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Lithium-sulfur (Li-S) batteries are the current focus of attention as candidates for next-generation energy storage
systems due to their high energy density, low cost and environmental friendliness. However, their commer-
cialization is hampered by various issues, including poor electrical conductivity of sulfur and its reduction
products, low utilization of active material, limited sulfur loading and severe lithium polysulfides (LiPSs)
shuttling effect. To solve these problems, various OD, 1D and 2D nanostructured carbon materials with developed
surface morphology, electrochemical stability and electrical conductivity have been examined for immobilizing
sulfur, mitigating its volume variation and enhancing its electrochemical kinetics. Here we review the recent
progress in design and fabrication of carbon-based sulfur hosts, free-standing cathodes, interlayers and functional
separators for Li-S batteries using 3D graphene networks presented by graphene aerogels (GAs). The main
characteristics of GAs and their synthesis routes are overviewed first. Further, the fabrication of both conven-
tional slurry-casted cathodes and binder and current collector-free self-supporting sulfur composite cathodes
based on pure and modified GAs acting as highly porous matrix for sulfur are discussed. In-depth analysis of the
mechanisms of electrochemical reactions depending on the modifier type are provided. The advances of modified
GAs in the design and preparation of interlayers and functional separators for Li-S batteries are deliberated as
well. Finally, the conclusion and perspectives for future development of 3D nanostructured carbons for Li-S
battery technology are offered.

1. Introduction

The rechargeable Li-ion batteries (LIBs) have dominated the market
for three decades in view of their high energy density, low self-discharge
rate and long lifetime [1-3]. Nowadays charge storage capacity and
energy density of LIBs are reaching their theoretical value, which is not
enough to satisfy the performance demands of emerging portable elec-
tronics, advanced electric vehicles and other large-scale devices [4,5]. In
search for other battery technologies with higher energy density and
lower price, the attention of research community has focused on
lithium-sulfur (Li-S) batteries, which have theoretical capacity of 1675
mAh g~! and energy density of 2600 Wh kg~ [6]. The advantage of
using sulfur is also explained by its nontoxicity, abundance and low-cost.

The conventional Li-S cell consists of sulfur-based positive electrode,
separator, liquid organic electrolyte and Li metal anode. The operating
mechanism of Li-S batteries relies on a reversible redox reaction of
sulfur, which has two electrons per one sulfur atom. During the
discharge process, sulfur stepwise reduces to lithium sulfide, which in-
cludes complex structural and compositional evolutions. First, elemental
sulfur is reduced to a long chain LiySg, which is further reduced to LiSg
and LiyS4 short chains. Then under liquid-solid two-phase reaction Li»Sy4
is reduced to solid LiyS with further reduction to LiyS. In the charge
process, the LisS is reversibly oxidized into elemental sulfur in course of
the lithium polysulfides (LiPSs) formation [6-9].

Regardless the advantages, for commercial application of Li-S bat-
teries some inevitable challenges need to be solved. For instance,
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naturally sulfur is a poor conductor (5 x 1072° S cm ™) with insulating
discharge products (Li2S2 or LisS), which together result in the increase
of battery resistance and low electrochemical performance. In addition,
the density difference of LisS and sulfur (1.66 and 2.07 g cm’3,
respectively) leads to the increase in the volume of about 80% during
conversion of sulfur to LipS [10-12]. Large volume expansion results in
the damage of electrode’s structure, fast capacity fading and the other
issues related to the safety [13-16]. What is more, the produced LiPSs
are highly soluble in organic electrolyte, which results in so-called
“shuttle” effect. The dissolution of LiPSs in the electrolyte and their
shuttle contributes to an irreversible sulfur lost, leading to a rapid ca-
pacity decay and low Coulombic efficiency of the cell. At the same time,
insoluble LisSs and LiyS can also deposit on the surface of a negative
electrode, promoting the loss in active material, increase of polarization,
lower Coulombic efficiency and cycling stability [17-20].

To overcome these issues, the mixing of sulfur with carbonaceous
materials has become of a great interest after the pioneering work by
Nazar’s group in which the mesoporous carbon (CMK-3) was applied as
a sulfur host for Li-S batteries [21]. Inspired by this, a variety of
nano-carbons, such as carbon spheres [22], mesoporous carbon [23,24],
graphene [25,26], CNTs [27] and carbon nanofibers [28-30] were
examined as a sulfur host. However, the low polarity of carbon with
weak affinity to polar LiPSs resulted in ineffective suppression of the
shuttle effect, leading to insufficient cycling stability of the batteries
[31]. Further, the functionalization and heteroatom doping of carbon
materials were reported to be beneficial for improving their ability to
chemically adsorb the LiPSs [32-34]. Additionally, due to their intrinsic
capability for LiPSs adsorption, polar metal oxides [35-39], metal sul-
fides [40-43], metal nitrides [44-46], metal phosphides [47] and metal
carbides [48] were utilized as a host for sulfur. However, the poor
electronic and ionic conductivities of these polar metallic compounds
resulted in low rate performance and low sulfur utilization.

A number of research articles have been published on the use of
graphene aerogels (GAs) and their various modifications in Li-S batte-
ries. GAs were utilized as a host for sulfur, support for free-standing
cathodes, interlayers and separator modifiers demonstrating that their
3D interconnected meso- and microporous structure is of advantage due
to such remarkable properties as lightweight, high specific surface area,
outstanding mechanical characteristics and high electrical conductivity.
Aerogels represent a class of porous materials in which the liquid phase
is replaced by gaseous using specific drying methods [49,50]. GAs are
composed of graphene sheets acting as a major building blocks to form
3D highly porous intimately linked network with high specific surface
area and pore volume, and good thermal and electrical conductivity
[51-54]. This surface can serve as a matrix for uniform sulfur immobi-
lization with increased sulfur amount, suppressing the LiPSs shuttle ef-
fect and buffering the cell’s volume expansion during continuous
cycling.

Despite such advantages of the use of GAs in Li-S batteries and
numerous works published, the literature survey shows that there are no
review articles in this direction. Considering tremendous efforts and
active research for progress in the Li-S battery technology, a systematic
comparison of methods and materials, and analysis of the state of the art
in this field is required. This encouraged us to work on the current re-
view, which outlines the major developments in using GAs and their
modifications (heteroatom-doping, CNTs and porous carbons, metal-
containing compounds and other components addition) both in con-
structing conductive host for sulfur using conventional slurry-casting
method and in the design of free-standing sulfur containing cathodes
with no binder and without use of a current collector. Moreover, the
features of using modified GAs in creation of interlayers and functional
separators for Li-S batteries are also presented (Fig. 1). Finally, the
summary and future perspectives of development of Li-S batteries and
the promises of GAs utilization in their design are offered.
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Fig. 1. Schematic illustration of the GAs modifications used in Li-S batteries.
2. Synthesis and characterization of GAs

Graphene composed of flat monolayers of carbon packed in the 2D
hexagonal lattice with sp? hybridization attracts much attention since
2004 owing to its superior mechanical, thermal and electrical properties
[55]. It is recognized as the lightest and thinnest known material with a
zero bandgap, ultrahigh Young’s modulus and flexibility, optical
transmittance of around 98% and high theoretical surface area (2630
m?/g) [56]. Owing to its unique properties graphene found application
in various fields, including electronics [57], photonics [58], energy
storage and conversion [59], sensors [60], bio-application [61], mi-
crowave adsorption [62,63], catalysis [64], photo-catalysis [65] and
environment [66]. Graphene is recognized as an excellent material for
preparation of cathodes for Li-S batteries providing high surface area,
porous and electrically conductive matrix for immobilization of large
sulfur amount and suppression of the LiPSs shuttle effect due to physical
and chemical interaction with LiPSs [67]. However, despite the unde-
niable advantages of using 2D graphene in Li-S battery technology, re-
searchers are still concerned about low trapping ability of the 2D
graphene sheets to LiPSs due to its open structure, agglomeration ten-
dency resulting in reduction of the specific surface area and dielectric
constant and increase in the interface polarization and n-electron
stacking on the basal plane which is not electrochemically active, thus
making charge transfer not favorable [68]. In order to exploit all prop-
erties of graphene to a larger extent the attention was paid to convert 2D
structure of graphene into 3D. The gelation ability of GO made it
promising material to be used as an unique molecular building block
toward the construction of macroscopic 3D monoliths widely recognized
as GAs, expanding the graphene’s application [69-72].

GAs are presented by a 3D structure composed of graphene sheets
with porosity of up to 99.8%. They integrate the outstanding properties
of discrete graphene sheets with the unique properties of porous mate-
rials, such as high specific surface area, ultra-light weight, hierarchical
microporous structure, excellent mechanical properties and electrical
conductivity [73]. The major point in fabrication of the GAs is the choice
of the applied approach for drying rGO based hydrogels to achieve
porous 3D network without structural collapse. Conventionally, two
major techniques are used: freeze-drying and drying in supercritical
CO», As reported, by varying rGO hydrogel drying methods different
type of porosity could be obtained in the resulting aerogel. For instance,
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during supercritical CO, drying the higher amount of macropores are
formed, while freeze-drying leads to formation of aerogels’s pronounced
mesoporosity [74].

A number of review articles [50,56,63,69,75,76] were published to
date discussing the major characteristics and synthesis methods for GAs.
Despite on that, in this section of the review article the most common
and efficient techniques for GAs preparation are briefly outlined and
discussed. Hydrothermal synthesis is recognized as one of the promising
technique for GAs preparation which is mainly based on the interaction
of chemicals in sealed systems in aqueous state at the temperature above
120 °C and pressure above 1 atm through physical-chemical processes.
During hydrothermal synthesis a range of chemicals can be used to
modify the structure and chemical composition of the aerogel. Xu et al.
[771 first developed one step hydrothermal process to form
self-assembled graphene based hydrogel (Fig. 2 a-c). As revealed, the GO
concentration is an important factor affecting morphology and other
properties of GAs. They demonstrated that at lower concentrations of
GO (2 mg ml™!) the resulting aerogel exhibited strong mechanical
properties, electrical conductivity, thermal stability and high specific
capacity. Wan et al. [78] investigated the effects of different reducing
agents (ammonia, ethylenediamine (EDA) and vitamin C), hydrothermal
temperatures and reaction time on the density, specific surface area,

(a)

Y hydrothermal
Ay S—

‘~ reduction

(f)

Carbon 201 (2023) 679-702

mechanical properties and morphology of the fabricated GAs. As a
result, GAs reduced by ammonia exhibited the lowest density and
highest specific surface area, but reveals the worst mechanical charac-
teristics (Fig. 2 d). GAs reduced by vitamin C delivered the strongest
hydrophobicity due to elimination of the hydrophilic functional groups
under influence of temperature. With the increase in the hydrothermal
reaction time, the GO reduction degree increases leading to strong hy-
drophobicity, high elastic modulus and improved electrical conductivity
of GAs.

Compared to hydrothermal method the chemical reduction method
is conventionally conducted at lower temperature (below 100 °C) and
under atmospheric pressure. Chemical reduction is usually conducted
with the use of various reducing agents such as NaHSO3 [79], ethylene
diamine tetraacetic acid (EDTA) [80], ethylenediamine (EDA) [81],
ascorbic acid [82], hexamethylenetetramine (HMTA) [83], hydrogen
iodide (HI) [84], etc. With the reaction temperature of 80 °C under at-
mospheric conditions, sheets of GO are reduced with improvement of
the hydrophobicity and n-n interaction between them. As a result of the
synergistic effect of aggregation and steric hindrance of graphene sheets
3D graphene hydrogel can be formed. The self-assembly process can be
controlled by tuning the concentration of the GO and reducing agents
dispersed in solution. Yan et al. [85] demonstrated the preparation of

8 N s
——

T
_— Sonic oscillation

 os5n -

GO

3
g
2
]
s
=3
S

..

e

PPVAIGA/PEG PCMs

Fig. 2. (a) Mechanism of hydrothermal GAs formation, (b) Photographs of a 2 mg/mL homogeneous GO aqueous dispersion before and after hydrothermal reduction
at 180 °C for 12 h, (c) SEM images of GAs microstructure. Reprinted with permission from [77], Copyright ACS Publications 2010. (d) The mechanical strength of the
prepared GAs. Reprinted with permission from [78], Copyright RSC 2016. (e) The proposed self-assembly mechanism for graphene hydrogel formation during the
chemical reduction of GO in an aqueous suspension. (f) The formation process of the graphene hydrogel from an aqueous GO suspension (1.5 mg ml~?) via a one-step
self-assembly of graphene. Reprinted with permission from [85], RSC Publishing 2011. (g) Scheme of fabrication GAs with PVA via cross-linking method. Reprinted

with permission from [86], Copyright Elsevier 2019.
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GAs by simple mild chemical reaction at 95 °C under atmospheric
pressure using NaHSOs, NapS, vitamin C, HI and hydroquinone as
chemical reducers for GO (Fig. 2 e). The resulting 3D graphene-based
architectures demonstrated low density, strong mechanical properties,
thermal stability, high electrical conductivity and high specific capaci-
tance. What is more, the shape of the GAs can be simply controlled by
the type of the reactor in which the chemical reduction of GO is per-
formed (Fig. 2 f).

A severe collapse or deformation of 3D porous network of GA may
happen since the sheets of graphene in its structure are linked by weak
electrostatic interaction, hydrogen bonding and -7 interaction. In this
regard, chemical cross-linking can significantly improve the mechanical
stability of GAs through formation of a strong covalent bonds. In cross-
linking method two well-known approaches are widely used: hydrogen
bonding and multi-valent metal ions utilization. In hydrogen bonding
based cross-linking technology several cross-linkers are widely applied:
hydroxyl-containing PVA [86] (Fig. 2 g), oxygen containing hydrox-
ypropyl cellulose [87], polyethylene oxide [88], and nitrogen functional
groups containing compounds (EDA, polyamines) [88]. These materials
create hydrogen bonds and provide stronger bonding force within the
gelation process. The multi-valent metal ions approach involves the use
of metal ions (for ex. Ca%t, Mg, cu?f, Pb%*, Cr®", Fe3*) which
improve the GO gelation process by a bonding force [89]. Additionally,
the sol-gel method allows to obtain stronger bonding between GO sheets
due to formation of covalent bonds during polymerization. Generally,
sol-gel method includes the following steps: hydrolysis, condensation
and polymerization of monomers with formation of chains with their
further growth, agglomeration of the polymer structures and formation
the networks. This method was applied for the first time by Worsley
et al. [90]. They used resorcinol and formaldehyde with sodium car-
bonate added to the GO dispersion to fabricate GA. The resulting GA
exhibited improved electrical conductivity, large surface area and pore
volume.

3D printing is a technology for directly fabrication 3D structures by
stacking layers of materials in order. GAs fabricated by 3D printing
achieve controllable porous structure and mass production. For GA 3D
printing the GO dispersion of a specific viscosity is used which is usually
achieved by addition of polymers and SiOy [91]. Zhang et al. [92]
fabricated GA by combining 3D printing and freeze-casting approach.
The aqueous GO ink was ejected and freeze-cast into the designed 3D
structures. The fabricated lightweight 3D printed GA presented
superelastic properties and high electrical conductivity. In its turn 3D
printing is divided to direct print writing and stereolitography.

The other approaches for GAs fabrication belong to the so-called
template methods which include chemical vapor deposition, template-
directed self-assembly and reduction, ice-template method, bubble
template-method, etc. Despite on a such variety of the GAs synthesis
methods, the literature survey on the utilization of GAs in Li-S battery
demonstrated that hydrothermal, chemical reduction, cross-linking and
sol-gel methods are more preferred since they are relatively fast and low-
cost and do not require specific equipment. These methods allow to
obtain the modified GAs with developed surface area, tuned porosity,
improved mechanical characteristics and superior electrical conductiv-
ity in one step process. The fabricated by these methods GAs are able to
provide highly conductive network for charge transfer in sulfur cath-
odes, flexible space for accommodation of volume expansion during
continuous cycling and highly porous morphology to immobilize sulfur
and its species.

3. GAs as a host material and free-standing cathodes
3.1. Pure GAs
3D structure of GAs is recognized as an efficient sulfur host since it is

able to provide highly conductive network for the transfer of charge
with a flexible and porous structure to accommodate the volume

682

Carbon 201 (2023) 679-702

expansion of the Li-S cell during cycling and to immobilize and physi-
cally capture the LiPSs. Inspired by this, Zhou et al. [93] demonstrated
the preparation of S@FD-rGO composite by thermal heating a mixture of
sulfur and GO via one-step solid-state method. According to the pre-
sented XPS analysis, the S@FD-rGO composite displayed five major
peaks, corresponding to C-C/C=0 (284.6 eV), C-S (285.4 eV), C-O
(286.4 eV), C=0 (287.1 eV) and O-C=0 (289 eV) bonding [94]. As
revealed, the sample was characterized by 71.9% amount of C-C and
C-S bonding. The successful sulfur loading to GA network was
confirmed by the presence of S 2p3/» peak at 163.7 eV, corresponding to
the chemical bonding between them (Fig. 3 a) [94]. Additional peaks at
164.3 and 165.5 eV were attributed to the S-O bonding. The
slurry-casted on Al foil cathode delivered the initial discharge capacity
of 792 mAh g~! with further increase to 880 mAh g ™! until the 3rd cycle
at 180 mA g~ 1. After 200 cycles it maintained the capacity of 384 mAh
g~ L. Despite the moderate electrochemical characteristics, this early
study was important to demonstrate the promise of using GAs as a
flexible and electrically conductive matrix for sulfur immobilization due
to the strong interaction of sulfur and rGO, which is beneficial for
reduction of the cell’s volume expansion during cycling and eventually
decrease the sulfur aggregation. Further Zhang et al. [95] demonstrated
that 3D rGO in the form of aerogel exhibits significantly improved
discharge capacity and cycling stability compared to the regular 2D
sulfur loaded rGO (Fig. 3 b). The 3D spherical carbon layers in 3D-S-rGO
cathode are able to accommodate higher amounts of sulfur and Li ions
and buffer the cell’s volume expansion/shrinkage caused by Li inter-
calation/deintercalation during cycling, thus protecting the structural
integrity of the cathode (Fig. 3 c). As a result, the slurry-casted 3D-S-rGO
cathode delivered high initial discharge capacity of 1140 mAh g~ ! at
0.2C and maintained 790 mAh g ! after 200 cycles at the sulfur content
of 75.8%.

Currently, the requirements for flexibility, low thickness and light-
weight of cathodes for Li-S batteries have increased [96]. The conven-
tional cathodes obtained by slurry-casting method include the use of
metal current collector, which is usually aluminum foil, and binders,
which together contribute to the final weight and the total price of the
battery. The exclusion of binder in cathodes is favorable, since it is not
an active material and may cause pore blocking, thus decreasing the
electric conductivity [97]. Therefore, the formation of free-standing
cathodes without binders and collectors is of a great interest.
Free-standing cathodes are mainly fabricated from carbon foams [98],
GAs [99], carbon nanotube paper [100] and carbon nanofibers [101].
The advantages of using GAs as a matrix for free-standing sulfur-based
cathodes are mainly attributed to their outstanding mechanical prop-
erties, hierarchical porous structure with micro- meso- and macropores
and the ability to be modified by various additives during the one-stage
hydrothermal synthesis [102,103]. In this regard, Jiang et al. [104] have
demonstrated the facile one step synthesis of self-supporting electrode
based on GA and S. The GA-S composite was hydrothermally obtained
by mixing the GO suspension with S/CS, solution, which was then
heated to 120, 150 and 180 °C for 12 h. As revealed, the GA/S composite
heated at 180 °C demonstrated the uniformly dispersed sulfur particles
of 5 nm in size over graphene matrix. The formation of a nanometer
sized sulfur crystals with low degree of aggregation is caused by the
synergistic effect of existing oxygen-containing groups on the GO sheets,
which play a major role in sulfur immobilization and prevention of the
formation of its larger sized particles, while the high temperature favors
the higher amount of sulfur-oxygen-containing functional bonding,
which was confirmed by the much stronger C-O-S bonding of sulfur and
graphene prepared at high temperature. The GA-S-180 delivered the
initial discharge capacity of 1351.3 mAh g~ ! at 100 mA g~ ! and specific
capacity of 716.2 mAh g~ ! after 50 cycles at 100 mA g~ L.

Li et al. [105] demonstrated the preparation of GA with immobilized
sulfur particles by a modified two-step hydrothermal reduction and
freeze-drying methods. Opposite to [104], the researchers [105] used
NayS,03 as a source for sulfur which was immobilized into the GAs



F. Sultanov et al.

Carbon 201 (2023) 679-702

(a ) S@FD-rGO  Cls

5 2854

bood (&N

£ y J

£ 286.4

= C-0

= »

T T T T T T T
96 294 292 290 288 286  1B4 182
Binding energy / eV

(b)sm, L

GO

sonication

GO-5i0, uniform mixture

Sulfur loading

sy

nano S

30-RGO

3D-8-RGO

(d)

Compressed

RGO-5i0, hydrogel

S@FD-rGO  S2p

-5 163.7
58

Sulfate 164.9
.

168.5

Sulfate
169.7

Intensity / a.u.

T T T T T
174 172 170 168 166 164

Binding Energy / eV

QL Os Qo @c

Fig. 3. (@) C1 s and S 2p XPS spectra of S@FD-rGO. Reprinted with permission from [93], Copyright Elsevier 2016. (b) Schematic illustration for the synthesis of
3D-S-RGO, (c) TEM image of 3D-rGO aerogel. Reprinted with permission from [95], Copyright Elsevier 2018. (d) Digital images of the flexible S/GA cathode.
Reprinted with permission from [105], Copyright Elsevier 2018. (e) Schematic illustrating a C-O-S chemical bond interaction between Li,S and epoxide groups of

graphene. Reprinted with permission from [106], Copyright Elsevier 2018.

structure to form a free-standing cathode (Fig. 3 d). In general, the
specific amounts of GO and NayS;03 were dispersed in DI water with
addition of 1 M HCl and reducing agent (ascorbic acid), heated at 95 °C
for 30 min with the following cooling the dispersion and reheated one
more time for next 5 h. The careful control of the reduction time and
temperature, as well as applying the ice-casting approach resulted in
pronounced microporosity of the resulting S/GA sample. The GA pro-
vided tunable electrically conductive porous network which is favorable
for more uniform dispersion of sulfur and reaching the higher sulfur
loading. Moreover, the GA’s folded structure operated as a coating
shield for sulfur particles that hinder the LiPSs dissolution. Corre-
spondingly, the specific capacity of higher than 1100 mAh g ! and areal
capacity of more than 3 mAh cm™2 were delivered by the S/GA
free-standing cathode, while the reversible capacity was found to be
more than 500 mAh g ! after 60 cycles at 0.1C at 62% sulfur content and
2.5 mg em ™2 areal sulfur loading.

The approach of using the dissolved LiPSs as a catholyte instead of

683

solid sulfur for homogeneous sulfur deposition on a carbon matrix is also
widely applied in Li-S battery technology [107,108]. The use of cath-
olyte is favorable for increasing the loading and facilitating the elec-
trolyte diffusion rate [109]. Li»S, (n = 6, 8) is widely used as a catholyte
due to many reasons, among which are less lithium dendrite formation,
higher Coulombic efficiency [110] and rate capability [111] and com-
plete sulfur utilization [112]. As reported [113,114], the dissolved LiPSs
provide both the active material and Li conductance in electrolyte me-
dium. Considering that, Cavallo et al. [115] proposed the mild GO
reduction using 1-ascorbic acid catalyzed with HCI during GA hydro-
thermal synthesis with further Li;Sg catholyte deposition on the sepa-
rator and as-prepared rGA disc accounting 3.26 mg cm ™2 overall areal
sulfur loading. The mesoporous GA/S demonstrated the areal capacity of
3.4 mAh cm 2 with retention of 85% over 350 cycles. The achieved
excellent electrochemical performance is mainly associated with the
high specific surface area and porous structure of reduced GAs, which
grant the larger catholyte uptake and intensify the reversible
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electrochemical reaction with fast kinetics. The rGO surface oxygens act
as a LiPSs interaction points, reducing the shuttle effect, while the
presence of dissolved LiPSs in the electrolyte buffers their migration
from rGO and provides Li" conduction.

Application of LiyS with a theoretical capacity of 1166 mAh g~ as a
cathode material in Li-S batteries is also a promising strategy for
improvement of electrochemical performance. As known, Li5S exists in a
maximum volume state compared to sulfur-based cathode excluding the
issues related to cell’s volume expansion during long-term cycling.
However, LisS has a poor electrical and ionic conductivities encouraging
scientists to design the composite based on Li,S with various conductive
additives [116,117]. The literature survey revealed that most of the
studies on preparation of LipS/carbon composites are based on simple
physical mixing of Li;S with carbon [118-120]. Consequently, the
resulting particle size of Li,S is too large and their distribution is not
homogeneous, together leading to a large barrier during initial charge
and severe shuttle effect. A high potential barrier (about 1.0 V) appears
during initial charging which is ascribed to the direct conversion of LisS
to sulfur [121]. Evidently, the reduction of the LiyS particle size and
improvement of its uniform distribution over electrically conductive
carbonaceous network is rather efficient approach to lower the potential
barrier [122,123]. Additionally, Li,S particles with decreased size are
able to more effectively bond to graphene surface and therefore more
significant suppress the shuttle effect. With this in mind, Wang et al.
[106] have demonstrated the chemical in-situ lithiation of hydrother-
mally prepared nano-S/GA composite with the use of lithium trie-
thylborohydride in tetrahydrofuran as lithium source. The in-situ
lithiated LipS/GA sample is characterized by porous structure with 10
nm LS particles which are homogeneously distributed over graphene
surface. As a result of chemical lithiation, the C-O-S chemical bonding is
retained between LiS and graphene, and large amount of Hy released
during the synthesis generated the numerous pores in the GA structure.
This provided the increased surface area and high rate of lithium ions
transport, as well as the higher accommodation of LiyS particles, thus
more efficiently alleviating the shuttle effect. Therefore, the initial
discharge capacity of in-situ lithiated free-standing nano-Li,S/GA
reached 838.5 mAh g ™! at 0.1C and after 100 cycles it reduced to 462.8
mAh g~! with a capacity retention rate of 55.2%. Comparingly, these
values for ex-situ lithiated Li»S/GA were 760.2 mAh g~ ! and 182.0 mAh
g1, respectively (23.9% of capacity retention).

In summary, the lightweight, porous and electrically conductive
structure of GAs serves as an excellent matrix for fabrication of sulfur-
based cathodes with high sulfur loading and strong confining of LiPSs
due to tailored microporosity. The synergistic effect of existing pores
and high conductive paths facilitate the electrochemical reaction be-
tween Li ions and sulfur species. The intrinsic surface polar oxygen
groups of GO minimize the LiPSs shuttle effect and stabilize the cycling
capacity of cathodes. Sulfur can be immobilized into the GA in one step
during their hydrothermal synthesis, as well as by other approaches, like
dissolving sulfur in CSy or other organic solvents, via chemical precip-
itation of sulfur using Na;S»03 as a source or by using catholytes or LisS.
Moreover, the outstanding mechanical properties of GAs allow to
fabricate frees-standing cathodes for Li-S batteries which is a promising
alternative to the conventional slurry-casted cathodes.

3.2. Heteroatom doped GAs

Doping of graphene by heteroatoms is an efficient technique to
design the structures capable of trapping LiPSs and improve the chem-
ical binding of sulfur and its species to the carbon host, which is vital for
elimination of shuttle effect [124-129]. To ensure the strong binding of
carbon host to LiPSs, the requirement for Lewis base interaction with the
Lewis acidic LiPSs can be fulfilled by the existence of lone pair electron
of the doping atom. The doping atom’s electronegativity must be higher
than that for carbon atom to provide a constant dipole moment at the
local doping site. In order to facilitate the electrostatic dipole-dipole
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interaction over the Li-doping atom bond, the atomic radii of the
dopant atom should be small enough to pair with Li. Additionally, the
bond between atoms of carbon and dopant must be stable enough to
avoid the irreversible reaction with Li»S4. The doping atom should form
a n-bond with a conjugated system and be capable of accepting the
additional charge from the n-electrons [130]. Considering that, among
the various carbon dopants (N, O, B, F, S, P, Cl) nitrogen (N) atom is
known to be a more promising to suppress the LiPSs shuttle effect due to
abundant extra pair of electrons. These electrons allow nitrogen atom to
act as an electron-rich donor playing a role of a Lewis-base sites inter-
acting with the terminal atoms of Li in LiPSs via dipole-dipole electro-
static forces. In addition, N-doping is also favorable for improvement of
carbon’s surface polarity, wettability and electrical conductivity
[131-133]. As literature survey reveals, ammonium persulfate, thio-
urea, hydrazine hydrate, and organic amines are widely used for GAs
nitrogen doping [33,134,135]. Kang et al. [136] demonstrated that
ethylenediamine (EDA) can be used both as a nitrogen source and a
structural modifier for rGO based hydrogels, which further acted as a
conductive network for sulfur immobilization (Fig. 4 a). They demon-
strated that significant amount of loaded sulfur (77 wt%) remained in
the NGAs pores, providing open channels for electrolyte access and
minimizing the sulfur volume changes during charge/discharge cycling.
As reported, the NGA-S composites delivered a high initial discharge
capacity of 1258 mAh g~! at 0.1C, which remained 1077 mAh g~ ! after
75 cycles. Further, Cheng et al. [137] have synthesized 3D porous ni-
trogen doped graphene (3D-PNG) by hydrothermal method using urea
as a source of nitrogen and self-removable template for optimized pore
structure (Fig. 4 b). The electrodes based on 3D-PNG/S exhibited higher
utilization of sulfur with the initial discharge capacity of 1311 mAh g~*
at 0.2C and outstanding cycling stability of 714 mAh g ! at 1.5 mA cm ™!
after 400 cycles for a sample with 4 mg cm™2 areal sulfur loading. The
outstanding electrochemical performance of N-doped GAs can be
explained by the multiscale (micro and nano) well-designed structure
with high specific surface area and improved polarity affording the
excellent ability to deliver electrons. 3D interconnected macropores also
act as an effective reservoir for electrolyte and ion transport channels,
thus promoting the rapid ion transfer within composite electrolyte,
while graphene surface ensures sulfur deposition and formation of
self-supporting structure. In addition, N-doping along with the GA’s
high surface area and graphene wrapped nanopore structure create a
synergistic effect of LiPSs confining under the action of chemical
adsorption and physical trapping (Fig. 4 c).

Jia et al. [138] conducted a comprehensive research on the influence
of the nature of N-dopants for GAs on the electrochemical performance
of GA-based sulfur cathodes. EDA, urea and ammonia were studied as
sources of nitrogen during hydrothermal synthesis of GAs. Based on the
results of N 1s XPS analysis (Fig. 4 d), three major peaks were observed
for the N-doped GAs: pyrrolic-N (399.7-399.9 eV), pyridinic-N
(398.5-398.7 eV) and graphitic-N peak (401.1-401.6 eV) [139]. The
proportion of the pyrrolic-N and pyridinic-N peaks for the aerogel
reduced by EDA was much higher than that for aerogels reduced with
urea and ammonia, which resulted in its better electrochemical perfor-
mance. The sulfur/aerogel cathode reduced by EDA delivered 1210.7
mAh g~ ! initial discharge capacity at 0.1C and retained 876.4 mAh g~!
after 50 cycles, while the sample reduced with ammonia delivered ca-
pacities of 1104.7 mAh g~ ! and 537.9 mAh g~!, respectively. An
improved electrochemical performance of NGA/S reduced with EDA is
mainly attributed to the uniform nitrogen distribution and higher pro-
portion of pyridinic-N, which has a stronger binding energy to LiPSs. As
known, pyridinic-N is a nitrogen atom that substitutes one carbon atom
in graphene hexagonal ring at the edge and forms chemical bonds with
two carbon atoms, contributing a pair of orphan electrons, which have a
strong binding to LiPSs [140]. Additionally, the use of nano-sulfur with
increased area of contact with a carbon-based matrix and electrolyte
resulted in a significant improvement of the charge transport, lithium
ion diffusion, as well as the active material utilization and rate
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Copyright Elsevier 2018. (b) Energy-dispersive X-ray spectroscopy maps of C, N and S in the 3D-PNG/S nanocomposite and related TEM image, (c) Schematic
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spectrum of the NGA. Reprinted with permission from [138] Copyright Elsevier 2021. (e) Illustration of the preparation processes of NPC. Reprinted with permission

from [141], Copyright Elsevier 2019.

performance. The coating of sulfur with graphene can inhibit the shuttle
effect, enhance cell’s stability and increase the sulfur loading. Interest-
ingly, Zhou et al. [141] demonstrated the opposite approach of using
N-doped graphene nanoribbon aerogel (NGRA) as a source for prepa-
ration of nanostructured porous carbon (NPC) under physical COy
activation (Fig. 4 e) [142,143]. The as-obtained hierarchically porous
NPC with large surface area (1380 m? g~1) and sponge-like morphology
acted as a host material for Li-S battery. The superior electrochemical
performance of S/NPC is commonly explained by the abundant pores in
carbon host, acting as reservoirs for LiPSs, preventing their diffusion to
anode side, thus suppressing the shuttle effect and enhancing the cell’s
cycling stability. In addition, N-based functional groups positively affect
electrochemical performance as a result of extraordinary binding
capability to LiPSs [144].

Boron (B) doping of graphene is another prospective technique to
achieve the desired electrochemical performance and stability of GA/S
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cathodes. As known, B-doped carbon has a higher electrical conductivity
than the pristine one, and while being doped to the carbon’s framework
boron atom is positively polarized, which may result in its stronger
chemisorption with a negatively charged sulfur species [145]. Xie et al.
[146] demonstrated the advantage of using boron-doped GAs (BGA) as a
porous network for anchoring sulfur and LiPSs. Boric acid was used as a
source of boron and reducing agent during hydrothermal synthesis of
BGAs. According to the XPS analysis (Fig. 5 a), boron atoms were doped
into graphene via —BCy0, —BCO;, and —BCj3 bonding. Positively
polarized boron-doped GA demonstrated the higher binding energy to
sulfur compared to pristine GA and N-doped GA, indicating that electron
density of sulfur was partly distributed over its surface. The BGA cathode
with 59 wt% loaded sulfur delivered the initial discharge capacity of
1290 mAh g~ ! at 0.2C, which slightly decreased to 994 mAh g~ after
100 cycles. Manthiram et al. [103] predicted that electron binding en-
ergy for B-doped GA of 1.99-2.17 eV is greater than those for O and N
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Fig. 5. (a) B 1s peak of XPS spectrum of BGA. Reprinted with permission from [146], Copyright ACS Publications 2015. (b) Illustrations of the Li,S coating process
and the in situ charge/discharge process of the graphene-based electrode. Reprinted with permission from [103], Wiley Online Library Copyright 2015. (¢) SEM
image shows the sulfur spheres wrapped with the P-doped graphene sheets, (d) The electron localization function patterns of graphene and P-graphene (the column
chart compares the adsorption energy of LiPSs on graphene/P-graphene. The brown, purple, yellow and blue spheres denote C, P, S and Li atoms, respectively), (f)
Series of LED lights can be lit up using a coin Li-S cell with the PGCNF/S cathode. Reprinted with permission from [153], RSC Publishing Copyright, 2020. (g)
Schematic chemical structure of the dual N and P co-doped GA. Reprinted with permission from [154], Copyright Elsevier 2019.

sites, which can be ascribed by the contribution of additional
covalent-like bonding between S and B. Additionally, the B atom is
substantially protruded towards S atom due to B-S bonding interaction.
Even a small amount of B atoms (1.1 atom%) improves the cycling
stability of the B-doped cathodes due to the strong binding of Li,S and B
doping species. The synergistic effect of GA network, Li»S and nitrogen
or boron doping resulted in promoting rapid electron and ion transfer by
creation of a shortened ion/electron transport pathways, decreasing the
energy barrier and improvement of the affinity between nonpolar gra-
phene and polar LiPSs (Fig. 5 b). Consequently, the Li;S/N-doped GA
and Li»S/B-doped GA free-standing cathodes exhibited the initial spe-
cific capacities of 801 and 720 mAh g~! at 0.3C and after 100 cycles it
retained 635 and 532 mAh g}, respectively. The discharge capacities of
561 and 487 mAh g! for Li»S/N-doped GA and 528 and 395 mAh g~}
for Li»S/B-doped GA were observed at 1 C and 2 C, respectively.
Phosphorus (P) doping of graphene is also an effective solution to
improve its overall electrical conductivity and fabricate more developed
porous structure that provide large specific surface area to load higher
amounts of sulfur [147]. Based on previous works it is commonly
accepted that pyrrolic-N is characterized by a stronger adsorption
capability to Li,Sg among other two types of N (graphitic, pyridinic)
[148]. However, according to the DFT calculations reported in [147],
-P-O is characterized by even stronger adsorption energy to LiPSs. For
instance, -P-O demonstrates the stronger adsorption behavior towards
LisSg with a higher adsorption energy (—1.390) compared to graphitic-N
(—0.567), pyridinic-N (—0.839) and pyrrolic-N (—0.940). This can be
explained by the larger radius of P atom compared to N and C atoms. The
P atom doped into graphene with a larger radius creates a longer C and P
atoms bond distance, which results in decrease of overlapping the p,
orbitals and decrease of the n-bonding [149]. This promotes appearance
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of graphene buckling (1.28 A) in the vertical direction. The P-doped
region exhibits the sp? and sp® orbital hybridization features [150] and
the buckled graphene with a partial sp> bonding can improve their
interaction [151,152]. When it comes to the top of -P-O functional
group, the puckering and polarization become even stronger than that
for pure P-doped sample, which greatly improves the interaction be-
tween LiySg and graphene. Tan et al. [153] demonstrated that P-doped
graphene/carbon nanofiber/sulfur spheres (PGCNF/S) composite aero-
gel with 85% sulfur content can efficiently suppress the shuttle effect
due to sulfur spheres physical wrapping with the fabricated network and
chemical interfacial interactions (Fig. 5 ¢). The PGCNE/S free-standing
cathode delivered a high specific capacity of 1360 mAh g~! and
long-term cycling stability up to 600 cycles at 0.5C with 83% capacity
retaining. Even though graphene has a uniform charge density distri-
bution, the electrons in P-doped graphene are more localized around P
atoms which is also promoted by the higher amount of valence electrons
of P atoms compared to C atoms. In other words, -P-C bonding electrons
are more localized compared to -C-C bond electrons. The polarity of
graphene also increases with the increment in P atoms, which further
enhances the overall electron localization. Furthermore, the values of
adsorption energy of Li,S,, on P-graphene (—1.127 for Li,S, —1.219 for
LisSy, -0.892 for LisS4, -0.724 for LisSe and -0.631 for LisSg) are much
higher than those for LisS, on pristine graphene (Fig. 5 d, f). Further,
Ren et al. [154] demonstrated that the dual N and P co-doping 3D
graphene (PGCNF/S) can be a promising solution for improvement of
the electrochemical performance of sulfur-based cathodes. Benefitting
from the pyridinic-N (397.74 eV), pyrrolic-N (399.79 eV), graphitic-N
(400.95 eV), oxidized-N (402.28 eV), as well as P-C (130.4 eV) and
P-0 (132.8 eV) bonding in the composite, they could demonstrate the
synergistic effect of anchoring the dissolved LiPSs via Li»S,—N bonding
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due to excellent interaction between electrophilic Li* and electronega-
tive N atoms. Additionally, P atoms covalently bonded to C and O atoms
could form an electron-rich regions on the porous substrate producing
abundant active sites to enhance the surface affinity to LiPSs (Fig. 5 g).
All this resulted in excellent dual N, P co-doped sulfur cathode’s elec-
trochemical performance, in particular, the initial discharge capacity of
1420 mAh g1 at 0.1C with a reversible capacity of 503 mAh g™ after
500 cycles at 1 C was observed.

To sum up, heteroatom doping of GAs is a quite promising technique
to improve the electrochemical performance of the sulfur-based cath-
odes. N-doping is one of the major and simplest approach to enhance the
electroconductivity, polarity and chemical binding of graphene to LiPSs
in course of formation pyridinic-N, pyrrolic-N, graphitic-N and oxidized-
N bonding. What is more, there is a multiple choice of the investigated
substances which can act as an efficient nitrogen source. The only issue
related to the N-doping approach is to achieve the homogeneous dis-
tribution of the N atoms over graphene’s surface and increase the pro-
portion of the pyridinic-N, which has a stronger binding ability to LiPSs.
Boron doping is another efficient technique to improve the electro-
chemical performance of the GA/S based cathodes in view of formation
of —BC,0, —BCO,, and —BC3 bonds which make the graphene positively
polarized. As shown, even the small amount of B atoms doped to gra-
phene (less than 1.5%) may result in better cycling stability of the Li-S
battery in course of the strong binding of Li,S and B doped species due to
the contribution of the additional covalent-like bonding between S and
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B. The formation of the -P-O and -P-C bonding, which have a higher
adsorption energy to Li»Sg compared to N-based species, makes the P
doping an alternative efficient technique to achieve the excellent elec-
trochemical performance of GA/S cathodes. The -P-C bonding electrons
are more localized which promotes the increase of the graphene polarity
and overall electron localization, producing higher amount of abundant
active sites to interact with sulfur and its species. Finally, dual co-doping
of the graphene with the listed heteroatoms can be a promising tech-
nique to utilize the benefits from both types of dopants and achieve the
desired electrochemical performance of the Li-S batteries.

3.3. GAs with additions of nano-carbons

3D carbonaceous conductive materials such as CNT-based sponges
[155], carbon-based aerogels [156], 3D carbon papers [157], etc. are
widely used as a carrier for liquid-type catholytes. Among those CNTs
are promising candidates as a sulfur host material due to their large
specific surface area, high electrical conductivity, unique fabric
morphology and the ability to form a 3D porous conductive network
[155,158]. However, the optimization of the catholyte’s concentration
and catholyte to carbon ratio is still an issue. In this regard, Li et al.
[159] reported the approach for synthesis of 3D NrGO/CNT based
hybrid aerogel, which acts as a conductive scaffold for LySe catholyte
deposition (Fig. 6 a). The advantage of the NrGO/CNT based hybrid
aerogel over CNT sponge is the ability of the first to accommodate a
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Fig. 6. (a) A scheme of the Li/polysulfide battery with 3D graphene aerogel as the host for Li,Se catholyte in the cathode. Reprinted with permission from [159],
Copyright Elsevier 2016. (b) SEM image of GA/CNT@S aerogel. Reprinted with permission from [156], Copyright Elsevier 2019. (c) Predicted optimized config-
urations (left column) and electron density maps (right column) a Li,S molecule intercalated into GA/CNT composite structure, (d) Synthetic procedure of the
GA/CNT-Li,S composite. Reprinted with permission from [160], Copyright ACS Publications 2016. (f) FESEM and TEM images of Co/N-PCN@rGO, (g) cycle
performance at 1 C of Co/N-PCN@rGO@S, Co/N-CN@rGO@S and rGO@S composites electrodes, respectively. Reprinted with permission from [166], Copyright
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larger amount of catholyte, thus increasing the LiPSs loading and
equivalent S/C ratio. Also an important role of CNTs in the composite is
associated with the improvement of mechanical characteristics and
flexibility of free-standing cathode’s due to strengthening effect of CNTs
ribs, as well as the creation of additional active sites to improve the
overall N-doping of the composite and enhance the electric conductivity
which together resulted in superior electrochemical performance of the
battery. The resulting NrGO/CNT aerogel-based free-standing cathode
exhibited low overpotential, high value of specific discharge capacity of
1150 mAh g~ ! at 0.25C, 0.11% decay rate over 400 cycles and high rate
capability of 767 mAh g~! at 2 C. Additionally, Gémez-Urbano et al.
[156] presented a comprehensive research on the investigation of the
effect of thermal reduction of GO and addition of CNTs on the electro-
chemical performance of the GA/CNT@S cathode (Fig. 6 b). The main
outcomes of the research is that incorporation of only 2 wt% of CNTs
greatly improves the specific capacity and its retention compared to the
CNT free samples. Simultaneously, the thermal reduction of GO resulted
in adequate electrochemical performance of the GA/S cathode. The
GA/CNT@S and rGO@S free-standing cathodes delivered sufficient ca-
pacity retention between 20th and 100th cycle with a capacity loss of
7.7% and 17.1%, respectively. Moreover, the reversible capacity of
higher than 500 mAh g~! at 0.1C after 100 cycles was delivered by the
both types of cathodes at 4.0 mg cm ™2 areal sulfur loading. Further He
et al. [160] demonstrated the preparation of well-designed GA/CNT
-LisS free-standing cathodes by solvothermal reaction and liquid
infiltration-evaporation coating (Fig. 6 d). The introduction of CNTs
resulted in formation of developed mesoporous structure compared to
pristine GA which is more beneficial for providing abundant accessible
active sites for hosting LisS. As a result, the highly porous structure of
CNT/GA composite provided larger loading of LisS (81.4%) and abun-
dant reaction sites, facilitating the charge transfer and electrolyte
penetration. Mesopores in the composite can trap the dissolved LiPSs
suppressing the shuttle effect, while larger pores provide the efficient
charge transfer and electrolyte penetration, resulting in high utilization
of LiS. According to the theoretical calculations, the LisS exhibits larger
interaction with graphene and CNTs combined together in the aerogel’s
structure (Fig. 6 c). The larger overlap of electron density between LisS
and GA/CNT aerogel compared to LisS/graphene indicates that the
charge transport of LiS is enhanced. Therefore, the resulting
CNT/GA-Li,S free-standing cathode delivered the initial specific ca-
pacity of 1052.1 mAh g ! at 0.2C and retained 958.3 mAh g ! after 300
cycles (0.02% per cycle of capacity decay). At the high 4 C rate the
capacity of the sample was found to be 514 mAh g™~

Capacity retention of sulfur composite cathodes can be further
improved by insuring better adhesion of sulfur to the surface of CNTs
and graphene. As known, the active material tends to detach from CNTs
and graphene during the continuous charge/discharge cycles, which can
be explained by their flat surface and, as a consequence, the absence of
geometric constraints for sulfur, leading to poor cycle stability. Porous
carbon (PC) exhibits excellent confinement to sulfur and its species due
to its intrinsic micro- and mesoporosity [161-164]. Yet due to its rela-
tively high electrical conductivity, integration of PC with CNT or gra-
phene was found to be rather effective approach to enhance the
electrochemical performance of sulfur-based cathodes. Wang et al.
[165] have demonstrated an approach for hydrothermal synthesis of
rGO based aerogels on the surface of which the PC was anchored by
using sucrose solution as a precursor. The promising electrochemical
performance of PC/rGO/S composites is mainly attributed to high
electrical conductivity of PC, its ability to load a large amount of sulfur
and to decrease the shuttle effect via physical confinement. In addition,
flexible 3D rGO and PC can act as an electrically conductive networks,
which shorten the electron and Li-ion transfer path. As a result, the
PC/rGO/S composites exhibited the initial discharge capacity of 1122
mAh g! at 1.0 A g~! and maintained a capacity of 643 mAh g ! after
100 cycles. Further Wang et al. [166] have reported the fabrication of
the composite based on Co and N co-doped porous carbon nanocages on
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GA network (Co/N-PCN@rGO) by pyrolyzation and acid-leaching
methods (Fig. 6 f). To investigate the mechanism of the interaction be-
tween Co/N-PCN@rGO and Li,Sg solution the XPS analysis was applied.
As a result, two evident peaks at 784.4 and 402.4 eV were observed
corresponding to Co-S and N-S bonding [167]. At the same time, apart
from two prominent peaks at 163.8 and 165.1 eV corresponding to
terminal and bridging sulfur atoms, two other peaks at 168.5 and 169.4
eV were observed in the S 2p XPS spectrum. These peaks confirm the
formation of polythionate species resulted from the chemical reaction
between Co and LiySe [168]. Additionally, cyclic voltammetry of the
symmetric cell in Li»Sg electrolyte confirmed that Co/N-PCN@rGO
composite exhibited higher redox current resulting in better catalytic
activity towards LiPSs transformation. The Co/N-PCN@rGO@S
free-standing cathode retained a capacity of 900 mAh g~! after 100
cycles at 0.2C with the reversible capacity of 640 mAh g™! after 500
cycles at 1 C (Fig. 6 g), which corresponds to 0.066% decay rate per
cycle. The Co/N-PCN@rGO@S composite cathode also maintained the
capacity of 762 mAh g~ after 50 cycles at 0.2C at a higher sulfur loading
(3.5 mg em~2). The achieved electrochemical performance of the
Co/N-PCN@rGO@S cathode is mainly attributed to the prepared 3D
conductive graphene framework supported Co, N co-doped porous car-
bon nanocages acting as an excellent LiPSs mediator capable to entrap
the long-chain LiPSs and facilitate their redox reaction [169].

Overall, the preparation of the composites of GAs with nano-
structured carbons is one of the efficient techniques to suppress the LiPSs
shuttle effect and improve the electrochemical performance of the
sulfur-based cathodes. The introduction of CNTs results in a significant
improvement of the GAs based free-standing cathode’s mechanical
properties and flexibility, promotes the formation of a developed pore
structure and enhances the overall electric conductivity. Addition of PC
is also beneficial to improve the electrical conductivity of the composite
cathode as well as to create additional sites for LiPSs binding and
facilitating their redox reaction.

3.4. GAs with metal-containing compounds

Due to their intrinsic oxygen rich surface structure metal oxides have
strong affinity to LiPSs species and the reported spectroscopic in-
vestigations demonstrated excellent chemical interactions between
them [170,171]. However, metal oxides have insufficient surface area to
host a large sulfur amount, low electrical conductivity and exhibit poor
electrochemical performance as a sulfur host [172]. The idea of deco-
rating 3D highly porous carbonaceous materials with metal oxides is
promising in course of possible achieving their synergistic effect, in
which GAs with high surface area and excellent electrical conductivity
act as a porous matrix for sulfur immobilization while metal oxides are
responsible for additional sites for chemical interaction with sulfur and
its species.

Titanium oxide (TiO2) is known as the one of the most promising
metal oxide to improve the chemical entrapment for intermediate LiPSs
and facilitate the redox reaction kinetics. Wang et al. [173] proposed the
use of TiO3 nanoplatelets with high percentage of (001) facets anchored
on graphene walls as a chemical adsorber of generated LiPSs (Fig. 7 a).
Nanoplatelets with the side length of about 50 nm and 5 nm thickness
were formed and further utilized to fabricate the S@TiO;@GA com-
posite (55.2%, 10.3% and 34.5%, respectively (Fig. 7 b)). The
well-matching of TiO, (001) nanoplatelets with graphene (002) nano-
sheets attributed to their consecutive orientation improved the ion/-
electron transfer, sulfur loading capability, ability to capture the soluble
sulfurous species by both physical adsorption and chemical bonding
(Ti-S), which resulted in a high initial discharge capacity of
S@TiO,@GA composite of 1404 mAh g~ ! and 905 mAh g ! after 100
cycles at 0.2C (for comparison these values for S@GA sample were 810
mAh g_1 and 495 mAh g_l, respectively). Chen et al. [174] have pro-
posed a strategy for preparing self-supporting and electrically conduc-
tive polar TiO-G/S film with 3D porous structure. TiO3 nanotubes were
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Fig. 7. (a) Schematic illustration of preparation process of S@TiO.@GA, (b) TEM image of S@TiO>@GA. Reprinted with permission from [173], Copyright Elsevier
2020. (c) Cross-sectional SEM image of TiO-G/S composite, (d) High-resolution S 2p spectra of TiO-G/Li»Se, (€) Demonstration of the chemical interaction between
TiO and sulfur species. Reprinted with permission from [174], Copyright Elsevier 2018. (f) Elemental mapping of C, O, Mn and S of MGPP@S, (g) XPS spectra of
MGPP@S composite (S 2p - left, Mn 2p3,, -right). Reprinted with permission from [177], Copyright Elsevier 2019.

thermally transformed to ultrafine TiO nanoparticles and the graphene
surface acted as a supporting substrate to prevent their aggregation
(Fig. 7 ¢). This homogeneous distribution of TiO nanoparticles over 3D
graphene structure played a crucial role in chemical adsorbing LiPSs and
accelerating the redox reaction during charge-discharge process. The
TiO and LiPSs binding mechanism is mainly explained by existence of
the abundant low coordinated Ti sites with unsaturated chemical
binding capable of chemical interacting with sulfur species (Fig. 7 d, €).
As reported in [175], TiO is characterized by a strong chemical
adsorption energy to LiPSs in course of the formation of both Ti-S and
Li-O bonds. Consequently, the TiO-G/S delivered an initial discharge
capacity of 1350 mAh g~ ! at 0.1C and 832 mAh g ! at 2 C. Moreover, at
areal sulfur loading of 5.2 mg cm ™! the sample demonstrated areal ca-
pacity of 3.2 mAh cm ™2 after 200 cycles at 0.2C.

Complex ternary hybrid electrodes can be constructed by develop-
ment of GAs composites with PC, metal oxides and metal sulfides, and
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possible additions of various polymers. In fact, carbon plays a role of a
major host material which provides physical spaces and electric path-
ways for active sulfurous species, while metal oxides are responsible for
secondary host to decrease the loss of sulfur in view of their strong af-
finity to LiPSs. GAs are able to provide a physical support due to exis-
tence of interconnected space in highly porous electrically conductive
3D network with strong mechanical properties. Wang et al. [176] re-
ported that the introduction of glucose to TiO3/GA acting both as a
cross-linker and a dispersing agent is rather favorable to increase its
specific surface area and optimize the pore size distribution, leading to
enhanced adsorption of soluble LiPSs. Authors speculate that glucose
precursor was transformed into oligosaccharide and aromatic com-
pounds and after nucleation and growth their molecules were
cross-linked at high temperature forming spherical carbon with func-
tional groups. These spherical carbon particles might be interconnected
with graphene, playing a role in increase of the porosity of aerogel
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during synthesis by cooperative dispersion. As a result of this glucose
modification, the sample TiO2/GA with the content of 15.3 wt% of 5-10
nm in size TiO, particles and 60 wt% of sulfur exhibited the initial
discharge capacity of 1011 mAh g~! at 2 C with a 100% Coulombic
efficiency over 500 cycles. Tan et al. [177] proposed a composite of GA
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with manganese oxide (MnO-) nanoparticles and co-polymer based on
polyvinylpyrrolidone/polyvinylalcohol (PVP/PVA). The nanoparticles
of MnO;, were distributed over the graphene sheets and acted as a robust
material for chemisorption of LiPSs (Fig. 7 f). The mechanism of
chemical transformations of sulfur and Mn during cycling was
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sulfur cathodes, (b) XPS analysis of LiPSs interacted VONNG matrix (b) Ol1s spectrum, VONNG (bottom) vs. absorbed. Reprinted with permission from [191],
Copyright Elsevier 2020. (¢) Schematic of the 3DNG-TiN composite prepared via a three-step process of hydrolysis—self-assembly-nitridation, (d) Ti 2p XPS spectrum
of the 3DNG-TiN composite with Li,Sg absorbed, (e) Cycling performance of modified cells with ultrahigh sulfur loadings of 15.0 and 20.0 mg cm 2 at 2.0 mA/cm?.
Reprinted with permission from [198], Copyright ACS Publications 2021. (f) Co 2p3,» XPS spectra of 3DNG-Co4N with Li,Se adsorption, (g) The volumetric energy
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investigated by XPS, according to which sulfur in the pristine MGPP@S
is in the form of Sg (S 2p3,2 (164.4 eV) and S 2p; /5 (165.5 eV) states of
S-S bonding) [79], while in the discharged state MGPP@S contained
more polythionate complex (169.2 eV) in course of reaction of
long-chain LiPSs and metal oxide [179]. At the same time, the pristine
MGPP@S demonstrated a Mn** characteristic peak at 642.3 eV and after
discharge to 2.0 V, Mn** was reduced to Mn®* (641.2 eV) and Mn?*
(640.1 eV (Fig. 7 g), [180]. The co-existence of polytionate and reduced
Mn ions confirmed the redox reaction between LiPSs and MnO,_Addi-
tionally, a flexible grid based on hydrogen bonded PVA and PVP is
responsible for physical and chemical trapping of sulfur. As known, PVP
has a strong affinity to Li,S and intermediate LiPSs [181,182], while
PVA is able to integrate with PVP by creation of flexible grid with
excellent tensile strength [183,184]. As a result, the ternary composite
cathode based on GA with MnO,, PVP/PVA and sulfur (MGPP@S)
exhibited the rate performance of 1492, 1054, 833, 659 mAh g’1 at
0.1C, 0.2C, 0.5C and 1 C, respectively. The capacity of 755 mAh g ! was
demonstrated by the hybrid electrode at 0.2C after 250 cycles; the ca-
pacity fading of only 0.06% per cycle during 500 cycles at 1 C was
observed. Yang et al. [185] combined GA with lanthanum oxide (La03)
by a one-step hydrothermal treatment followed by sulfur immobilization
(rGO@Laz03@S). The role of LayO3 microboards in the composite was
to form a matrix for loading active sulfur species and trap LiPSs chem-
ically, suppressing the shuttle effect [186-188]. The resulting 3D porous
rGO@Lay03 matrix was able to effectively compensate the cell’s volu-
metric expansion during charge-discharge cycling. The rGO@La203@S
sample with 18.9 wt% of LayO3 microboards and 69.13 wt% of sulfur
demonstrated the initial discharge capacity of 1227.4 mAh g~ with its
decrease to 1181.4 mAh g~ at the second cycle at 0.2C.

Vanadium oxide (V50s) [168,189] and vanadium nitride (VN) [46,
190] are also known as the materials with a good affinity to LiPSs, which
may result in prolonging the lifetime of Li-S batteries. Vanadium oxide
is a strong catalytic redox converter for LiPSs, while vanadium nitride is
characterized by a pronounced binding to LiPSs, rapid transfer of elec-
trons and high electrocatalytic activity. Zubair et al. [191] proposed an
approach for preparation of N-doped rGO-based aerogel/vanadium
oxynitride composite (VONNG) by using the powder of V205 as a pre-
cursor (Fig. 8 a). As a result, the fabricated VOxNy heterostructure can
exploit the individual characteristics of VOy and VN at the contact be-
tween V-0 and V-N bonds with enhance of binding ability to LiPSs and
their rapid electrocatalytic conversion. In particular, the observed peak
at 531.62 eV in Ols spectrum of VONNG corresponds to O-S bonding
indicating the conversion of LiPSs into oxidized state in the form of
thiosulfate [192]. Two peaks for V2p region at 515.25 eV in V2p3,, band
and 521.33 eV in V2p;,2 band refer to binding energies of V-S inter-
action and reduction of VO4Ny (Fig. 8 b) [193,194]. This demonstrate
that LiPSs have a strong binding to vanadium of VOxNy nanoparticles,
while the surface reduction of VON is ascribed to the LiPSs oxidation.
Moreover, VOxNy is capable to offer a redox potential window vs. Li/Li™
higher than that of 2.4 V of LiPSs conversion. The assembled cells using
VONNG/S as a cathode is characterized by initial discharge capacity of
1400 mAh g~! and 1250 mAh g~ at 0.05C and 0.1C, respectively, and
the reverse capacity of 700 mAh g~! at 0.2C after 200 cycles. The ca-
pacity loss was lower than 0.05% per cycle over 850 cycles with
Coulombic efficiency close to 99% even at 5 C [191].

Recently the highly conductive titanium nitride (TiN) received much
attention because of N-S and Ti-S bonds formation which can act both
as catalytic and anchoring sites for LiPSs [195-197]. Cheng et al. [198]
demonstrated the approach for fabrication of 3D free-standing electrode
based on N-doped GA and TiN (3DNG-TiN), Fig. 8 c). The electrode’s
scaffold presented by GA provided fast channels for charge transfer and
enough space to immobilize sulfur. Simultaneously, even a small
amount of TiN particles (4.8 wt%) could remarkably enhance the
adsorption ability and reaction kinetics of LiPSs and effectively suppress
the LiPSs shuttling effect. The strong chemisorption of 3DNG-TiN to
LiPSs is mainly ascribed by the appearance of S-Ti-N bond
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(457.2/462.9 eV) in the Ti 2p XPS spectrum resulted from
TiN-polysulfides interaction [199] (Fig. 8 d). The prepared free-standing
cathode delivered 1046.7 mAh g~ ! after 100 cycles at 2.0 mA cm ™2 with
10 mg cm 2 areal sulfur loading and even when the sulfur loading was
increased to 20 mg cm ™2 the cathode still exhibited a high capacity of
18.9 mAh cm 2 after 100 cycles at 2.0 mA cm 2 with the use of
3DNG-TiN modified separator (Fig. 8 e). Further Cheng et al. [200]
reported the preparation of 3D free-standing cathode based on N-doped
GA and Co4N nanoparticles (3DNG-Co4N). Similar to 3DNG-TiN [198],
the 3DNG-Co4N@S cathode delivered a superior electrochemical per-
formance which is mainly explained by the strong adsorption of cobalt
nitride (Co4N) nanoparticles towards LiPSs. The XPS measurement of
3DNG-Co4N composite after saturation with Li»Se¢ demonstrated the
decrease in the percentage of C-N bond from 68.3% to 63.4% due to
formation of Co-S bond, which is usually formed in course of interaction
of Co4N with LiPSs [201] (Fig. 8 f). Also the formation of highly active
electrocatalyst (CoSy) is able to promote the redox reaction kinetics of
LiPSs and their stronger anchoring, thus suppressing the shuttle effect
which results in better electrochemical performance and cycling sta-
bility of the Li-S cell. At the high areal sulfur loading of 24 mg cm 2 the
cell consisting of developed cathode (3DNG-CosN@S) and modified
separator (3DNG-Co4N) delivered the volumetric energy density of
2678.1 Wh L ™! at 2.0 mA cm™2 (Fig. 8 g).

MXenes composed of early transition metal carbides, nitrides or
carbonitrides are recognized as the brand-new 2D materials for energy
storage application [202-205]. They are fabricated by extracting “A”
layers from the MAX phases, in which M is an early transition metal, A is
ITIA or IVA group elements and X is a carbon or nitrogen atom. However,
the utilization of pristine MXenes in Li-S batteries is hindered by their
restacking tendency and low specific surface area. Song et al. [206] have
demonstrated the preparation of 3D porous Ti3CyTx MXene/GA com-
posite by simple mixing GO/vitamin C and MXene suspensions, followed
by the hydrothermal treatment and subsequent freeze-drying. The
formed Ti3CyTx MXene/GA composites acted as a free-standing LiPSs
reservoir for LisSg catholyte with developed surface morphology and
low aggregation (Fig. 8 h). The TizCyTx MXene/GA-30 (30 wt% of
MXene) sample exhibited the high discharge capacity of 771 mAh g~ ! at
2 C with a reversible capacity of 685 mAh g~ lafter 200 cycles. Addi-
tionally, at higher sulfur loading of 6.0 mg cm™2, the TisCoTy
MXene/GA-30 demonstrated the discharge capacity of 879 mAh g1 at
0.1C after 30 cycles, corresponding to 5.27 mAh cm 2 areal capacity,
which is higher than that for previously reported MXene-based hosts for
sulfur [207-210]. As reported, the mechanism of interaction of
MXene/GA-30 with sulfur species is mainly ascribed by the formation of
S-Ti-C bonding upon cycling [207] confirming the strong adsorption of
LiPSs by the composite cathode. The appearance of two Ti 2p peaks at
456.2 and 465.1 eV in the XPS spectrum of the MXene/GA-30@S can be
assigned to S-Ti-C bonding indicating that MXene is able to provide
reasonable electronic conductivity and effectively trap LiPSs during
long-term cycling. Such an excellent performance of TizCoTx
MXene/GA-30 can be attributed to the synergistic effect of 2D polar
surfaces of GO and MXene, which provide strong chemical interaction
and adsorption sites for sulfur species, significantly alleviating the
shuttle effect. Superior conductivity of MXene provides the fast transfer
of electrons and increase the redox reaction kinetics, while the 3D
porous structure of GAs facilitates diffusion of ions and better accom-
modates sulfur and its species decreasing the volume expansion. Further
Liu et al. [211] proposed a strategy by combining the GAs with
Tempo-oxidized cellulose nanofibers (T-CNF) and MXenes
(GA/T-CNF/MXene) with the aim to obtain a composite free-standing
cathode with improved mechanical characteristics and flexibility.
T-CNF acted as a reinforcing agent to support GA uniformly coated with
MXene due to its high aspect ratio and abundant carboxyl groups. The
polar groups such as COO- carried by CNF and —OH, -F, —-O carried by
MXene could greatly improve the adsorption of LiPSs, while the uniform
porous structure of GA promoted homogeneous distribution of sulfur in
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the electrode material and enhance the redox kinetic of LiPSs (Fig. 8 i).
As a result, the fabricated composite cathode delivered the high initial
discharge capacity of 1470 mAh g ! at 0.1C and excellent rate capability
of 744 mAh g~ at 5 C.

In recent years metal sulfides started to arrow interest of researchers
due to their ability to improve the electrochemical performance of Li-S
batteries [212-214]. Like metal oxides, metal sulfides can promote a
strong interaction with polar LiPSs and create more active sites for their
redox reactions during cycling, which is explained by an existence of
conductive matrix and charge transfer through its structure. However,
similar to metal oxides, most of the pristine metal sulfides exhibit low
electronic conductivity, which has an adverse effect on redox property
of the captured LiySy, eventually leading to decrease in sulfur utilization
[215]. Taking this into account, Li et al. [216] proposed an approach of
combining the N/S co-doped GA with polar manganese sulfide (MnS)
nanocrystals via hydrothermal method with subsequent separate
annealing of the resulting MNSG-aerogels in Ny medium at 900, 750 and
600 °C (denoted as MNSG-900, MNSG-750, MNSG-600, respectively).
The long-term cycling performance at 0.2C of the S/MNSG-900 aerogel
delivered the initial specific discharge capacity of 1284 mAh g~! with
further decrease to 817 mAh g™! after 200 cycles. For comparison, for
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the samples S/MNSG-750 and S/MNSG-600 the values of discharge ca-
pacity after 200 cycles were found to be 728 mAh g~! and 641 mAh g~ 1.
The better electrochemical performance of S/MNSG-900 than that of
S/MNSG-750 and S/MNSG-600 can be explained by the complete
elimination of oxygen-containing groups on the graphene surface during
the higher temperature processing [217] and the higher amount of polar
MnS in the resulting composite. Authors suggest that the soft acid base
interaction between Mn?" cations and $2/S3~ anions provides the Mn
atoms with higher density of valence electrons in sulfides than in oxides
[218].

Li et al. [219] demonstrated perspectives of combining of 3D porous
coral-like GAs with tungsten disulfide (WS3) by in-situ hydrothermal
process. Homogeneously distributed WS polar particles act as a reac-
tion sites to bond LiaSx via chemical interaction, thus decreasing the loss
of active material; highly porous structure of GAs provides short diffu-
sion pathways for Li* and a large specific surface area (Fig. 9 a). The
restacking of GO layers during hydrothermal synthesis was also avoided
with the use of WS,. Based on DFT simulation, the adsorption energy of
WS, with various sulfur species (—0.57, —0.46, —0.17, —0.15, —0.10
and —0.02 eV for LisS, LisSy, LisS4, LioSe, LiaSg and Sg, respectively
(Fig. 9 b),) is highly dependent on the number of sulfur atoms in LiPSs.
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ometries and energies of polysulfides on the (111) plane of FeP, (e) Fabrication of hybrid rGO/CNTs aerogels embedding FeP nanocubes, (f) High-resolution XPS
spectra of Fe 2p (left) and P 2p (right). Reprinted with permission from [229], Copyright Elsevier 2020. (A colour version of this figure can be viewed online.)
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Therefore, it can be assumed that rGO/WSy-S composite is able to
enhance the sulfur utilization and improve the stability of the Li-S cell in
course of its ability to effectively slow down the process of Li»Sy disso-
lution. What is more, the superior catalytic nature of WSy increases the
rate of LiSy oxidation and reduction during charge/discharge cycles.
Consequently, the obtained rGO/WS2-S composite exhibited the initial
discharge capacity of 1531 mAh g ! at 0.05C with high sulfur utilization
of 91.6% and the Coulombic efficiency of ~100%. The cell demon-
strated a higher reversible capacity of 504 mAh g~! at 1 C after 500
cycles with a low capacity decay (0.086% per cycle).

2D layered transition metal sulfides are attractive due to their large
specific surface area, ability to adsorb and accelerate the conversion of
LisS,. Molybdenum disulfide (MoS,) layered nanosheets adsorb sulfur
species and catalyze the redox reaction, possessing the perspective in
their utilization as a Li-S battery multi-functional electrocatalyst
[220-222]. However, their main disadvantage are aggregation and low
conductivity, which restricts their utilization as sulfur support [223]. In
this regard, Hou et al. [224] have recently demonstrated the one-step
hydrothermal synthesis of self-supporting 3D GAs and MoS; nano-
porous spheres based (S@MoS;@GA) sulfur cathode. The uniform
anchoring MoS; on the GAs leads to strong chemisorption of Li»S, which
is due to Li-S bonds formation and acceleration of the sulfur redox re-
actions. As a result, the S@MoS>@GA multi-functional electrocatalyst
exhibited the discharge capacity of 565 mAh g ! after 200 cycles at 0.2C
and a reversible capacity of 324 mAh g~! after 500 cycles at 1 C with a
capacity decay of 0.054% per cycle. The preparation of trapping-catalyst
host material for sulfur-based on rGO/CoS; composite aerogel was
demonstrated in [225]. During hydrothermal synthesis, the in-situ
growth of cobalt disulfide (CoS;) nanoparticles is promoted by inter-
action of Co?* with surface functional groups of GO, resulting in their
uniform distribution over GA sheets [226]. The formed CoS,/rGO-30
composite aerogel demonstrated the initial discharge capacity of 1457
mAh ¢! at 0.2C and after 200 cycles it remained 1132 mAh g~1. With
increase in sulfur loading up to 6.37 mg cm™2 (84.7% of sulfur content),
the rGO/CoS; aerogel cathode still delivered the discharge capacity of
897 mAh g~! at 0.1C and areal capacity of 5.7 mAh cm~2, which is
higher than the areal capacity of current LIBs (4 mAh cm~2). The su-
perior electrochemical performance of rGO/CoS;@S aerogel based
cathode is mainly explained by synergistic effect of CoS, nanoparticles
deposited on graphene layers, which effectively trap and catalyze LiPSs
(Fig. 9 ¢). In particular, symmetric cell investigations demonstrated that
CoSy/rGO@S sample has two obvious redox peaks at —0.42 V (reduction
of Sg to LiPSs) and at 0.38 V (reverse oxidation of LiPSs to Sg), while for
rGO aerogel the values of these peaks were —0.71 V and 0.97 V,
respectively. The current density of rGO aerogel is lower than that for
CoS,/rGO and the potential gap between the anodic and cathodic peaks
is higher than that for CoS,/rGO composite confirming that the catalysis
of CoS; nanoparticles in aerogels is beneficial to improve the electro-
chemical conversion kinetics of LiPSs.

Metal phosphides are known as an efficient LiPSs mediator in Li-S
batteries owing to their high electric conductivity, electrocatalytic
properties and strong binding with LiPs [47,227]. Huang et al. [228]
demonstrated that Fe304/rGO/CNTs composite with a strong phospho-
rization exhibited strong chemical bonding towards LiPSs and catalytic
capability to expedite their conversion. Chen et al. [229] reported the
perspective of introducing iron phosphide (FeP) nanocubes anchoring
materials derived from MOFs into the structure of rGO/CNT aerogel for
further improvement of Li-S batteries electrochemical performance
(Fig. 9 e). Based on DFT results, the LiPSs clusters are subjected to
structural distortions on the highly polarized FeP surfaces and are
chemically bonded via Fe-S and Li-P bonding. According to the calcu-
lations, the binding energies of LisS, LisSa, LiaS4, LioSe, and LizSg on FeP
are —3.15, —2.93, —3.57, —3.62, and —3.46 eV, respectively, indicating
exothermic adsorption reactions (Fig. 9 d). This demonstrate that LiPSs
can be easily anchored and stabilized on FeP (111). The XPS investi-
gation demonstrated the presence of both phosphides and oxidized
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species in Fe 2p spectrum at 707.6 and 720.5 eV corresponding to the
2ps3,2 and 2pj /5 peaks of Fe-P, and those at 712.4 and 726.5 eV attrib-
uted to the Fe-O species. Phosphorus species are identified at 134.0 eV
(P-0) and at 129.3 and 130.2 eV (P-Fe), respectively for 2p3,2 and 2p; /2
in the P 2p spectrum (Fig. 9 f). This all confirms that the natural
oxidation layer on the transition metal phosphides is beneficial for
promoting the LiPSs binding [230]. As a result of synergistic effect of
electrically conductive rGO/CNTs based aerogel network and FeP
nanocubes anchoring material, the composite free-standing cathode
exhibited a cycling capacity of 1312.3 mAh g™ ! at 0.2C with a decay of
0.037% per cycle over 500 cycles. At the maximum areal sulfur loading
of 9.6 mg cm 2 the cell cycled over 50 times with the high areal capacity
of 8.5 mAh cm?~.

Generally, there is a large choice of metal-containing additives to
GAs to improve the electrochemical performance and cycling stability of
the GA/S based cathodes. Among them the most widely known ones are
metal oxide and metal sulfide particles, which can create additional
abundant sites for LiPSs anchoring and improve their redox reaction in
course of formation bonds with stronger energy adsorption to LiPSs.
However, these materials are characterized by poor ionic/electronic
conductivities and tend to agglomerate during cathode’s preparation.
Metal nitrides and phosphides are also beneficial to Li-S batteries
technology in course of their electrical conductivity, electrocatalytic
properties and intrinsic ability to chemically trap LiPSs via formation of
specific bonds (V-N, S-Ti-N, P-O etc.) and soft acid based interactions
between metal cations and sulfur anions. The combination of two 2D
materials — graphene and MXene is also promising technique. MXene
with functional groups on its surface increases the polarity of carbon and
improves the adsorption of LiPSs. The formation of S-Ti-C bonding in-
dicates that MXene is able to provide good electronic conductivity and
effectively bind LiPSs during long-term cycling which results in a sig-
nificant improvement of the Li-S battery’s electrochemical performance
and cycling stability.

Table 1 demonstrates the reported results on the electrochemical
characteristics of the pure and modified GA@S cathodes with the
highest areal sulfur loading. As known, high sulfur loading is important
for the high energy density Li-S batteries. The porous 3D structure of
GAs provides the reliable space for accommodation of large sulfur
amount, improves the stability of cathodes and promotes the charge
transfer. As can be seen from Table 1, the sulfur content in the GAs
matrices ranges from 60 up to 90% and the highest areal sulfur loading
was observed as 24 mg cm™2. This is mainly attributed to the major
characteristics of GAs such as high specific surface area, developed
porosity with suitable pore size, electrical conductivity and physical
confinement to LiPSs, as well as the possibility of their modification
during synthesis which may result in both, chemical attraction of LiPSs
and their catalytic conversion. Also, GAs are a promising material for
free-standing cathodes preparation. These 3D nanoarchitectures are
lightweight, electrically conductive and highly porous with enough
space to accommodate high sulfur amount. Free-standing cathodes are
promising alternative to slurry-casted cathodes. Conventionally, to
achieve the higher sulfur loading in the slurry-casted cathodes the in-
crease in the electrode’s thickness is required which may reduce the
kinetics of lithium ions and electrons transportation. This procedure is
completely eliminated in the case of free-standing cathodes. What is
more, the possibility of using GAs as an interlayer and separator modi-
fier is also beneficial for fabrication of high sulfur loading cathodes with
improved electrochemical performance and cycling stability. For
instance, the modified cell (3DNG-TiN@S as cathode and 3DNG-TiN as
separator modifier) delivered areal capacity of 18.9 mAh cm 2 with
85% retention after 100 cycles at 2.0 mA cm ™2 at 20 mg cm ™2 areal
sulfur loading [198] which is a promising result compared to the pre-
viously reported.
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Table 1
The electrochemical characteristics of high areal sulfur loading cathodes with modified GAs.
Description S content, wt Initial Rate performance,  Final capacity, mAh g~ The highest areal sulfur loading/ Ref.
%/areal sulfur capacity, mAh  mAh g~! corresponding electrochemical
loading, mg cm? g ! performance
GA (slurry-casted) 75.8/2.5 1140 (0.2C) Around 600 (3 C) 790 with 69% retention - [95]
after 200 cycles at 0.2C
N-doped GA (slurry-casted) 77.3/1.2 1258 (0.1C) 340 (2 Q) 1077 with 86% retention - [136]
after 75 cycles at 0.1C
3D-PNG (slurry-casted) 72.5/1.8 840 (2 C) 580 (3 C) 554 with 66% retention 4.0 mg cm~2/1003 mAh g~ ! with 70% [137]
after 800 cycles at 2 C retention after 400 cycles at 1.5 mA cm ™2
GA-S-180 (free-standing) 73.7/5.0 1351.3 (100 51791 A g’l) 517.9 with 38% retention - [104]
mAg ) after 50 cycles at 100 mA
g—l
PGCNEF/S (free-standing) 85/15.8 1360 (0.1C) 834 (50Q) 1028 with 83% retention - [153]
after 600 cycles at 0.5C
NrGO/CNT (free-standing) 60/6.0 1150 (0.25C) 767 (2 C) 610 with 55.5% retention - [159]
after 400 cycles at 0.5C
TiO-G/S (free-standing) 65/1.0 1350 (0.1C) 832 (20Q) 455 with 55% retention 5.2/786 mAh g’1 with 77% retention after [174]
after 200 cycles at 2 C 300 cycles at 0.2C
3DNG-TiN (free-standing) 85.0/10 990.5 (1.0 636.8 (7.0 mA/ 897 with 90% retention 20.0/18.9 mAh cm~2 with 85% retention [198]
mA/cm?) cm?) after 50 cycles at 1.0 mA/ after 100 cycles at 2.0 mA cm 2 (used
cm? modified separator)
Ti3CoTx MXene/GA (free- 45/1.57 1270 (0.1C) 977 (1 Q) 596 with 63% retention 6.0/879 mAh g’1 after 30 cycles at 0.1C [206]
standing) after 500 cycles at 1 C
CoS,/GA (free-standing) 53.0/1.27 1457 (0.2C0) 1156 (2 C) 1001 with 82% retention 6.37/897 mAh g1 with 89% retention [225]
after 400 cyclesat 1 C after 60 cycles at 0.1C
MoS,/GA (free-standing) 88.4/- 688 (0.2C) 206 (5 C) 324 with 73% retention - [224]
after 500 cycles at 1 C
3DNG-Co4N (free-standing) 86.6/8.0 1027 (1.0 mA 659 (5 mA cm™2) 938 with 91% capacity 24.0/21.8 mAh cm ™2 (initial) at 2.0 mA [200]
cm™2) retention after 100 cycles em ™2
at 1.0 mA cm 2
rGO/CNTs aerogels 60/- 1312 (0.2C0) 647 (2 C) - 9.6/8.5 mAh cm ™2 after 50 cycles at 0.2C [229]
embedding FeP nanocubes
(free-standing)
GA-CNFs-Ni separator 90/1.5 1338 (0.1C) 631 (20) 620 with 71% retention 10.0/5.5 mAh cm 2 after 60 cycles at 0.1C  [231]

after 500 cycles at 1.25C

4. GAs as interlayers and separator modifier in Li-S batteries

In addition to the importance of developing effective host materials
for Li-S batteries, much of the attention of scientists is focused on the
design of separators. Separator is one of the core components of Li-S
batteries, which major function is to ensure the electrical isolation be-
tween cathode and anode to avert the internal short-circuit and to
provide the Li ions diffusion pathway [232,233]. Commonly used
commercial separators (polypropylene, polyethylene) are characterized
by the large pores, nonconductive surface, hydrophobicity and are not
suitable for superior electrochemical performance and stability of Li-S
batteries [232]. Separators for Li-S cell should satisfy some additional
requirements such as LiPSs trapping ability, improvement of electrical
conductivity for complete utilization of sulfur, enhancement of sulfur
species conversion kinetics and anode protection [234-237]. GAs and
their composites with good electrical conductivity, existing functional
groups, adjustable pores and high specific surface area can be a prom-
ising material for separator modification. Based on the character of in-
teractions between LiPSs species and modified separator, its trapping
ability can be categorized into physical and chemical LiPSs anchoring
and electrostatically LiPSs rejection.

The strategy for creation of the dual-trapping system using modified
GAs both as a sulfur host and separator modifier to effectively suppress
the shuttle effect in Li-S batteries was implemented by Tan et al. [238].
GAs decorated with MnOs (MG) and I/N-co-doped GAs (ING) were
synthesized via hydrothermal treatment and subsequent freeze-drying
and used as Celgard 2400 separator modifier and host for sulfur,
respectively (Fig. 10 a). The MG@Sep is able to trap the S;~ anions via
strong Mn-Sy interaction, which was confirmed by the XPS investigation
by the presence of the peak at 640.6 eV corresponding to Mn2* detected
after cycling. This peak verify the redox reaction between MnO, and
LiPSs. Moreover, the MG@Sep is capable of seizing Sg~ to avoid the
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LiPSs diffusion to anode side. MG@Sep separator with its hierarchically
porous structure can easily immobilize the sulfur species by both,
physical and chemical adsorption [177]. The initial discharge capacity
of 1499 mAh g~! at 0.2C was exhibited by MG@Sep + ING/S cell. 902
mAh g~! was retained by MG@Sep + ING/S cell after 200 cycles with
Coulombic efficiency over 99%. The combined use of ING/S cathode and
MG/Sep separator, acting as an efficient sulfurous species immobilizer
and shuttle effect suppresser, respectively, enabled Li-S batteries to
demonstrate large initial discharge capacity and durable cycle stability.
Moreover, after 200 cycles no sulfurous species were detected on the
anode (Fig. 10 b). Zhang et al. [231] reported the modification of the
commercial separator with 3D graphene aerogel-CNF-Ni (GA-CNFs-Ni)
composite composed of herringbone structured CNFs grown in the GA’s
structure. This composite demonstrated the ability to serve both as
physical LiPSs trapping barrier and a conductive network to reactivate
the captured materials. Polar Ni nanoparticles served as chemical ad-
sorbents for long-chain LiPSs with their further transformation to
short-chain LiPSs in course of their strong electrocatalytic activity, thus
improving the rate performance (Fig. 10 ¢, d). The calculated binding
energies of Ni with Sg, LisS, LisSo, LisSs, LisSe, and LiySg are —6.27,
—4.15, —5.39, —6.52, —9.10, and —9.04 eV, respectively, suggesting the
strong chemisorption effect of Ni to LiPSs (Fig. 10 e). The solid sulfur
species (LisS and LiySy) were further deposited on herringbone CNF’s
surface with gaps and defects enlarging the abundant reaction sites
among the electron, electrolyte and sulfur species ensuring the stable
operation of the cathode. Additionally, the 3D plane-to line network
composed of GAs and CNFs provides more channels and contacts for
electrolyte infiltration and transportation of Li ions, which improves the
electrochemical performance of the cathode at higher sulfur loading.
The resulting cell with the modified separator delivered 900 mAh g~!
after 90 cycles at 0.2C (sulfur loading was 5 mg cm 2, 90 wt%) and
excellent rate capability of 580 mAh g~! at 1 C. At 10 mg cm ™2 areal
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Fig. 10. (a) SEM images of cross-section and top view of MG@Sep, (b) Photographs of Li anode for Non@Sep + ING/S (left) and MG@Sep + ING/S (right) cells after
200 cycles at 0.2C. Reprinted with permission from [238], Copyright Elsevier 2020. (c) Schematic illustration of the synergistic effects of the GA-CNFs-Ni hybrids in
Li-S cells, (d) Optical GA-CNFs-Ni coated separator, (e) Theoretical structure configurations and binding energies between the (111) planes of Ni and various sulfur
species (Sg and S)Z(’, 1 < x < 8). Reprinted with permission from [231], Copyright RSC Publishing 2018. (f) A schematic of a lithium sulfur battery with the S@GA
cathode and the GA/GCN interlayer produced by a layer-by-layer coating method where the GCN is the top layer and the GA is the bottom layer coated on the CFP
substrate. Reprinted with permission from [246], Copyright Elsevier 2018. (g) Schematic of the synthesis of G/CNT-S//G/CNT cathode integrated G/CNT-S host with
G/CNT interlayer for Li-S batteries, (h) Polysulfide permeation measurements for G/CNT/PP (top) and individual PP (bottom) separators during the course of
polysulfide diffusion from Li>Se/THF solution (left side) to pure THF (right side) of the U-shaped glass cell. Reprinted with permission from [249], Copyright

Elsevier 2019.

sulfur loading the electrode exhibited stable areal capacity of 5.5 mAh
em™2 at 0.1C after 60 cycles with electrolyte/sulfur ratio of 6 L mg™!

The interlayer is a self-supporting film between the separator and
electrode [239]. Various materials, such as Nafion membranes [240],
porous carbons [15,241], CNTs [242], GO [243], and metal oxides
[244] have been applied to design functional interlayers. However, each
of them has drawbacks: nonpolar surface of carbon nanomaterials
resulting in a weak affinity to LiPSs, while metal oxides are generally not
stable during charge-discharge cycling. To overcome these issues, re-
searchers found that 3D structure of GAs with various modifications has
stronger physical and chemical sulfur trapping ability and they are more
favorable for electron transfer kinetics compared to 2D and 1D carbon
nanomaterials [171,177,245]. The combination of GA as a sulfur host
and interlayer based on nitrogen rich graphitic carbon nitride (GCN) was
proposed by Wutthiprom et al. [246]. GA acting as a host for sulfur was
synthesized under hydrazine (NoH4) reduction with the subsequent
freeze-drying. The interlayer was constructed from the carbon fiber
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paper (CFP) substrate, surface of which was coated with GA and GCN
(Fig. 10 f). As a result, the cell with bare S@GA demonstrated the spe-
cific capacity of 819 mAh g~ ! at 0.1C, while S@GA cathode with
GA/GCN-based interlayer exhibited 1138 mAh g~'. At higher 1 C rate
the S@GA with GA/GCN interlayer demonstrated almost 100%
Coulombic efficiency with 0.056% capacity fading per cycle after 800
cycles. In addition, the ex-situ XPS analysis of GA/GCN interlayer
demonstrated the existence of chemical bonds with sulfur species on its
surface, which indicates its strong LiPSs absorption. Further, Tan et al.
[220] reported the preparation of rGO@MoS; interlayer applied on the
commercial Celgard 2400 separator. It was confirmed that the rGO
layers acted as a physical barrier for LiPSs shuttle and provided the
conductive network, while MoS; was responsible for chemical adsorp-
tion to LiPSs and catalyzed the transformation of long-chain LiPSs to
short-chain acting as a lithium conductor [247,248]. As a result, the cell
with rGO/MoS; coated separator exhibited the initial capacity of 1121
mAh g ! at 0.2C and after 200 cycles it retained 671 mAh g~ (60%
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capacity retention). Shi et al. [249] developed free-standing integrated
G/CNT-S@G/CNT composite, in which G/CNT-S acted as cathode and
G/CNT as an interlayer, both in the form of GAs with CNTs (Fig. 10 g).
To confirm the importance of G/CNT interlayer the electrochemical
properties of the integrated G/CNT-S@G/CNT and G/CNT-S (interlayer
free) cathodes were investigated. G/CNT-S@G/CNT displayed the initial
discharge capacity of 1286 mAh g~! at 0.2C, while this value for
G/CNT-S was found to be 1047 mAh g~!. When increasing the current
density, higher capacities of 990 mAh g~! at 0.5C (12th cycle), 732 mAh
g’1 at 1 C (22nd cycle), and 493 mAh g’1 at 2 C (32nd cycle) were
achieved, in comparison with G/CNT-S (736 mAh g’1 at 0.5C (12th
cycle), 484 mAh g~ at 1 G (22nd cycle), and 269 mAh g~ at 2 C (32nd
cycle)). Such an outstanding electrochemical parameters are mainly
attributed to synergistic effect of CNTs and graphene network, which
provides porous structure, fast ionic and electronic transfer, high sulfur
loading and utilization, as well as mechanical flexibility. The attached
interlayer is beneficial to suppress the LiPSs shuttle effect by chemical
and physical adsorption, which was also confirmed by the visualized
permeation test of 0.1 M of Li,Sg tetrahydrofuran (THF) solution and
theoretical calculations of the adsorption energies between fabricated
interlayer and LisSg molecules (Fig. 10 h).

To sum up, GAs and their modified forms demonstrate their promise
as excellent materials for fabrication of interlayers and modification of
separators. Owing to their porous structure, ability to homogeneously
disperse various additives and flexibility they can be easily coated to
commercial separator without affecting its mechanical properties. These
functional coatings are rather beneficial to improve the hydrophilicity of
separator’s surface, improve its interaction with electrolyte and create
an additional physical barrier for LiPSs physical and chemical capturing.
Porous and flexible interlayers based on GAs and their modified forms
are also promising to improve the electrochemical performance of the
Li-S batteries in course of formation of an additional self-supporting
functional layer, which greatly suppress the diffusion of LiPSs by
chemical interaction, physical blocking and catalytic oxidation of sulfur
species, leading to enhanced capacity and cycling performance [239].

5. Summary and perspective

This review outlines recent research breakthroughs on GAs and their
modified forms (heteroatom-doped GAs, GAs with CNTs and porous
carbons and metal-containing compounds) for application in Li-S cell as
a functional sulfur host, free-standing cathode, interlayer and separator
modifier. As reported in previous analysis [169], despite superior spe-
cific capacity of sulfur, the Li-S technology can compete with LIBs after
reaching the following characteristics: sulfur content higher than 75 wt
%, the minimal value of capacity 900 mAh g~ ! and areal sulfur loading
more than 5 mg cm 2. The achievement of these properties will allow to
create the Li-S pouch cell with specific energy of 350 Wh kg™ '. The use
of 3D structured GA of high surface area with additional modifications
resulted in formation of highly porous framework for uniform sulfur
deposition, which is capable to reduce the LiPSs shuttle effect and
volumetric expansion of cell, enhance the overall electrical conductivity
of the electrode and facilitate the electrochemical reaction. The main
advantage of GAs is the simplicity of their doping and fabricating
composites during one-staged hydrothermal synthesis. As revealed,
doping GAs with heteroatoms, additions of metal-containing compounds
are the effective solutions to enhance their polarity and electrical con-
ductivity and create the additional sites for LiPSs chemical adsorption.
The comprehensive study demonstrated that GAs and their modified
forms are excellent candidates for a sulfur host with extremely large
areal sulfur loading up to ~24 mg cm ™2, resulting in a tremendous areal
capacity of around 21.8 mAh cm™2, which is higher than that for com-
mercial LIBs (3.0 mAh cm™2). Also, the use of GAs-based porous struc-
ture opens a wide opportunity for the development of free-standing
electrodes with excellent flexibility and high sulfur content excluding
the inactive components such as binders and current collectors. Addition

Carbon 201 (2023) 679-702

of CNTs to GA is favorable to improve the flexibility of free-standing
cathodes and increase the catholyte uptake. Finally, modified GAs can
serve as a free-standing interlayer or separator modifier, thus effectively
suppressing the LiPSs shuttle effect, improving cathode’s conductivity,
as well as facilitating the sulfur species conversion rate.

Despite the great progress in Li-S battery technology, there are still
several issues need to be solved for its further advancement:

1. To achieve the high capacity and long-term stability, the systematic
research should be devoted to the control and optimization of the
surface morphology and pore size of carbon host materials, including
GAs, to increase both the areal sulfur loading (mg cm~2) and sulfur
content (%), which are not linearly dependent. The average areal
sulfur loading in carbon-based host materials more often do not
exceed 4 mg cm ™2 with the sulfur content lower than 75% due to
their disordered, poorly developed and non-polar structure. The
construction of 3D porous architecture with large specific surface
area is essential to accomplish high sulfur loading and high sulfur
content. The increase in amount of loaded sulfur leads to increase in
the Li-S cell’s areal capacity, which is the key parameter to open
them for industrial application;

2. Conductivity of graphene is often balanced by a number of functional
groups and heteroatoms, which are responsible for effective LiPSs
adsorbing. To achieve simultaneously high conductivity and high
LiPSs adsorption it is necessary to develop novel or optimize the
existing composites based on GAs with heteroatom doping, addition
of metal oxides, metal sulfides, metal nitrides, metal phosphides,
MXenes, MOFs-derived nanoparticles, etc., increasing the surface
polarity along with other factors enhancing a weak bonding energy
between pristine graphene and LiPSs. Literature survey revealed,
that N-doping is the most widely used technique to improve the
polarity and electrical conductivity of carbon. However, there are
other options like boron and phosphorus doping of carbon which
could significantly improve its affinity to LiPSs even at a relatively
small content of doped atoms and improve the cell’s electrochemical
performance and cycling stability. A small number of the research
articles devoted to this field must encourage scientists to focus their
attention on this direction in future research;

3. To increase the amount of sulfur loading and improve its utilization
ratio, the research should be continued on the development of
methods for preparation of 3D free-standing cathodes. In this di-
rection, GAs have already proved to be excellent substrates for high
sulfur loading with excellent flexibility, absence of binder, which
leads to increase in the amount of active material, not blocking the
pores of the carbon matrix and the possibility of their utilization
directly without current collectors, decreasing the cell’s total weight;

4. A small number of works devoted to the use of GAs as an interlayers
and separator modifiers for Li-S batteries must encourage scientists
to continue the research in this direction. The optimized surface
morphology, layer thickness, pore size, ion selectivity, lightweight
and additional LiPSs trapping ability of interlayers or modified sep-
arators should be considered to design advanced Li-S batteries. In
addition, an intense research should be also focused on modifying Li
anode to avoid dendrites formation during charge-discharge cycling.
Using flexible graphene acting as an artificial SEI to shield the Li
anode is one of the promising solutions to eliminate side reactions;

5. Despite the fact that GAs are widely used in Li-S batteries, the
mechanism of their interaction with sulfur compounds has not been
sufficiently investigated. It is vital to use the existing computational
methods, like DFT, quantum/molecular mechanics, molecular dy-
namics, etc., as well as more advanced in-situ characterization
techniques for the design of Li-S batteries with improved energy
density and cycling stability.

Overall, GAs and their modified forms offer a great potential to
develop each functional constituent for an advanced Li-S battery. On the
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cathode side, they encapsulate sulfur, improve the electronic and ionic
conductivities and physically and chemically bond the LiPSs preventing
their shuttle. GAs are also able to serve as an effective physical barrier to
eliminate the shuttle effect when used as both separator modifier and
interlayer. Further research should be focused on expanding application
of graphene and its derivatives on other parts of Li-S batteries, including
separator, electrolyte and anode. To achieve the cell with outstanding
electrochemical performance it is necessary to holistically improve each
of its parts.
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