs).

In contrast to the above research, a quad‐modal
nested porous carbon was designed as the sulfur host
(Figure 11H) with pore sizes increasing in an orderly
manner from the inside to the outside of the pore walls.61

On the basis of their findings, the first‐modal pores

(>50 nm) can only facilitate Li+ transfer, while the
second‐modal pores (20–50 nm) are beneficial to Li+

transfer, encapsulation of sulfur, and inhibition of PSs.
The third‐modal pores (7–20 nm) are favorable for
transport of Li+ and interconnecting mesopores and
micropores, and the fourth‐modal pores (<3 nm) can
accommodate sulfur and PSs. Therefore, the ordered
HPCs with a high SSA of 915m2 g−1, a high pore volume
of 4.15 cm3 g−1, and a capillary force endowed the
S@HPCs cathode (with a high sulfur content of 78%)
with both desirable discharge capacity (Figure 11I) and
cyclic stability (914mAh g−1 after 200 cycles at 3 C).
According to the summary presented in Table 2, the or-
dered HPC with high SSA, high pore volume, and strong
capillary force is well designed to achieve both excellent
rate performance and long lifespan of Li–S cells.

3.4 | Effect of heteroatom doping on the
performances of S@HPCs

Due to the inherent nonpolarity of HPCs, they can only
provide physical confinement to polar PS species through
pore structures. To further reduce the PS migration, re-
searchers have paid attention to heteroatom‐doped
HPCs, which show stronger chemical interaction with
PSs than the undoped ones. Various heteroatom‐doped
HPCs have shown promise in the use of Li–S cells, such
as nitrogen‐doped HPCs (N‐HPCs), oxygen‐doped HPCs
(O‐HPCs), nitrogen, sulfur‐co‐doped HPCs (N, S‐HPCs),
nitrogen, oxygen co‐doped HPCs (N, O‐HPCs), nitrogen,
phosphorus co‐doped HPCs (N, P‐HPCs), nitrogen,
iodine‐co‐doped HPCs (N, I‐HPCs), and nitrogen, sulfur,
and oxygen tri‐doped HPCs (N, S, O‐HPCs).

On the basis of the summary presented in Table 1,
nitrogen is the most widely utilized dopant to functio-
nalize HPCs as it is a nonmetal element adjacent to a
carbon atom and the nitrogen doping can effectively re-
duce the structural defects of carbon materials caused by
lattice mismatch.256 At the same time, the lone pair of
electrons of the nitrogen atom can change the electronic
distribution of the material, resulting in higher chemical
polarity and adsorption toward PSs. By utilizing different
carbon precursors, hierarchical macro/mesoporous in-
verse opal (IOP) carbon (using resol‐formaldehyde) and
nitrogen‐doped hierarchical macro/mesoporous inverse
opal (N‐IOP) carbon (using cyanamide + resol‐
formaldehyde) were obtained and used as sulfur hosts.68

Although N‐IOP has a much lower SSA (794m2 g−1) and
pore volume (1.1 cm3 g−1) than IOP (1006m2 g−1 for SSA,
2.2 cm3 g−1 for pore volume), N‐IOP showed better ad-
sorption ability toward PSs (Figure 12A) due to the
strong interaction between pyrrolic‐type nitrogen and
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(A)

(B)

(C) (D) (E)

(F)

(G)

(H) (I)

FIGURE 11 Correlation between the order degree of pores for hierarchical porous carbons (HPCs) and performance of S/HPCs
cathodes. (A) HPC particles have micropores in the outer shell, surrounding the inner meso/macropores. (B) AC1600 containing
micropores and mesopores in a random geometry. (C‐E) Transmission electron microscopy images that show the pore
characteristics of hollow carbon nanosphere clusters (HCNCs‐1 and HCNCs‐2) and monodispersed hollow carbon nanospheres
(MHCSs), respectively. (F) Sectional pore structure schematic illustration of HCNCs and MHCSs. (G) Rate performance of MHCSs/
S, HCNCs‐1/S, and HCNCs‐2/S. (H) Schematic diagram for the preparation of the nested pore structure carbon and the functions of
each modal pore in Li–S cells. (I) Charge and discharge curves of nested porous carbon–sulfur (NPC–S) and carbon black 300–sulfur
(KB300–S) composite electrodes at 0.1 C. (A–B) Reproduced with permission: Copyright 2014, American Chemical Society.237 (C–G)
Reproduced with permission: Copyright 2019, Royal Society of Chemistry.60 (H,I) Reproduced with permission: Copyright 2016,
Royal Society of Chemistry61
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TABLE 2 Correlation between the pore structures of hierarchical porous carbons (HPCs) and their properties for lithium–sulfur
(Li–S) cell

Pore structures of HPCs

Physical properties Properties of Li–S cells

Surface area Pore volume Capillary force Li‐ion transfer C‐rate capability Cyclic stability

Micropores ★★★ ★☆☆ ★★★ ★☆☆ ★☆☆ ★★★

Mesopores ★★☆ ★★☆ ★★☆ ★★☆ ★★☆ ★★☆

Macropores ★☆☆ ★★★ ★☆☆ ★★★ ★★☆ ★☆☆

Disordered hierarchical
pores

★★☆ ★★☆ ★★☆ ★★☆ ★★☆ ★★☆

Ordered hierarchical pores ★★★ ★★★ ★★★ ★★★ ★★★ ★★★

Note: One solid star indicates low contribution to the properties, while three solid stars indicate high contribution. Reproduced with permission: Copyright
2016, Royal Society of Chemistry.61

(A) (B) (C)

(D) (E) (F)

(G) (H) (I)

FIGURE 12 Correlation between heteroatom doping of hierarchical porous carbons (HPCs) and the performance of S@HPCs cathodes.
(A) Polysulfide trapping test of inverse opal (IOP) carbons compared to N‐IOP carbons as a function of time. (B,C) Cyclic voltammetry
curves of the IOP cell and the N‐IOP cell. (D) Initial charge/discharge profiles at 0.1 C, (E) rate performance, and (F) cycling performances at
0.1 C for HPC/S and N, S‐HPC‐X/S. (G) Schematic diagram of X‐doped nanocarbon materials (X =N, O, F, B, P, S, Cl) and the
Perdew–Burke–Ernzerh level optimized structure of Li2S, Li2S4, Li2S8, and S8 molecules. (H) Binding energy Eb (eV) of Li2S, Li2S4, Li2S8, and
S8 interacting with X‐doped graphene nanoribbons (GNRs) with a zigzag edge, in comparison with the binding energy of Li2S, Li2S4, Li2S8,
and S8 interacting with undoped GNR shown as gray bars and dashed lines. (I) Eb with Li2S4 versus electronegativity of dopant elements of
GNRs. (A–C) Reproduced with permission: Copyright 2019, Wiley.68 (D–E) Reproduced with permission: Copyright 2017, Wiley.179 (G–I)
Reproduced with permission: Copyright 2016, Wiley33
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Li2S6. Besides, in comparison to the IOP cell, the cyclic
voltammetry (CV) profile of the N‐IOP cell demonstrated
lower polarization with cathodic and anodic peaks, fur-
ther confirming that nitrogen doping was effective at
binding and reactivating the active materials for redox
activity (Figure 12B,C). As a result, the N‐IOP cell
showed good reversibility during the conversion reaction
and redistribution of sulfur species. At 0.2 C, the N‐IOP
cell maintained a capacity retention of 66% after 150
cycles with an ultrahigh sulfur loading of 6.0 mg cm−2,
much more stable than the IOP cells (39%).

Aside from nitrogen doping, a series of nitrogen/
sulfur‐codoped HPCs (NSHPCs‐X, X is the ratio of
thiourea to the as‐prepared HPC during synthesis) with
similar pore structures but different sulfur and nitrogen
contents were applied in Li–S cells.179 The nitrogen
contents of HPC, NSHPC‐3, NSHPC‐5, and NSHPC‐7
were 0, 3.94, 5.23, and 6.42 at%, respectively, and the
sulfur contents in HPC, NSHPC‐3, NSHPC‐5, and
NSHPC‐7 were 0, 1.87, 2.23, and 2.52 at%, respectively.
With the increase of nitrogen and sulfur contents in the
NSHPCs skeleton, NSHPC‐7 showed more active sites
and stronger chemisorption toward PSs than other sam-
ples, leading to higher sulfur utilization and discharge
capacity (Figure 12D). Accordingly, both the cyclic sta-
bilities (Figure 12E) and rate capacities (Figure 12F) of
the cathodes followed the order: NSHPC‐7/S > NSHPC‐
5/S > NSHPC‐3/S >HPC/S.

To guide future screening and rational design of carbo-
naceous scaffolds with chemical dopants for Li–S batteries, a
series of heteroatom‐doped (B, N, O, F, P, S, and Cl) gra-
phene nanoribbon structures were simulated (Figure 12G),
and their binding energies with sulfur species (Figure 12H)
and electronegativity (Figure 12I) were evaluated using
density functional theory (DFT) calculation.33 According to
their analyses of configurations, binding energies, bond
lengths, and charge transfer of different heteroatom‐doped
carbons, the rational design principles of heteroatom‐doped
carbon were concluded to be as follows: (1) the dopants
should possess lone pairs of electrons as electron‐rich
donors, higher binding energy with sulfur species via the
dipole–dipole electrostatic interaction, and higher electro-
negativity and smaller atomic radius that matches Li com-
pared with carbon atoms, and (2) the introduced
heteroatoms should form delocalized π bonds with the
conjugated system and stable bond structures with the car-
bon skeleton. To fulfill these conditions, doping of N or O
heteroatoms with an extra pair of electrons and high binding
energies with sulfur species, or even co‐doping is more
favorable to facilitate better anchoring ability than that
of other heteroatoms (B, F, S, P, and Cl), which are expected
to achieve an enhancement in the reversible capacity
and CE.

According to the above explanations, all of the para-
meters for HPCs including pore volume, SSA, heteroatom
doping, and order degree influence the performance of the
S@HPC cathode. To gain desirable HPCs that simulta-
neously have large pore volume, high SSA, ordered pores,
and suitable dopants, the templating/activation method
with heteroatom‐rich carbon precursors may be an efficient
approach. Additionally, the introduction of some polar
compounds (e.g., metals, oxides, sulfides, nitrides, and
carbide particles) into HPCs can further promote the che-
misorption and conversion of PSs, which could accelerate
the commercialization for Li–S cells Figure 13.

4 | HPC ‐FUNCTIONALIZED
SEPARATORS OR INTERLAYERS
FOR LI–S CELLS

Separators, which function as an insulator between the
anode and the cathode and as a medium for ion trans-
port, are a key component of Li–S cells and play a sig-
nificant role in battery operation. In addition to the
development of sulfur cathodes with HPCs, the en-
gineering of separators or inset of interlayers between the
cathodes and separators provides another effective ap-
proach to suppress PS migration.258

In the case of commercial polyolefin separators, the
pores are too large (1–100 nm by the wet method,
100–300 nm by the dry method) to prohibit the migration
of PS ions.259 To design separators that can effectively
block PSs, but without influencing the diffusion of Li
ions, it is important to understand the dimensions of Li+

and PS ions. The radius of Li+ is 0.076 nm, much smaller
than the pores of polyolefin membranes, while the di-
mensions of PS ions are different from those in solvated
phases. The understanding behind how the soluble Li2Sn
(4≤ n≤ 8) intrinsically interacts with the solvent is not
clear from the earlier studies and needs to be explored
more. For the most widely used solvent of the mixture of
1,3‐dioxolane/1,2‐dimethoxyethane (DOL/DME, 1:1 by
volume) for a Li–S cell electrolyte, only the lateral size
and radius of the solvated PS ions in this system were
calculated through first‐principle simulation. As shown
in Figure 12, Li2S8 has the largest solvated radius
(7.21 Å), followed by Li2S6 (6.60 Å) and Li2S4 (5.74 Å),
while the lateral size increases in an inverse trend from
12.20 Å of Li2S8 to 13.40 Å of Li2S6 and 13.60 Å of Li2S4
due to the lowest solubility of Li2S4 in DOL/DME
solvent.257

Considering the bond lengths of Li–S and S–S, the
longest Li2Sn is smaller than 1.5 nm. Therefore, the in-
troduction of a micro/small mesoporous carbon layer
between the polyolefin membrane and the sulfur cathode
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is expected to effectively confine the PSs. Furthermore, the
carbon layer can serve as an additional current collector
and an interfacial reactor, enhancing the transport for both
Li+ and electrons and conversion kinetics in the Li–S sys-
tem. The use of coatings on separators and the addition of
the interlayer function also enhance the battery perfor-
mance. However, Jeong et al.20 reported that there are still
some differences between the coatings on separators and
adding interlayers according to the configuration of whe-
ther they physically contact the original separators or not.
On the basis of the definition given by them, the interlayer
is an inserted self‐support film in between the existing se-
parator and the electrode, while the coating of the mem-
brane has strong contact with the separators. The recent
progress made on HPC‐functionalized separators and HPC‐
derived interlayers for high‐performance Li–S batteries is
summarized in Table 3.

4.1 | HPC‐coated separators for Li–S
batteries

Crab shell‐derived nitrogen‐doped micro–mesoporous
carbon was used as a functional layer to a modified PP

separator using a simple blade coating method with a
polyvinylidene fluoride binder.132 The functionalized
PP showed a macroscopically smooth surface, but a
microscopically rough surface (Figure 14A). The coat-
ing layer had a thickness of 4 μm (Figure 14B) and a
mass loading of 0.2 mg cm−2, much thinner and lighter
than that of commercial PP (~25 μm, ~1.1 mg cm−2),
which are favorable for maintaining the high energy
density of Li–S devices. In addition, the wettability of
PP toward the electrolyte was enhanced obviously from
the contact angle analysis (Figure 14C) because of the
micro/mesoporous structure that can facilitate
the penetration of electrolyte. The ion conductivity (σ)
of separators can be calculated according to the
formula:

σ
d

A R
=

·
,

b
(3)

where d is the thickness of the separator, A is the active
area of the electrode, and Rb is the bulk resistance. Al-
though the ion conductivity is directly proportional to the
thickness of the separator, increasing the thickness can
also increase the transport paths of ions. Thus,

(A) (B)

(C)

FIGURE 13 First‐principle simulation of the interaction between soluble Li2Sn and the solvent of an electrolyte. (A) Energy‐optimized
molecular structures of Li2S4, Li2S6, and Li2S8 monomer units in the mixture of DOL and DME based on the first‐principle molecular
dynamics (MD) simulation. (B) Radius of gyration and (C) lateral size of Li2S4, Li2S6, and Li2S8 in DOL and DME calculated by MD
simulations. Reproduced with permission: Copyright 2017, American Chemical Society.257 DME, 1,2‐dimethoxyethane; DOL, 1,3‐dioxolane
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controlling the thickness of coating layers is also sig-
nificant for Li+ migration. Due to the enhanced electrical
conductivity and compatibility between the electrodes,
the separator, and the electrolyte, the Li‐S cell as-
sembled with carbon‐coated PP showed a much higher
rate performance (642mAh g−1@2 C) than that of the
pristine one (~410mAh g−1@2 C) with the same sulfur
content of 63 wt%. Besides, owing to the synergetic
physical confinement from hierarchical pores and che-
mical adsorption from nitrogen doping, the PS shuttle
was highly suppressed and the discharge capacity was
increased from 508 to 829.7 mAh g−1 at 0.5 C after
100 cycles (Figure 14D).132 Upon further increasing the
sulfur content from 63 to 77 wt%, the cells showed a high
sulfur utilization rate and reversible capacity of
578mAh g−1 after 500 cycles at 1 C, with capacity re-
tention of ~85% of the initial capacity. To reveal the
function of HPC coating layers, the cycled cells were
disassembled for microscopy characterization. According
to the SEM image (Figure 14E) and energy‐dispersive
spectroscopy mapping (Figure 14F) of the coating layer,
the cathode region showed lots of whitish dots that cor-
responded to the PSs/disulfides and sulfides, indicating
that the migrating active PS species were effectively ab-
sorbed and captured during the discharge and charge by
the HPC coating.132

Besides the polyolefin separators, HPCs can also be
used to modify the glass fiber separators using a similar
blade coating method to that used by Selvan et al.189 As
the coating layers could serve as second current col-
lectors, the HPC‐functionalized glass fiber separators
showed lower resistance compared to the pristine one
(Figure 14G), leading to accelerated charge transfer and
ion diffusion, and enhanced electrochemical perfor-
mances. More interestingly, they investigated the func-
tion of KOH activation of HPCs. It was found that the
cells assembled with the activated carbon‐coated glass
fiber (ACGF) showed better cyclic stability than those
used the nonactivated carbon‐coated glass fiber (NCGF)
because the KOH activation introduced large amounts
of micropores and induced high adsorption toward PSs.
Nevertheless, these two types of cells showed similar
rate performances (Figure 14H), especially at high cur-
rent densities. At 0.2, 0.25, 1, and 1.5 C, the discharge
capacities were 898, 591, 428, and 340 mAh g−1 for
NCGF cells and 906, 674, 493, and 362 mAh g−1 for
ACGF cells, respectively. These results are consistent
with the findings of Liu et al.;159 that is, the micropores
of HPC can enable better cycle stability on account of
solvent‐restricted lithiation/delithiation of sulfur, while
they do not contribute much to the rate performance
due to the lengthening of pathways for lithium‐ion
transmission.

4.2 | HPC‐based interlayers for Li–S
batteries

As the porous carbon coating layers may crack and de-
tach from the polyolefin separators during long‐term
battery operation due to the poor interfacial adhesion
between carbon and inert polyolefin separators, some
researchers put forward new configurations of Li–S cells,
namely, the insertion of carbon interlayers between the
cathodes and separators. The interlayers are usually
thicker and more robust than coating layers and have
similar functions to the carbon coatings. Depending on
whether a binder is used, HPC interlayers can be divided
into binder‐support interlayers and binder‐free ones.

Binder‐support interlayers are usually prepared
through the following steps: HPC is mixed with binders
(usually polytetrafluoroethylene/water dispersion), then
rolled into a film, pressed, cut, and finally dried. Com-
pared to the binder‐support interlayers, there are several
merits for binder‐free ones: (1) the synthesis can be
more scalable and convenient because most carbon
precursor films have good mechanical flexibility and
can maintain good integrity during the calcination
process; (2) the thickness of the interlayers can be easily
controlled by tuning the precursor films; (3) the inter-
layer could promote better conductivity and higher en-
ergy density as no nonconductive binders are used.
Thus, herein, we focus on the binder‐free interlayers
derived from HPCs.

To explore the correlation between the pore struc-
tures of HPC interlayers and the electrochemical per-
formances, Wang et al.164 prepared a series of activated
carbon nanofiber (ACNF) interlayers with different pore
structures by electrospinning and tuning the activation
time under steam/N2 flow. With the extension of acti-
vation, the micropore ratio, SSA, and pore volume were
all improved (Figure 15A,B). The cyclic performance of
Li–S cells (Figure 15C) is also enhanced to a large extent
because the ACNF1 interlayer provides a higher SSA and
a larger pore volume for stabilizing more PSs through
physical adsorption. In turn, the anchored species can be
reutilized in the subsequent conversion. Singhal et al.153

further investigated the effect of the thickness of inter-
layers on the cyclic performances of Li–S cells by varying
the weight of nonporous carbon nanofibers (NPCNFs)
and ACNF interlayers from 1.3 to 4.2 mg cm−2 at 0.2 C
(Figure 15D). According to the results of the investiga-
tion, the cyclic performance became more stable at a low
current density when the thicknesses of the interlayers
were increased. This is because the chemical reaction
rates are controlled by kinetics at a low current density
rather than by the mass transfer of Li+. In addition, more
intermediate PSs would be trapped in the cathode region
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by the thicker interlayer. However, no comparison of
battery performances with different thicknesses of ACNF
interlayers operated at high current densities was pro-
vided. Due to the longer migration pathway within the
thicker interlayers, it is assumed that the reaction rates
can be reduced by the inferior mass transfer of Li+ at
large current densities, thus resulting in poor rate per-
formances. Moreover, the high areal loading of the HPC

interlayer (4.2 mg cm−2) undesirably decreases the high
energy density of Li–S batteries.

As issues such as low conductivity, volume change,
and PS shutting of sulfur cathode would worsen at high
sulfur loading, the single functionalization of the sulfur
cathode or the separator using HPCs may not meet the
requirement for practical applications. The integration of
an HPC‐modified cathode and an HPC‐functionalized

(A) (B) (C)

(D)
(E) (F)

(G) (H)

FIGURE 14 Hierarchical porous carbon (HPC)‐functionalized polypropylene (PP) separators and their characterizations. Scanning
electron microscopy (SEM) images of (A) the top surface and (B) cross‐section for HPC‐coated PP, respectively. (C) Contact angles toward
the electrolyte for PP and HPC‐coated PP separators. (D) Cycle performance at 0.1 C for Li–S cells assembled with PP and
HPC‐coated PP. (E) SEM image and (F) the corresponding energy‐dispersive spectroscopy mapping of the S element for
HPC‐coated PP after five cycles. (G) Electrochemical impedance spectroscopy (EIS) of glass fiber (GF), polycarbonate glass fiber (PCGF),
and activated carbon‐coated glass fiber (ACGF) cells. (H) Rate performances of GF, PCGF, and ACGF cells. (A–F) Reproduced with
permission: Copyright 2017, Royal Society of Chemistry.132 (H,I) Reproduced with permission: Copyright 2018, Elsevier189
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separator is a good choice, which can further improve the
conductivity, confine sulfur species, and promote the
commercialization of Li–S batteries. A typical attempt
was made by Ye et al.,35 in which an oval‐like carbon
microstructure (OLCM) with micro/meso/macropores
was adopted as both the sulfur host and coating layers for
the separator. When the configurations were integrated
into Li–S cells, high stability of 400 cycles was achieved
with a high sulfur loading of 8.9 mg cm−2 and ultrahigh
sulfur content (89%) in the S@OLCM cathode. Re-
markably, a 100‐cm2 (10 × 10 cm) pouch cell was as-
sembled using the ultrahigh sulfur‐loaded cathode
(14mg cm−2) with an extremely low E/S ratio (electrolyte
amount: sulfur mass) of 2.7 μLmg−1, and a high energy
density of 460Wh kg−1 was realized at 18.6 Ah, which
was more than two times higher than that of traditional
LIBs (150–200Wh kg−1). This study provided a method
to design thick electrodes and a possibility to integrate

the modified cathode and separator into one Li–S cell,
representing a significant step toward the practical ap-
plication of Li–S batteries.

On the basis of the above discussion, HPC‐based in-
terlayers or coating layers have two functions: first, they
serve as a second current collector to improve the con-
ductivity of the sulfur cathode and offer additional re-
action sites for reutilization of the dissolved and migrated
PSs; second, they function as ionic sieves to inhibit the
migration of PS ions while allowing the transport of li-
thium ions. Therefore, abundant micropores and small
mesopores are essential for HPC interlayers to perform
the two functions. The self‐templating method (using
biomass or MOFs as carbon precursors) or a method
coupled with activation can be an efficient approach for
producing the desirable HPCs for interlayers. In addition,
more research needs to be conducted to balance the
cyclic stability, rate performances, and energy density of

(A) (B)

(C) (D)

FIGURE 15 (A) N2 adsorption/desorption isotherms and (B) pore size distribution of activated carbon nanofibers (ACNFs) synthesized
by tuning the activation time. (C) Cycling performance and Coulombic efficiency of the Li–S cells with and without using ACNF interlayers.
(D) Comparison of cycling performance with varying thicknesses of nonporous carbon nanofibers (NPCNFs) and ACNF interlayers. (A–C)
Reproduced with permission; Copyright 2015, Elsevier.164 (D) Reproduced with permission; Copyright 2015, Royal Society of Chemistry153
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Li–S cells by tuning the thicknesses, microstructures, and
mass loadings of HPC interlayers particularly in a lean
electrolyte and with the use of thin‐Li metal anodes.

5 | HCPS FOR STABILIZING A
LI–METAL ANODE

More formidable challenges of Li–S batteries remain with
respect to lithium metal anodes, which are subjected to
severe deterioration during cyclic discharge and charge
that results from the following issues262–265: (1) The li-
thium anode suffers from an infinite volume change
during stripping and plating. (2) Due to the low electrode
potential and high activity, parasitic reactions occurring
between lithium metal and the electrolyte lead to the
formation of an SEI film that acts as an ionic conductor
but an electrical barrier on the electrode/electrolyte in-
terfaces. In particular, the SEI films are inhomogeneous
in chemical composition and thickness, and therefore
induce nonuniform flux of lithium ions and dendritic
lithium deposition. (3) As the SEI films are fragile and
easily broken, a new SEI film is formed in every time of
lithium plating, resulting in the continuous consumption
of the electrolyte during charging and discharging. (4)
During discharge, some of the lithium dendrites lose
electrical contact by isolation of SEI debris and form
“dead” lithium. The repeated formation of SEI films and
inactive lithium causes low energy efficiency, low CE,
and poor cyclic stability. (5) Lithium dendrites could
penetrate the separator and lead to the short circuit of
cells and thus safety risks.

Plating lithium in porous current collectors, which
mitigates the volume change of anode, physically sup-
presses dendrites growth, and provides more electrical
contact between lithium and conductor than 2D current
collectors, is popularly researched to enhance the perfor-
mances of lithium anodes.266–268 Compared to the 2D plane
copper current collector, 3D porous carbon materials are
lighter and more chemically stable.269 In addition, the high
surface area of porous structures is advantageous in terms
of lowering the local current density and thus prolonging
Sand's time.270,271 Generally, the specific surface area of the
porous carbon that contains rich micropores/mesopores
can be considerably enhanced because of its high density of
small pores. Simultaneously, macropores are essential to
accommodating a high content of lithium and thus in-
creasing electrode capacity.272,273 To this end, a bi‐/tri‐
modal hierarchical porous structure can be a promising
host material for accommodation of lithium.

For instance, a micro–mesoporous unstacked gra-
phene with a large pore volume (1.65 cm3 g−1) was de-
veloped using a MgAl‐layered double‐hydroxide template

and used as the lithium anode host. The huge SSA of
hierarchical porous graphene enabled demonstration of
the proof of concept of regulating the lithium deposition
by reducing the local current density. Meanwhile, the
large pore volume yielded sufficient space for the for-
mation of protective SEI and buffering the infinite vo-
lume change during the lithium stripping/plating
(Figure 16A). As expected, the dendrite‐free morphology
was maintained after a 2.0 mAh cm−2 (1.0 mAh cm−2 =
1333mAh g−1) depositing process with a current of
0.5 mA cm−2 (1.0 mA cm−2 = 1333mA g−1).274

Aside from chemically adsorbing PSs, heteroatom do-
pants can also function as nucleation sites to promote
uniform lithium deposition.51,276 A N‐doped carbon fra-
mework, with a hierarchically porous structure and a
large specific surface area, derived from 3D‐printed Zn‐
MOF, could simultaneously suppress the dendrite growth,
accommodate massive Li deposition, stabilize the Li/
electrolyte interface, and dissipate high current den-
sities.277 As a result, the 3D‐printed carbon framework
delivered an average CE of 97.9% at 1mA cm−2 for a ca-
pacity of 10mAh cm−2 over ~2000 h. Liu et al.278 de-
monstrated that the use of a flexible 3D graphitic nitrogen,
oxygen‐co‐doped carbon foam promoted uniform lithium
nucleation and growth. The well‐distributed doping sites
promoted homogeneous lithium nucleus growth with low
nucleation overpotential, and then the initial lithium nu-
cleus, serving as the seed layer, regulated the subsequent
uniform lithium growth. Combined with other advantages
such as high SSA, a 3D porous framework, and light-
weight, carbon foam achieved a high CE of 99.6% for 300
cycles and an ultralong lifespan (>1200 h) with low
overpotential (<25mV at 3mA cm−2). Similarly, N, O co‐
doped micro/mesoporous carbon nanosheet arrays were
constructed on a Cu foil as the host to inhibit the Li
dendrites and to improve the CE. Benefiting from the
abundant vertical nanoporous channels with rich litho-
philic heteroatom dopants, high CE and long lifespan
were achieved in both the carbonate electrolyte and the
ether electrolyte.279 To investigate the exact working me-
chanism between lithium and dopants, and understand
why lithium nucleated homogeneously on HPCs anodes,
first‐principle calculations were carried out.36 According
to the investigation of electronegativity, local dipole, and
charge transfer between nonmetal dopants and lithium
atom, oxygen doping, and oxygen, boron co‐doping was
predicted to show the best lithiophicity among single‐
doped and co‐doped carbons, respectively, which yielded a
rational strategy for the design of lithophilic hosts for a
stabilized lithium anode.36

Instead of nonmetal doping, metal nanoparticles in-
cluding gold,34 cobalt,280,281 nickel,282 silver,275,283

zinc,284 and nickel/cobalt285 have also been commonly
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introduced into HPCs to improve the affinity toward
lithium and to promote even lithium deposition.
Taking sliver as an example, Fang et al.275 embedded
Ag nanoparticles into 3D nitrogen‐doped carbon

meso–macroporous fibers (Ag@N‐CMFs) (Figure 16B,C)
to accommodate lithium. The 3D hierarchical porous
framework could alleviate the infinite volume variation
for lithium plating/stripping and lower the local current

(A)

(B) (C) (D) (E)

(F)

(G)

FIGURE 16 Hierarchical porous carbons (HPCs) and their composites utilized for stabilizing the lithium anode. (A) Schematic diagrams of
the Li depositing/stripping process on a hierarchical porous graphene flake. (B) Scanning electron microscopy image, (C) transmission electron
microscopy (TEM) image, (D) high‐resolution TEM image, and (E) corresponding elemental mappings of Ag@CMFs. (F) Ag–Li binary phase
diagram. (G) Galvanostatic cycling voltage profiles of bare Cu–Li, CMF–Li, and Ag@CMF–Li anodes in symmetric coin cells at 1mA cm−2 with a
capacity of 1mAh cm−2. (A) Reproduced with permission: Copyright 2016, Wiley.274 (B–G) Reproduced with permission: Copyright 2021,
American Association for the Advancement of Science.275 CMF, carbon meso–macroporous fiber; SEI, solid electrolyte interphase
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density, and the lithiophilic nitrogen dopants could serve
as homogeneous sites to reduce the nucleation barrier.
Besides, owing to the reversible solid solution‐based al-
loying reaction between silver particles and the lithium
film (Figure 15F), the uniformly dispersed silver particles
(Figure 16D,E) acted as lithiophilic nucleation seeds to
increase the lithium diffusion coefficient, further miti-
gating the nucleation overpotential and polarization.
With these synergetic functions, the Ag@CMFs electrode
showed high CE (>98%) for more than 500 cycles, and
the Li–Ag@CMFs symmetric cells (Figure 16G) delivered
excellent cyclic stability for 1000 h with very small vol-
tage polarization (~10mV).

Similar to metal nanoparticle seeds, lithiophilic metal
oxides and sulfide‐functionalized HPCs also showed
good potential for stabilizing lithium anodes. Zhang
et al.286 developed a wood‐derived 3D carbon scaffold
with straight macroporous channels, in‐wall mesopores,
and a thin lithiophilic ZnO coating to host lithium. Due
to the macropores, the 3D carbon scaffold accommodated
a high content of lithium, delivering a rather high elec-
trode capacity of 2650mAh g−1. The channels of the
wood‐derived carbon could promote the Li stripping/
plating processes and effectively restrained the volume
change during discharge and charge. Simultaneously, as
the thin lithiophilic ZnO layer enabled porous carbon to
be easily infused with molten lithium, the Li@ZnO–C
electrode‐assembled symmetric cell showed a lower
overpotential (90 mV at 3mA cm−2) and better cycling
stability (~150 h at 3 mA cm−2) than the symmetric cells
with bare Li metal anodes. Later, a bamboo‐derived 3D
HPC current collector was decorated with ZnO quantum
dots and served as a scaffold of a Li metal anode.287 It
was found that the lithiophilic ZnO quantum dots played
an important role in regulating uniform lithium deposi-
tion. The overpotential for Li stripping/plating was low-
ered by the lithiophilic ZnO, which worked as nucleation
seeds for lithium deposition. However, too many ZnO
particles led to shorter cyclic stability compared with the
sample with an optimized content (15 wt%), which might
be because ZnO took up too much room due to pores and
excessive discharge products of Li2O were formed in the
pores. Besides ZnO, other metal oxides and sulfide such
as Al2O3,

288,289 MgO,288 MoS2,
290 and so forth, also

showed similar functions of promoting nucleation and
plating of lithium when incorporated into HPCs.

To simultaneously inhibit the PS shuttling that arises
from the sulfur cathode and the growth of lithium den-
drite from the anode, a multifunctional integrated host
with lithiophilicity–sulfiphilicity that was composed of
bio‐derived N‐doped micro/meso/macroporous carbon
fiber bundles (N‐PCFs) with co‐imbedded niobium car-
bide and cobalt nanoparticles (NbC‐Co‐PCFs) was

designed and used as a host for both sulfur and lithium.37

The 3D carbon skeleton served as a conductive matrix,
while the abundant nanopores could physically confine
sulfur and lithium and buffer the volume expansion of
electrodes. Moreover, the imbedded Co and NbC in the
carbon matrix with both lithiophilicity and sulfiphilicity
could not only facilitate the adsorption, diffusion, and
homogeneous deposition of Li but also promote the ad-
sorption and conversion of LiPSs. Due to the combined
benefits of HPC hosts and the embedded
lithiophilicity–sulfiphilicity active sites, the Li–S full cells
(S@ NbC‐Co‐PCFs || Li@ NbC‐Co‐PCFs) showed ex-
cellent electrochemical performance (915 mAh g−1,
6.1 mAh cm−2) under high sulfur loading of 6.7 mg cm−2,
fulfilling the requirement for the use of Li–S batteries in
electric vehicles.11,37 Remarkably, the N/P capacity ratio
(lithium anode/sulfur cathode) for the Li–S full cells was
as low as 1.7, demonstrating the potential application of
functionalized HPCs in practical Li–S batteries.

As the volume change of lithium during lithium
plating/stripping is infinite, large pore volume for HPCs
is required when HPCs are used as Li hosts. In contrast
to the sulfur host, which needs a high specific surface
area, excessive specific surface is unsuitable for the Li
host, which can lead to serious side reactions between
the lithium anode and the electrolyte.50 Instead, a mod-
erate specific surface is more suitable for HPCs used as
the Li host to reduce the local current density during
lithium deposition without serious side effects. There-
fore, meso/macroporous carbons with a large pore vo-
lume, a moderate specific surface area, highly ordered
pores, and adequate lithophilic sites could be ideal Li
hosts, which can be synthesized using the hard and soft
templating method by the introduction of some litho-
philic seeds. Additionally, the integration of an optimized
S@HPC cathode and a Li@HPC anode into one Li–S full
cell may resolve the issues arising from both the cathode
and the anode and further promote the development for
Li–S batteries.

6 | SUMMARY AND
PERSPECTIVES

In summary, recent research developments in the
synthesis of HPCs and the rational design of HPC
structures toward sulfur cathodes, separators and inter-
layers, and lithium anodes are reviewed and discussed.
More specifically, a comprehensive understanding
gained so far on the correlation between the pore struc-
tures of HPCs and the electrochemical performance of
the S@HPCs cathodes is discussed. Due to the unique
multimodal porous structures, HPCs that have high pore
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volume, SSA, and capillary force show great potential for
Li–S batteries.

As a highly controllable and reproducible method,
the hard‐templating synthetic strategy has apparent
merits for use in the synthesis of HPCs with anticipative
microstructures including morphologies, particle sizes,
and porous structures. However, the hard‐templating
technique might not be feasible for large‐scale produc-
tion on account of the need for a large amount of tem-
plates, sophisticated preparation procedures, and time‐
consuming template‐removal processes. The use of some
templates such as transition metallic templates can in-
crease the preparation costs. Cheap, abundant, and easily
etched templates such as sodium chloride, magnesium
oxides, and calcium oxides are preferable for the scalable
production of HPCs. The soft templates can lead to the
formation of HPCs with ordered mesoporous walls and
can be removed easily by calcination, but the electrostatic
self‐assembly between the carbon precursors and sur-
factants usually occurs in organic solvents and is also
sophisticated and time‐consuming. As some soft tem-
plates reshape during elevated temperatures, calcination
could damage the soft templates and assembled struc-
tures and lead to unwanted porous/nonporous struc-
tures. Template‐free methods for synthesizing HPCs are
advantageous in terms of the direct calcination of carbon
feedstocks without using templates but are limited to
well‐tuning the porous structures. The hard and soft‐
templating method can combine the merits of hard
templates and soft templates and is very effective for the
construction of 2D and 3D ordered HPCs, but it also
simultaneously has the disadvantages of hard templates
and soft templates. The activation step can endow HPCs
with abundant micropores and ultrahigh specific surface
area, but the process is also time‐consuming with high‐
temperature treatment. To achieve optimal HPC struc-
tures with high SSA, high pore volume, and ordered
pores by a facile, low‐cost, and controllable method, a
combination of these methods (e.g., hard/soft templates,
physical or chemical activation, and template‐free carbon
precursors) might work. In addition, according to dif-
ferent requirements for different components (e.g., sulfur
host, interlayers/coating layers for separators, and li-
thium host) in Li–S batteries, a suitable synthetic method
needs to be adopted for preparing HPCs.

As summarized in Tables 1 and 3, significant progress
in the development of Li–S cells with the use of HPCs as
conductive sulfur scaffolds, coating layers on separators,
and functional interlayers has been achieved from the
physical interactions (e.g., physical adsorption and spa-
tial confinement for HPCs without heteroatoms) to in-
terfacial chemical interactions (e.g., chemisorption and
conversion for heteroatoms‐doped HPCs), aiming at

increasing the sulfur utilization and decreasing the dis-
solution and migration of PS ions. Through the in-
troduction of HPCs, Li–S batteries show considerably
enhanced discharge capacity, cyclic stability, and CE.
Although many advances have been successfully shown
in laboratory, a large gap, mainly arising from the dif-
ferent metrics, still exists between academia and in-
dustry. The metrics such as areal sulfur loadings, sulfur
contents, active materials utilization, electrolyte amounts
(or the ratio of electrolyte to sulfur), anode/cathode (N/P)
capacity ratio, contents of nonactive cell components,
and voltage hysteresis have often been neglected pre-
viously in academia, but they are fairly important to in-
dustry as they are linked to the practical energy density,
power density, and energy efficiency of Li–S cells. To
bridge the gap, in future research, the following metrics
need to be carefully taken into account: high‐sulfur‐
loading cathodes (e.g., >6mg cm−2), high sulfur contents
(e.g., >70 wt%), high sulfur utilization (e.g., >80%), low
E/S ratio (e.g., <5 μLmg−1), and low N/P capacity ratio
(e.g., <2) for pouch cells toward practical applica-
tions.11,273 To this end, we need to revisit many previous
results obtained that did not fulfill these metrics as the
metrics have an influence on the electrode and battery
performances. Thus, achievement of these metrics gives
rise to more challenges in developing the HPC compo-
nents for Li–S cells.

For cathodes, since the structures of HPCs (e.g., SSA,
pore volume, and ordering degree, heteroatom doping)
are strongly related to the characteristics of composite
cathodes (e.g., sulfur content, loading, and utilization)
and battery performances (e.g., discharge capacity, cyclic
stability, and energy density), the pore structures of
HPCs need to be further optimized in terms of the me-
trics to enhance the practical battery performances.
Moreover, under critical conditions, the electrode reac-
tions become more sluggish and drastically decrease the
rate performances. In addition, more insights into the
mass transfer in electrodes, electrodes/interface reac-
tions, and surface interactions between active materials
and host materials by theoretical studies are required.

The HPC‐modified separators and HPC interlayers
have indeed been proven to be efficient in preventing the
PS shuttle and prolonging the battery lifespan (Table 3).
However, challenges still remain mainly in the HPC‐
based interlayers associated with the effectiveness, areal
mass loadings, porosities, and stability of the interlayers.
The effectiveness is mainly linked to mitigating the
“shuttle effect” of PSs. First, there is a lack of insights
with respect to the permeation behaviors and mechan-
isms of PSs, lithium ions, and solvent molecules within
the nanosized channels such as micropores. Second, in
many cases, the interlayers are composed of micro/
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mesoporous HPC particles and also many voids/large
pores between particles, reducing the effectiveness.
Third, the effectiveness is also associated with the
thickness of the interlayers. In general, thicker layers can
increase the diffusion resistance of particles. Balancing
the thickness and battery performances such as the rate
performances can be difficult. The areal mass loadings
are related to the density and thickness of the interlayer.
Thick interlayers with high mass loadings are not pre-
ferable as they increase the component weight too much
and accommodate too much electrolyte, both of which
are detrimental to the energy density. However, thin
layers could reduce the effectiveness as mentioned above.
In general, the lower porosity is better as it requires
smaller amount of electrolyte thus decreasing E/S ratio.
On the other hand, slightly higher porosity can enable
reutilization and accommodation of more PSs, improving
the battery capacity. Thus, determination of the effect of
porosity on the cell performances requires more in-
vestigations. As is well known, a stable interlayer is es-
sential for durability. However, in many cases, HPC
interlayers are brittle and easily develop microcracks due
to the external pressure and internal nonuniform reac-
tions. Some HPC interlayers have low adhesion to the
separators and are often delaminated from the separa-
tors. All these challenges need to be addressed in future
research.

Investigations on thin lithium metal anodes are of
significance for practical use as well. In a laboratory, a
thick Li foil is usually used as the anode to evaluate the
performance of designed cathodes and separators. How-
ever, excessive Li can compensate the negative effects of
Li dendrites and consumption of lithium in the long‐term
cycling test, especially in batteries with high sulfur
loading and lean‐electrolyte conditions. Batteries as-
sembled with thin lithium electrodes often degrade much
faster than those using thick lithium electrodes. In ad-
dition, when designing and developing practical high‐
sulfur‐loading batteries, the issues of Li dendrites, un-
stable SEI, and Li corrosion need to be taken into account
for both fundamental research and practical applications,
as these issues would become more serious along with
the increased sulfur content. Although some strategies
have been put forward to develop thin Li anodes and
suppress the growth of Li dendrites, most of the Li metal
anodes reported to date are operated at low current
densities and low capacities. It is still a major challenge
to construct Li metal anodes with high capacity and rate
performance to match the cathodes with high sulfur
loading (>6mg cm−2).

To overcome the above obstacles, future development
of HPCs for Li–S batteries can benefit from focusing on
the following aspects. First, development of scalable and

cost‐effective strategies for the production of HPCs still
requires more efforts. Properties such as pore volume,
SSA, electrical conductivity, heteroatom doping, and
microstructures should be comprehensively controlled to
meet the requirements for S@HPC cathodes with high
sulfur contents, high loadings, and high utilization for
practical applications. To realize optimized structures, to
simplify the synthesis procedures, and to reduce the
costs, a combination of various methods might be worthy
of further investigations. Second, the design and fabri-
cation of high‐performance S@HPCs cathodes play a
vital role in promoting the practical applications of Li–S
cells. Thus, correlations between electrochemical per-
formances of HCP‐based batteries and several key para-
meters such as high sulfur contents, electrode capacity,
areal sulfur loadings, and low electrolyte/sulfur (E/S)
ratios require more investigations. More efforts also need
to be devoted toward exploring novel S@HPC archi-
tectures to facilitate the reaction kinetics and improve
the power densities. For example, surface chemistry such
as heteroatom‐doping to improve the sulfiphilicity of
HPCs can further suppress the PS migration through
chemisorption. Decoration of HPCs with catalysts can be
performed to accelerate the chemical conversion of active
materials, reducing the overpotential and improving
power densities of batteries. Simulations on mass transfer
within electrodes and electrode reactions and DFT cal-
culations of the interaction between PSs and surface
functional groups such as N or O heteroatoms and cat-
alysts are highly recommended for guiding experimental
studies.

Third, separators functionalized with HPCs could
effectively enhance the conductivity and suppress the
migration of PSs, playing an important role in the op-
eration of high‐sulfur‐loading batteries. According to the
above‐mentioned challenges, the following pathways can
be taken into account: first, based on experiments, si-
mulation, and calculations, the picture of permeable
behaviors of PSs needs to be well drawn. Under the
practical metrics addressed above (e.g., S loading
>6mg cm−2, S contents >70 wt%, high S utilization, low
E/S ratio (e.g., <5 μLmg−1), low N/P ratio, and pouch
cell tests), investigations on the reduction of the thick-
ness of coating layers without sacrificing the capacity and
effect of suppressing the PS shuttle can be performed.
Development of facile and scalable routes such as roll‐to‐
roll printing and other coating techniques adoptable in
industry for producing a large‐area and uniform coat-
ings/interlayers is meaningful.

In addition, the freestanding S@HPCs cathodes or
Li@HPCs anodes can reduce the ratio of inactive mate-
rials. HPCs can be tailored as lightweight current col-
lectors with areal density below 1mg/cm2 for 50 µm
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thickness to replace the traditional current collectors of
copper foil (>8.5 mg/cm2 for 9 µm thick) and aluminum
foil (>3.0 mg/cm2 for 12 µm thick), thus leading to a
marked increase in the energy density of Li–S cells. Al-
though considerable progress has been made, relevant
research is still important and needs to be conducted
more in the future with respect to the electrode's me-
chanical stability, flexibility, high loadings of active ma-
terials, electrode/battery performances, durability, thin
electrode production technologies, scalability, and so
forth. In terms of the above factors, this review work also
provides guidelines on the synthesis strategies, design,
and effects of thin HPC current collectors on the battery
performances. The use of sulfiphilic or lithiophilic ma-
terials (e.g., metal, metal oxides, sulfides, carbides and
nitrides, and single‐atom seeds) that facilitate the che-
mical adsorption and conversion of PS ions or promote
uniform lithium deposition could be further helpful for
achievement of high energy densities.

Last but not the least, configurations integrating the
different components (S@HPC cathode, HPC‐coated se-
parator, and S@HPCs anode) into one Li–S cell can si-
multaneously resolve the problems of sulfur cathodes and
lithium anodes. Furthermore, more research needs to be
focused on theoretical simulations and in situ character-
izations, which can provide a more in‐depth understanding
of the role and working mechanism of HPCs during battery
operation and in turn promote optimization of the struc-
tures of HPCs. Although there are still several formidable
obstacles that hinder the practical applications of Li–S
batteries, the recent progress made demonstrates that ra-
tionally designed HPCs with high pore volume and SSA,
ordered structures, and optimal heteroatom doping can be
one of the most desirable materials to promote the devel-
opment of this promising energy storage system.
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