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Abstract

Because of their high energy densities and specific capacities, lithium-sulfur (Li-S) batteries have
recently received an extensive amount of research. The best way to boost battery performance is
by altering electrode materials. The adoption of 2D materials-based heterostructures has attracted
significant attention for increasing electrochemical performance and preventing the shuttle effect.
Therefore, a summary of the link between the specific properties of 2D material heterostructures
and electrochemical performance is required for the development of next-generation Li-S batteries.
The present research focuses on the latest developments that boost the performance of Li-S
batteries by using the unique features of 2D material heterostructures. This evaluation also
categorizes several meticulously selected 2D materials with specific properties. Some solutions
have been developed to overcome the difficulties of insulating intermediates, polysulfides shuttle,
and sluggish kinetics. Superior conductivity, tunable functional groups, and exceptional flexibility

are some of the most crucial elements in boosting electrochemical performance.
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1. Introduction

Traditional lithium-ion batteries are insufficient to meet the constantly increasing energy density
demands due to the miniaturization and lightweight trends of various portable electronics as well
as the rapid development of electric vehicles. A lithium sulfur battery with high theoretical energy
density (2600 Wh kg!), low cost, availability on earth and eco-friendly sulfur cathode is one of
the most promising candidates in rechargeable energy storage devices. Even though Li-S batteries
have so many emerging benefits, their commercial implementation is still limited by a multitude
of obstacles. The intermediate lithium polysulfide species (Li,S, 2<n<8) produced by redox
reactions are readily soluble in electrolytes, resulting in the loss of active materials, passivation of
the lithium anode, and shuttle effects.! Numerous efforts have been made to improve Li-S batteries'
cycle life and discharge capacity. Novel electrode materials and suitable cell design are
investigated to address all of these challenges. Candidates for the cathode should have good
conductivity, a large surface area, and the ability to effectively capture soluble polysulfides to
mitigate the shuttle effect.> 3 Due to their outstanding structural and electrical capabilities,
numerous two-dimensional materials have been reported to serve as effective anchoring materials
for Li-S batteries throughout the past few decades. Due to its large surface area, superior
conductivity and functionalized surface, 2D hybrid materials have been widely researched.
Common 2D materials consist of graphene and its variants, transition metal oxides,

dichalcogenides, MXenes, black phosphorus, etc.
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The strong electrical conductivity and flexibility could enhance electron transfer and buffer
volume growth. Lithium polysulfides maybe immobilized by the tunable functional groups and
defects. The catalytic property enhances the transformation of lithium polysulfides to limit the
shuttle effect. Numerous researchers investigated heterostructure engineering as a viable strategy
for Li-S batteries to accelerate the redox kinetics of polysulfides and achieve high-rate
performance. Heterostructures with various coupling components could improve reaction kinetics
and speed up transportation. Yang et al. reported TiO,-TiN heterostructures coated on a separator
and demonstrated strong electrocatalytic ability to accelerate polysulfides conversion. 3 Sun et al.
conducted a similar study using a VO,-VN heterostructure based cathode in Li-S batteries.b 2D
materials like functionalized graphene and MXenes have been created as a polysulfides riveting
matrix. Defects and doped nitrogen atoms demonstrated improved polarity than pure graphene or

MXenes and trapped polysulfides more strongly. 7

The overall reaction of lithium sulfur battery reaction!®

Overall: S 16Li = 8Li, S (1)

Cathode: S 16Li 16e = 8Li, S (2)

Anode: Li=Li+e (3)

Furthermore, these phase transitions exhibit slow kinetics with the limiting step, which was
previously unknown. As a result, the fundamental concerns of sulfur cathode may be divided into
four distinct groups: 1) active material insulation; 2) intuitive solubility of intermediate products
in organic electrolytes; 3) high volume change; and 4) slow kinetics during charge-discharge

cycles. The electrochemical process is uncomplicated, the deposition of lithium anode is complex
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and may be separated into three phases. Lithium nucleation and steady growth, as well as the
creation of solid electrolyte interphase (SEI) films. When high active lithium encounters organic
electrolyte, solid electrolyte interphase (SEI) films develop spontaneously and instantly on the
metal lithium surface, causing electrolyte consumption and providing a barrier for lithium-ion
transport the nucleation sites were randomly formed and in homogeneously distributed on the
electrode surface during the first lithium deposition, resulting in uneven lithium dendrites.
Following nucleation, lithium was constantly deposited on the nucleation sites, forming coarse
dendrites that could breach the separator, resulting in battery failure and potentially fire as well as

explosion %12

Publications on Li-S batteries have steadily grown throughout the past decade. There are
considerable number of 2D hybrid materials among these. Consequently, it is required to
summarize for the first time the relationship between the distinctive characteristics of 2D material
heterostructures and the electrochemical performance of Li-S batteries. We presented and
classified some carefully chosen 2D materials with distinct characteristics. To address the issues
of insulating intermediates, polysulfides shuttle and slow kinetics, we summarized strategies for
utilizing the interesting characteristics of 2D material based heterostructures such as superior
conductivity, selectable functional groups and good flexibility for enhancing electrochemical
performance.

This review focuses on recent advances in utilizing the unique properties of 2D material
heterostructures to improve the performance of Li-S batteries. It is organized as follows: 2D
materials for cathode and separator of lithium—sulfur batteries (graphene and its derivatives,

transition metal oxides, dichalcogenides, MXenes and black phosphorus); DFT and mechanism
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analysis for 2D materials (Heterostructures); summary and prospects for incorporating the various

properties of 2D materials to promote the implementation of Li-S batteries.

2. Two dimensional materials for cathode and separator of lithium—sulfur

batteries

Different types of 2D materials, such as graphene and its derivatives, 1317 transition metal oxides
(TMOs),'820 dichalcogenides (TMDs), 2123 carbides and carbonitrides (MXenes), 2426, black
phosphorus and hexagonal boron nitride (HBN), have been investigated recently in lithium sulfur
batteries. Since 2D materials are atomically stacked, they often display superior electrical, optical,
and mechanical characteristics that show considerable promise for use in both basic research and
practical applications.?’-3 In lithium-sulfur battery cathode and separator applications, 2D hybrid
material electrodes demonstrated intrinsic value. The electron transfer of isolated sulfur and Li,S
was enhanced by using the high electric conductivity of 2D materials like graphene and MXenes
(Ti;C,X, X = F, OH) and the abundant functional groups of hydroxyls, pyridine nitrogen, and
pyrrole nitrogen on 2D materials. The most promising candidates for blocking the polysulfide
shuttle effect by anchoring polysulfides in the cathode are 2D hybrid materials with high
flexibility. 2D materials commonly display unique features including high electric conductivity,
flexibility and mechanical strength. Moreover, the 2D materials exhibit controllable assembly

feature and various functional groups. (Schematic 1)
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2D materials

Flexibility

Conductivity Functional groups

Schematic 1: Schematic diagram of the unique properties of 2D materials for lithium sulfur

batteries

2.1. Two dimensional graphene and its derivatives

Graphene and its derivatives are susceptible to chemical and physical interactions with sulfur and
polysulfides. Graphene's geometrical features and molecular structure are responsible for the
observed physical interaction. Graphene and its derivatives are flexible 2D materials that may
confine sulfur particles at the macroscopic level. 3! Graphene and its derivatives as flexible 2D
materials improve active material reutilization, reduce the shuttle effect, and protect the cathode
from fracture and pulverization by trapping dissolved lithium polysulfides and buffering the

significant volume change between sulfur and Li,S. Graphene exhibits a hexagonal honeycomb
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crystal structure, with carbon-carbon sp? links joining each atom and n/z* bonds orienting off of
the plane (Fig. 1a). 32

The well-organized graphene structures successfully encapsulated the dissolute polysulfides and
promoted the movement of electrons and mass. Using layered MOF templates, ultra-hydrophilic
graphene stacks with very accessible nano-sized interlayer pores were manufactured. Strong static
absorption of dissolved polysulfides was shown by the scaffold produced.3® The synthesis of
porous crumpled graphene microflowers (GmF) using spray drying and high-temperature
annealing at 2000-3000° C (Fig. 1b) 34 was presented as a high-throughput production approach.
In another method, caterpillar-shaped graphene was produced and sulfur was contained via a
restacking process.3’

Another strategy for improving the graphene/polysulfide interaction is to dope or functionalize the
graphene sheet, which involves implanting heteroatoms or functional groups on the carbon's basal
plane. For instance, nitrogen atoms were doped homogeneously during the CVD procedure at 750°
C. 3¢ The hydroxylated, sulfureted, and fluorinated graphene nanosheets (Fig. 1¢) were fabricated
using the sonication-hydrothermal method 37, intense ball milling 38, and HF treatment 3, which
simultaneously preserved the conductivity and improved the chemical interactions, resulting in
improved electrochemical performances. Doping heteroatoms onto GO sheets is another way to
improve chemical bonding. Doped heteroatoms typically form chemical interactions with sulfur
and lithium polysulfides. The utilization of nitrogen-doped carbon as the Li-S cathode host was
investigated and several heteroatoms have been used, such as nitrogen 4%-42, sulfur 43, phosphorus
44 indium#, Fe* and boron.#7® Li NMR spectroscopy and advanced quantum chemical
calculations revealed that the electron-rich donors (such as pyridinic nitrogen (pN)) are responsible

for the strong dipole-dipole interaction between Li polysulfides and N-doped graphene, which is
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then amplified by the inductive and conjugative effect of scaffold materials with m-electrons (such

as graphene). 4°-51

oNOYTULT D WN =

Moreover, Huadong Yuan et al. 3 demonstrated that pyridinic N atoms interact most with
10 polysulfides (Fig. 1d). They also serve as active sites to reduce activation barriers for Li,S
decomposition. Even more impressive results were seen with double or triple doping.33-55 By
15 bonding S and N groups with polysulfides, a nitrogen/sulfur co-doped graphene sponge was
17 employed as the sulfur carrier, successfully reducing the shuttle effect. Zhang et al, synthesized
phosphorus codoped graphene nanosheets (P-Fe4dN@NPG) using a solvothermal method and the
22 obtained P-FedN@NPG/S cathode ehibited better performance in terms of polarization and shuttle

24 effect.5®
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More types of functional groups or heteroatoms may be implanted, and most of the processes can

be carried out at room temperature or moderate temperatures with optimized methods.
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Fig. 1 a) Both graphene and element sulfur have symmetrical, non-polar structure. Reproduced
with permission from ref.32. Copyright 2013, RSC Publishing. b) Graphene microflowers
produced by reducing GO at ultrahigh-temperature. Reproduced with permission from ref. 34.
Copyright 2017, John Wiley and Sons. ¢) Hydroxylated and sulfureted graphene nanosheets
fabricated by sonication-hydrothermal method and intense ball milling. Reproduced with
permission from ref. 37. Copyright 2013, John Wiley and Sons. d) DFT calculations of the
interactions between sulfur and nitrogen atoms, showing that pyridinic N atoms have the strongest

interaction with polysulfides. Reproduced with permission from ref. 52. Copyright 2018, Elsevier.
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2.2 Transition metal oxides (TMOs)

The beneficial effects of transition metal oxide additions have been linked to strong polar
interactions between electron-attractive metal and negatively charged polysulfides and between
oxygens and Li" ions. 57-6 Because of their outstanding polysulfide restraining capacity, transition
metal oxide based on Mn and Ti has attracted special attention from the scientific community. 57-
0 Furthermore, developing sustainable sulfur composite cathodes 1-63 and implementing scalable
synthesis techniques proved to be extremely promising ways of reducing the cost-effective and
actually establishing a realistic Li S battery. % Recent promising work has demonstrated
outstanding Li S performances based on transition metal oxides with specific topologies generated
through alternative synthesis processes, such as three-dimensional porous MnO, % and room-like
TiO, % as sulfur hosts.

Hassoun et al. investigated sulfur composites with an active material weight ratio of up to 80%
using commercial MnO, and TiO, powders without any additional synthesis procedures.®’ UV-vis
measurements performed on the pure Li,Sg-added electrolyte and on the solutions in contact with
MnO, and TiO, demonstrate the superior polysulfide retention of MnO,. The pure Li,Sg-added
solution demonstrates the expected intense response, but the solution in contact with TiO,
produces a weaker polysulfide signal that practically disappears in the solution containing MnQO,.
(Fig. 2a)

S MnO, has a slightly greater initial capacity than S TiO,, with 1140 and 930 mAhgg! after the
first cycle at 1C, respectively. However, S MnO, exhibits greater capacity deterioration throughout
the cycling test, with a capacity retention of 700 mAhgs™!' corresponding to 61% of the initial

capacity. At the same time, S TiO, keeps its capacity for 76% of the initial value. (Fig. 2b).67 It

11

ACS Paragon Plus Environment



oNOYTULT D WN =

Energy & Fuels

suggests that nanometric TiO, promotes faster reaction evolution than micrometric MnO,, which
may support an overload of lithium polysulfide.

Li et al. suggested Co nanoparticles embedded in N-doped CNTs. TiO, was chosen as the skeleton
due to its excellent structural and chemical durability at high voltage during charge/discharge
processes. Co doping may enhance catalytic capabilities while improving conductivity.5® 6 The
distinctive ordered macroporous structure of Co-TiO, offers active sulfur/lithium storage
interfaces. It decreases sulfur/lithium volume change during cycle, while NCNTs contribute to the
porous matrix's excellent electronic conductivity and facilitate LiPS physical confinement.”

The high-resolution TEM (HRTEM) (Fig. 2¢-d) clearly shows the carbon-coated tip Co
nanoparticle with lattice spacing of 0.205 nm, corresponding to Co (111) plane. In addition, a
lattice spacing of 0.324 nm was also observed, which can be assigned to TiO, (110) plane.

DFT models proved the Li atom of LiPS likes to combine with the Co, N, and O atoms, while S
prefers to coordinate with the surface Co, C, and Ti atoms. (Fig. 2e) The remarkable chemical
adsorption performance of Co@NCNTs/Co-TiO, may commendably contribute to higher sulfur
immobilization, minimizing active sulfur loss while mitigating the shuttle effect in Li-S batteries.”!
Although a wide range of possible transition metal oxides can be employed 72, the comprehensive
study by Liang et al. 73, has brought forward a general rule of thumb. They demonstrated that
metal-oxides with redox potentials in the range of 2.40 V to 3.05 V are particularly effective for
the inhibition of the polysulfide shuttling and thus, battery decay. Oxides that exhibit a redox
potential of less than 2.4 V, such as Co3;04 or Ti;07 tend to act as anchoring sites and contribute
towards the polysulfide adhesion, however, they do not contribute towards conversion of
polysulfides, which in itself is an important mechanism for increasing the Li-S battery lifespan.

On the other hand, transition metal oxides with a redox potential of greater than 3.05 V, such as
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V,0s, tend to oxidize the polysulfide chains, forming thiosulfate/polythionate groups that are
bound to the reduced metal oxide, which is not a beneficial pathway, and lead to lower cycling
efficiency. The deterioration of MnO, containing Li-S cells can be attributed to its higher limit

redox potential of 3.05 V as well, which causes the unwanted oxidation of polysulfides.
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Fig.2. a) UV-vis measurements performed on the Li,Sg-containing solutions in the 500-800 nm
wavelength range by using a DOL: DME 1:1 w/w solution; Reproduced with permission from ref.
67. Copyright 2023, John Wiley and Sons. b) Trends of the prolonged galvanostatic cycling tests
performed on lithium cells with the configuration Li| DOL:DME, employing either S MnO, (red)
or S TiO, (green) electrodes at a current rate of 1C; Reproduced with permission from ref. 67.
Copyright 2022, John Wiley and Sons. ¢, d) HRTEM images of co@ncnts/Co-Ti0,; Reproduced
with permission from ref. 70. Copyright 2013, Elsevier. e) Optimized geometries of Li,S, and
Li,S¢ on Co (111), NCNTs and Co-TiO, surfaces. Reproduced with permission from ref. 71.

Copyright 2014, Elsevier.
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He et al. proved a high tap density and excellent electrical conductivity for the obtained sulfur
cathode using the transition metal oxide of LaFeO; with perovskite structure. In addition to having
exceptional electron and ion-conducting networks, LaFeO; nanofibers made through
electrospinning also appear to have outstanding chemical adsorption and catalytic activity for
soluble lithium polysulfides. A high initial areal discharge capacity of 5.9 mAh cm™2 at high sulfur
loading of 5 mg cm 2 has been achieved for the sulfur/LaFeO; composite within 300 cycles at 2 C
rate.”* Wei et al. developed a novel macroporous Co-doped TiO, as stable skeleton for both S and
Li hosts. The achieved results exhibited a high rate capability of 879.66 mAh g! at 5C, as well as
super cycling stability with a low capacity decay rate of about 0.033 % after 1000 cycles at 3C .75
Pu et al. addressed the poor electrical conductivity limits of transition metal oxides through
development of the homogeneous CoNiO,/Co4N nanowires. Strong adsorptive/catalytic properties
of CoNiO, accompanied with efficient electrical conductivity of CosN could significantly inhibit

shuttle effect and improve the transport rate of ions and electrons. 76

2.3. Dichalcogenides (TMDs)

Transition metal dichalcogenides (TMDs) are a prominent family of polar materials with an
analogous graphene structure that have piqued the attention of academia and industry due to their
unusual physical characteristics, excellent structural stability, and abundant transition metal d-
electrons.””- 7

Titanium disulfide (TiS;) has the smallest weight, lowest cost, highest stability, and best binding
affinity to PS among the stacked TMDs.80-83 As-obtained H- and O-incorporated porous TiS,
(HOPT) was investigated recently. 3 The cell design comprises a CNTsS/HOPT cathode paired

with a lightweight graphene/HOPT interlayer.
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The battery maintains its discharge capacity of 172 mA h g'!' until the 2500th cycle, even at a
current rate of 30 C, degrading at just 0.015% per cycle on average (Fig 3a). In addition, after
2500 cycles, the Coulombic efficiency is still more than 98%. CNTsS/ 300HOPT@G/300HOPT
shows tremendous potential for long-term storage applications requiring high power output, with
its high reversible capacity and low-capacity degradation rate at 30 C.

Because of the encouraging rate performance of CNTsS/300HOPT@ G/300HOPT, its high-power
application is investigated. To get to 4.8 mg of S, four half-cells were built in sequence. After only
20 s of charging, the device's open circuit voltage of 9.5 V is sufficient to efficiently drive 60
white, blue, green, or red-light emitting diode (LED) indicator modules indicating
CNTsS/300HOPT@G/300HOPT electrode's exceptional high-power capability. (Fig 3b)3
CoS,;@MoS, hollow nanocages on carbon cloth (CoS,@MoS,/CC) are investigated recently and
are produced by a two-step hydrothermal process. (Fig. 3¢) 35

Considering potential commercial applications, the viability of S@CoS,@MoS,/CC cathode with
a greater sulfur loading is examined further. As shown in Fig. 3d, the cathodes with sulfur loadings
of 2.0, 2.9, and 3.6 mg cm™ preserve respectable capacities of 911.8, 763.2, and 569.7 mAh g-!
after 100 cycles at 0.1C. These remarkable electrochemical performances suggest that the
CoS,;@MoS,/CC structures may effectively improve the performance of cathodes with a high
sulfur loading. Fig.3e depicts the cycling performance over a long period. After 300 cycles, the
reversible capacities are maintained at 579.3 mAh g! and 556.8 mAh g -!, respectively. These

findings demonstrate the great stability of cycling at various current densities. 8%
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Fig. 3 a) Cycling performance of the CNTs—S/300HOPT@G/300HOPT electrode at 30 C.
Reproduced with permission from ref. 84. Copyright 2017, American Chemical Society; b) Digital
photographs of 60 white, blue, green, and red indicators composed of 2835 LED modules powered
by four lithium batteries in series. Reproduced with permission from ref. 84. Copyright 2017,
American Chemical Society; ¢) Schematic illustrations for the fabrication of CoS2@MoS,/CC d)
The cycling performance of the CoS,@MoS,/CC at 0.1C with S loading of 2.0, 2.9 and 3.6 mg
cm™ % e) The long-term cycling performance of the S@CoS,@MoS,/CC at 1C and 2C,

respectively. ¢, d, e Reproduced with permission from ref. 85. Copyright 2022, Elsevier.

According to the latest studies, the combination of MXenes and TMDs is potentially capable of
exposing the best features of both the MXenes and TMDs. Enhanced contact area between

electrode and electrolyte is the result of combining MXenes and TMDs.3¢
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Wang et al., developed a hybridized Co-MoSe,/MXene bifunctional catalyst as a high-efficient
sulfur host. Authors successfully achieved a high reversible specific capacity of 1454 mAh g! and

an ultrahigh volumetric energy density of 3659 Wh L' .37

2.4. MXenes

MXenes with the formula M,,4; X, Ty (n = 1-3) (where M represents a transition metal, X represents
carbon or nitrogen, Tx stands for the surface terminations). The surface of MXenes is terminated
with different functional groups such as hydroxyl (OH), oxygen (O), chlorine (Cl), and fluorine
(F) after etching, resulting in high hydrophilicity. The use of MXenes in Li-S batteries should be
given special consideration. MXene surface groups (particularly hydroxyl groups) are extremely
affinitive to polysulfides and may attract them without further surface modifications. Furthermore,
the highly conductive core (Ti C Ti bonds) may considerably accelerate charge transfer kinetics,
significantly improving sulfur utilization and capacity retention. 88-91

Wang's team developed a crumpled nitrogen-doped Ti;C, Ty (N-Ti;C,Tx) nanosheet with a well-
defined porosity structure to boost the affinity to sulfur. (Fig. 4a) Such nitrogen-doped MXenes
are also more capable of adsorbing polysulfides than pure MXenes, with an improved reversible
capacity of 950 mAh g! after 200 cycles at 0.2C. (Fig. 4b). %?

As illustrated in Fig. 4¢, a highly conductive Mo,CTy MXene-CNT hybrid was created by
interweaving with CNTs. At different sulfur loadings, the Mo,CT,/CNTs electrode showed
remarkable electrochemical performances in high capacity, good rate capability, and high initial
reversible capacity (1314 mAh g at 1.8 mg cm™? sulfur loading, 959 mAh g-! at 5.6 mg cm sulfur
loading).”® W,C has been described as an effective sulfur host with stable cycling for Li-S batteries,

which might be attributed to W,C's improved adsorption and catalytic sites. Decorating W,C
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nanoparticles on the CNF and loading W,C nanoclusters on the nitrogen-phosphorous co-doped
carbon matrix (W,C/N/P-rGO) resulted in composites with better polysulfides interaction and
electrochemical kinetics (Fig. 4d). Under various sulfur loadings, the W,C/N/P-rGO composite
demonstrated significant reversible capabilities (Fig. 4e). %4

MXenes could entrap the soluble Li,Sn through a strong Ti-S interaction to inhibit the shuttling
effect. Meanwhile, MXene surface functional groups exhibit robust chemisorption to Li,S,,
effectively reducing active material loss and maintaining high capacities during long-term cycling.
MXenes with certain surface groups and configurations have a low Li,S decomposition energy
barrier and rapid Li" diffusivity, facilitating electrochemical redox processes. Ti;C,Ty is just one
kind of MXene. More than 30 different MXene phases have been discovered so far, and their
existence has been anticipated for several more. There are plenty of reasons to look at additional
MXene members as a potential source for high-capacity Li-S batteries. 5

Herbert and Ulam were the first to use elemental sulfur as a cathode and presented the
electrochemical reaction 2Li + S<-> Li,S in 1962 126_ Rauh et al. established in 1979 that Li metal
is particularly stable to highly concentrated solutions of Li,Sn (n=1,2,4,6, and 8) in

Tetrahydrofuran (THF) and other aprotic organic solvents 1195,
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Fig. 4. a) Schematic illustration of synthesis process of the crumpled N-Ti;C,T,/S electrodes
36 Reproduced with permission from ref. 92. Copyright 2023, John Wiley and Sons;

38 b) Cycling performances of crumpled N-Ti;C,T,/S electrode and mixed-Ti;C,T,/S electrodes.
Reproduced with permission from ref. 92. Copyright 218, John Wiley and Sons; c¢) Schematic
43 diagram of the growth routine of Mo,CT/CNT composites, and initial charging/discharging
45 curves of Mo,CT,/CNT cells under various sulfur loadings, Reproduced with permission from ref.
2019. Copyright 2023, John Wiley and Sons; d) Schematic illustration of the preparation strategy
50 of W,C/N/P-rGO/S composites, Reproduced with permission from ref. 2019. Copyright 2023,
52 John Wiley and Sons; e) Rate ability of W,C/N/P-rGO/S cathode under different sulfur loadings.

>4 Reproduced with permission from ref. 2019. Copyright 2023, John Wiley and Sons.
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Feng et al. developed a MoWS,@MXene@CNT composite material as the main cathod for lithium
sulfur batteries. The obtained results proved a good rate and cycling stability for the investigated
lithium sulfur batteries.’® Zong et al. developed a MoS,/Nb,C catalyst as cathode with good long-
term stability for Li-S batteries. Authors achieved a specific capacity of 919.2 mAh g ! at 0.2 C

after 200 cycles with excellent retention of 92.2%. *7

2.5. Black phosphorus (BP)

Black phosphorus (BP) is appealing from a compositional design standpoint due to its high
electrical conductivity and rapid Li-ion transport. ®® From an architectural standpoint, BP's two-
dimensional (2D) structure reveals many edges active sites, giving LiPSs remarkable
chemisorptive potential. Amorphous FeCoO-coated BP (BP@FeCoO) nanosheets were effectively
manufactured with a simple solvothermal technique.®”® As illustrated in Fig. 5a, the capacitive
current in the cell with BP electrodes was insignificant. On the other hand, the symmetric cell with
the BP@FeCoO electrode displayed greater peak current densities than the BP@c-FeCoO and c-
FeCoO electrodes, *° confirming its better catalytic activity in LiPS conversion. 100-103

Fig. 5b depicts the good adsorption-conversion process of BP@FeCoO towards LiPSs. %
Because of its chemical interaction with LiPSs, BP@FeCoO may chemically adsorb them and
provide large ion and electron conductivities, boosting LiPS conversion through fast catalytic
activity. 194105 The large surface area and meso/microporous architectures of BP@FeCoO reveal
the abundant active sites on the surface for LiPS immobilization and allow for the volumetric

expansion of sulfur.
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The current theoretical work was carried out to forecast the "surface approach" via heteroatom
doping of BP to improve its performance in order to lower the BP loading. Lewis acidic B-doped
BP, Al-doped BP, Lewis basic N-doped BP, and virgin BP are investigated recently.

Fig. 5¢ shows the corresponding adsorption energy data for BP, N-BP, B-BP, and Al-BP. The
order is as follows: B-BP > AI-BP > N-BP > BP. This implies that all N doping, B-doping, and
Al-doping increase the adsorption energy value. B-BP and Al-BP adsorption energies are much
higher than those of BP and N-BP. B-BP has the greatest impact on adsorption energy
augmentation. 1% According to the calculation of Li,S,— Li,S conversion, N-doping increases
conversion energy requirements, but B-doping and Al-doping lower conversion energy
requirements and improve lithium polysulfide conversion. Combining these two critical factors
suggests that B and Al doping of black phosphorus is a potential "surface technique" for improving

BP performance and, ultimately, lowering loading.

Q
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g2 2
e

&
[

,,,,,

Fig. 5. a) CV curves of the symmetric cells using different materials as electrodes at a scan rate of
10 mV s, Reproduced with permission from ref. 99. Copyright 2018, Royal Society of Chemistry;
b) Schematic illustration of the influence of the BP@FeCoO/S cathode on the shuttle of LiPSs and

the conversion reaction kinetics of LiPSs, Reproduced with permission from ref. 99. Copyright
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surfaces Reproduced with permission from ref. 106. Copyright 2020, Elsevier.

The morphology, stability, polarity, catalytic ability and capacity retention for various 2D

materials are shown in Table 1.

Table 1: Morphologies, properties, and functions of 2D materials-based heterostructures

Page 22 of 54

Materials Morphology Stability Polarity Catalytic Capacity | Reference
ability retention | s
3D hierarchical nitrogen- | Microspheres | Good chemical | No Low 77% after | 107
doped graphene/CNTs stability 500
cycles
Nanofibers Strong structural | Yes Outstanding | 62% after | 108
Perovskite transition
metal oxide stability 500
(LaFeOs)
cycles
Ni-doped MoS, (TMDs) Nanosheets Excellent cycling | Yes Strong 85% after | 109
stability 100
cycles
Ti;C,Ty Nanofilm Outstanding Yes Good ~852% | 110
(Freestanding MXene) structural and after 500
cycling stability cycles
22
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MOFs/black phosphorus

Superior No Outstanding | 86.1 %
thermal, air, after 100
Heterostructure

dimensional and cycles

cycling stability

111

2.6. hexagonal boron nitride (HBN)

Application of h-BN isoelectronic to graphene can overcome the limitations of graphene which
are caused due to delicacy of single/few layers and tend to overlap and restack when fabricated

into electrodes. 112

Strong electrostatic attraction and noncovalent interaction of h-BN followed by innovative
adsorptive property categorizes it as effective host for sulfur in lithium sulfur batteries. Associated
challenge with wide bandgap of h-BN limits its application in Li-S batteries. However, the

integration with other 2D nanomaterials could potentially overcome this challenge. 113

The integration of graphene and h-BN has been recently investigated as host in lithium sulfur
batteries to avoid polysulfide leakages. This composite (graphene/h-BN) combines the inherent
adsorptive property of h-BN and higher conductivity of graphene. In a research study conducted
by Fan et al., the charge transfer resistance of Li-S battery decreased using the functionalized boron
nitride nonasheets/graphene. Moreover, the developed composite improved the cycling stability of

investigated Li-S battery.!1

Enhancement in the adsorption of polysulfides was proven by Deng et al. through the development

of graphene-supported BN nanosheet composites in Li—S.115 Mussa et al., developed RGO/h-BN
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composite as sulfur hosts in Li-S batteries with enhanced electrochemical properties. Moreover,

researchers proved a stable cycling performance at elevated temperatures. 116

3. DFT and mechanism analysis for 2D materials (Heterostructures)

As shown in the previous sections, the possibilities for enhancing the performance of Li-S batteries
are not limited by a few combinations, and it can be argued that the possibilities that may be
explored are unlimited, which means the experimental investigation of all the possibilities cannot
be achieved in a humanly possible time-frame. Therefore, computational materials science, ab-
initio tools, and especially quantum mechanical methods such as density functional theory (DFT)
can provide a high throughput highway for an accelerated atomic-scale materials design and

discovery.117

DFT is now widely used for general battery design and well established in the mechanism analysis
of 2D materials and Li-S batteries.!'8-121 Through the calculation of chemical potentials, DFT can
provide a concise overview of the open circuit potentials, and the feasibility of a cathode-anode
couple.!?? DFT has also proven extremely effective in calculating diffusional pathways, and
intercalation in any structure imaginable.!?3-125 Calculation of the binding energies between any
two species, such as Li,S, and the separator of any kind is also achieved through DFT. 126 It is now
possible to calculate the impact of defects (point defects, or line defects) on the binding energies
and the chemical potentials in a system as well, which opens the gateway for defect engineering
in battery design.!?712% In fact, it is possible to alter the stable defects in cathode or anode materials
through heat treatments or irradiation, which warrants further computational insights.!3? DFT has
been successfully used to predict finite-temperature defect equilibria as well.13%> 132 Various
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dopants have been explored as mentioned in section 2, each of which contributes to the Li-S
batteries in a unique way. Experimental analysis of defects can be extremely challenging; however,
the fundamental impacts of the dopants and their defects on the electrochemical behavior of a
system is calculable through DFT, by considering the electronic density of states, catalytic surface
properties, defect formation energies, and the influence of the dopants on the binding energies.!33
135 Cathode and anode material generally suffer from volume changes during charging and
discharging, which causes unwanted strains that ultimately result in premature failure. Calculating
volumetric changes during charging/discharging, strain dependent phonon and the elastic
properties are also possible through DFT, which can further aid in materials selection and battery
design.136-138 A]] of these possibilities can facilitate wide-scale investigations on a plethora of 2D
heterostructures to find the optimum solutions prior to any experimental work, which can
enormously accelerate our search for novel cathode-separator-anode combinations in Li-S

batteries and beyond.
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Fig. 6. a) Heterostructures will inevitably have strain effects at the interface, which impact the
material properties, such as; b) normalized capacity; ¢) E0 vs SCE; d) interplanar spacing that
affect diffusional pathways, and; e) intercalation energy. Reproduced with permission from ref.
144. Copyright 2017 ACS.

Two-dimensional Heterostructures are amongst the most attractive candidates for the future of
battery design, which are also being actively explored through DFT, as shown by Bahari et al.13°A
heterostructures' properties may be estimated by the rule of mixtures, which has shown reasonable
conformity with ab-initio simulations and experimental data for some combinations.!® However,
significant deviation in the materials properties of the hetero-structure couple from that of its
constituents are known in the literature, the rule of mixtures cannot explain that. It is possible to
explain such phenomena by the interfaces between the two structures (the heterojunctions) that are
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a source for significant changes in the electronic behavior of the couple, and also the interfacial
strain can completely transform the couple's interatomic spacing if the layers are in the order to
several nm or less in thickness.!#! In case of 2D heterostructures, these effects can be even more
drastic, and therefore, completely transforms the elastic properties, binding energies, electronic
conductivities, diffusional pathways and all other materials properties, as the emerging field of
strain engineering has shown in a wide range of materials.!%143DFT has proven to be an extremely
powerful tool in the calculation of strain dependent materials properties for battery design as well,
by using strain as a tuning factor for diffusion coefficients, open circuit potentials and other critical
parameters, as shown in the Fig. 6.1 In other words, a 2D heterostructures is a unique material
from a theoretical perspective, and shouldn't be compared to its constituent members due to such
interfacial strains, which can be an aid for tuning material properties by adjusting the strain in the
heterostructures. Based on prior DFT calculations, the primary reasons for the behavior of this
strain dependent material can be explained by the changes in the Fermi surfaces, electron

localization function, and charge densities that the heterojunction causes.

A trailblazing methodology that has made DFT exponentially more effective is the introduction of
artificial intelligence (AI) and machine learning (ML). One major disadvantage of DFT is the
computational time required for atomistic quantum mechanical calculations. However, by using a
limited dataset of DFT calculations as training data for a desired property, the computational time
for prediction of properties such as binding energies can be reduced by 6 to 7 orders of magnitude,
as shown by Zhang et al. on Li-S batteries (Fig. 7).!45 Therefore, by applying DFT-assisted ML,

the search for extraordinary heterostructures is bound to gain an unprecedented pace.

Similarly, the sulphur and lithium adsorption sites can show a plethora of different configurations,

as adsorption energies depend on the local chemical potential equilibria. This means, by bringing
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together different combinations of phases in conjuncture with the 2D heterostructure, the S and Li
adsorption sites can be manupilated as well, to the advantage, as it was shown in our earlier study.
146 One example that is of particular interest by Grixti et al.!*7, that shows the use of 2D boron for
the adsorption of polysulfides, that can reduce the shuttling effect. Their use of charge density
difference and caclculation of binding energies, can be adopted to a plethora of other 2D materials
as well, that can accelerate the progress in Li-S batteries without shuttling effects. The evidence
regarding anchoring of polysulphides on 2D heterostructures are overwhelming, and also seen in
silicene and phosphorene, as reported by Li and Zhao 43, which further necessitates a high-

throughput search using DFT.
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Fig.7. a) ML can effectively predict DFT calculated adsorption models, and adsorption energies
that are reasonably close to their DFT calculated counterparts in; b) MoSe,-Li,S4; ¢) MoSe,-Li,Sg;
d) MoSe,-L1i,Ss. ) Al can be trained based on DFT data to predict shuttle effects in Li-S batteries;
f) while providing binding energies that are acceptable; g) The computational time required for
ML calculations is 6 to 7 orders of magnitude faster than DFT. Reproduced with permission from

ref. 145. Copyright 2021, Elsevier.

4. Properties of 2-D Heterostructures (flexibility, dendrite growth, self-

assembly)
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It was discovered that graphene serves as a suitable material for immobilizing LiPSs. In sulfur
cathodes, LiPSs are frequently utilized and graphene can effectively accommodate them due to its
ample space. The Li-S battery was designed by Cheng's team using a new approach. Sulfur and
graphene are utilized in the design of a PP separator, rather than relying on aluminum foil. Vacuum

filtration was utilized in its creation. 149

The addition of a graphene layer acted as a barrier to unwanted lithium sulfur intermediates,
keeping the sulfur battery protected. Its function was also to serve as a barrier that hindered the
quick diffusion of polysulfides. The battery was able to retain a significant amount of capacity
over a prolonged cycle life. Despite being used 500 cycles, it only lost a negligible amount of
capacity fade with every cycle. The introduction of lithium-sulfur batteries with 2D graphene are
investigated to generate batteries with enhanced strength and flexibility that could store more

energy. 15

2D materials may enhance the performance of sulfur batteries through the creation of flexible
pathways that facilitate faster electron flow. To achieve this rephrasing, the materials are either
stacked or linked together. Self-assembly can create unique surface properties and miniaturized
holes in the materials by arranging them in a particular manner. The reaction that occurs when
using LiPS batteries can be accelerated by certain materials. Their flatness and durability make
these materials exceptionally robust. The recent discovery of ultrathin sheets known as MXenes
has aroused great interest. There is a lot of interest in materials that have a two-dimensional shape
similar to graphene. Mxenes have high conductivity, electricity, naturally flexible and physically
strong. MXenes have the potential to produce flexible electrodes with their large interlayer

channels. 151

30

ACS Paragon Plus Environment

Page 30 of 54



Page 31 of 54

oNOYTULT D WN =

Energy & Fuels

It was found that the Graphene, as a 2D material with high specific surface area and electrical
conductivity could restrain the dendrite growth and increase electrode surface area.

Mukherjee et al. synthesized a porous graphene networks (PGN).The porous graphene induced the
homogeneous deposition and served as a caged entrapment for lithium resulting in increased

Coulombic efficiency and suppressed dendrite growth. 152

Sulfur and 2D materials offer a means to produce self- assemble pathways that facilitate rapid
movement of electrons and ions. Materials are combined through stacking or linking to achieve
this. Irrespective of the method of growth, 2D material heterostructures will provide self —assembly
feature in order to conserve energy.'> Spontaneous alignment can aid in the creation of small
objects. Their excellent electrical properties lead to potential for new discoveries. The growth of
2D materials can aid in the visualization of their grain structures. The behavior of materials is

highly impacted by these structures.

5. Challenges and Perspectives

Using 2D material based heterostructures in cathodes and separators of Li-S batteries is a
promising approach due to their high surface area, strength, outstanding thermal conductivity, and
self-assembly properties. The high surface area enhances active material utilization in the cathode,
while the high strength and thermal conductivity improve the mechanical stability and thermal
management. In separators, the self-assembly properties of 2D materials lead to a highly porous
and ordered structure, enhancing ionic conductivity. The unique properties of 2D materials make
them ideal for battery applications, and further research is expected to improve performance.

Different types of 2D materials, such as graphene and its derivatives, TMOs, TMDs, MXenes, and
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BP, have been summarized in this review. The well-organized graphene structures successfully
encapsulated the dissolute polysulfides and promoted the movement of electrons and mass. Doped
heteroatoms on graphene typically form chemical interactions with sulfur and lithium polysulfides.
The utilization of nitrogen-doped graphene as the Li-S cathode host was investigated and several

heteroatoms have been used, such as nitrogen, sulfur, phosphorus, indium, Fe and boron.

Modifying the hierarchical structure of 2D material based heterostructures, such as graphene or
MXenes are a useful strategy for improving the performance of Li-S batteries. Modifying the
hierarchical structure of 2D material based heterostructures, such as graphene or MXenes is a
useful strategy for improving the performance of Li-S batteries. By controlling the size and
distribution of the conductive material and the binder in the cathode, it is possible to reduce the
formation of voids and improve the mechanical stability of the battery. Using 2D materials with
high conductivity can also increase the overall efficiency of the battery. This approach is promising
for further research and development.

2D materials (TMOs and TMDs) with numerous active sites and functional groups display
anchoring sites for polysulfide. Functional groups can modify the active sites on 2D materials to
control the nucleation and growth of polysulfides. This review provides an overview of recent
advancements in utilizing heterostructures of two-dimensional (2D) materials for Li-S batteries,
with the aim of enhancing battery performance and stability. These advancements encompass
various strategies, including modifying the hierarchical structure of the cathode to efficiently
accommodate sulfur, as well as employing 2D materials with high conductivity. Additionally,
incorporating 2D material heterostructures into separators improves ionic conductivity. Moreover,
exploiting the extensive surface area and self-assembly properties of 2D materials has been shown
to enhance battery performance. These promising advancements indicate the potential for further
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improvements in the performance and stability of Li-S batteries through ongoing research. We

presented and classified some carefully chosen 2D materials with distinct characteristics. To
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address the issues of insulating intermediates, polysulfides shuttle and slow kinetics, we
10 summarized strategies for utilizing the interesting characteristics of 2D material based
heterostructures such as superior conductivity, selectable functional groups and good flexibility

15 for enhancing electrochemical performance.

Utilizing 2D material-based heterostructures in both cathodes and separators of Li-S batteries

21 holds promise due to the exceptional surface area, strength, outstanding thermal conductivity,

23 and self-assembly properties exhibited by these materials. The increased surface area improves
the utilization of active materials within the cathode, while the enhanced mechanical stability and
28 thermal management resulting from the high strength and thermal conductivity contribute to

30 overall battery performance. In separators, the self-assembly properties of 2D materials facilitate
32 the formation of highly porous and ordered structures, thereby augmenting ionic conductivity.
Consequently, the unique properties of 2D materials render them highly suitable for battery

37 applications, and further research is anticipated to enhance their performance. This review

39 summarizes various types of 2D materials, such as graphene and its derivatives, transition metal
41 oxides (TMOs), transition metal dichalcogenides (TMDs), MXenes, and black phosphorus (BP),
44 along with their relevant characteristics. Graphene-based structures, for instance, have been

46 successfully employed to encapsulate dissolute polysulfides and facilitate the movement of
electrons and mass. Nitrogen-doped graphene has been investigated as a cathode host for Li-S

51 batteries, with various heteroatoms, including nitrogen, sulfur, phosphorus, indium, iron, and

53 boron, being utilized.
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The addition of TMOs introduces strong polar interactions between electron-attractive metals
and negatively charged polysulfides, as well as between oxygens and Li+ ions. TMOs based on
manganese (Mn) and titanium (T1) have recently garnered considerable attention due to their
remarkable ability to restrain polysulfides. TMDs, exhibiting a graphene-like structure with
distinctive physical properties, excellent structural stability, and abundant transition metal d-
electrons, constitute a notable family of polar materials. Among the stacked TMDs, titanium
disulfide (TiS2) stands out for its lowest weight, cost, highest stability, and superior binding
affinity to polysulfides. Functionalizing MXenes with various functional groups such as
hydroxyl (OH), oxygen (O), chlorine (Cl), and fluorine (F) enhances their hydrophilicity. In
particular, MXene surface groups, notably hydroxyl groups, exhibit a strong affinity for
polysulfides and can attract them without requiring additional surface modifications.
Additionally, the highly conductive core of MXenes, comprising titanium-carbon (Ti C Ti)
bonds, accelerates charge transfer kinetics, thereby significantly improving sulfur utilization and

capacity retention.

BP, with its high electrical conductivity and rapid Li-ion transport, possesses numerous active
sites along its edges, affording remarkable chemisorptive potential for LiPSs. The surface
technique of aluminum doping of BP has shown promise in enhancing BP performance and

reducing loading.

Another strategy for enhancing Li-S battery performance is the modification of the hierarchical
structure of 2D material-based heterostructures, such as graphene or MXenes. By carefully
controlling the size and distribution of conductive materials and binders in the cathode, void

formation can be minimized, thereby improving battery mechanical stability. Furthermore,
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employing 2D materials with high conductivity can enhance overall battery efficiency. These

approaches hold significant promise for future research and development efforts.

6. Summary and Conclusion

In this review, we summarized recent advances in the use of 2D material heterostructures for Li-S
batteries. Recent advances in the use of 2D material heterostructures for Li-S batteries aim to
improve performance and stability. Strategies include modifying the cathode's hierarchical
structure to host sulfur efficiently and using 2D materials with high conductivity. In separators,
2D material heterostructures enhance ionic conductivity. Utilizing 2D materials' high surface area
and self-assembly properties is also shown to enhance battery performance. These advances show
promise, and further research is expected to lead to even more Li-S battery performance and
stability improvements. We presented and classified some carefully chosen 2D materials with
distinct characteristics. To address the issues of insulating intermediates, polysulfides shuttle and
slow kinetics, we summarized strategies for utilizing the interesting characteristics of 2D material
based heterostructures such as superior conductivity, selectable functional groups and good
flexibility for enhancing electrochemical performance.

Detecting redox reactions in Li-S batteries is important for understanding their performance and
stability, but conventional characterization techniques are limited in their ability to detect these
reactions accurately. Novel techniques such as operando spectroscopy and high-resolution
microscopy provide real-time information about the redox reactions and are crucial for detecting
and understanding the reactions in Li-S batteries. These techniques can improve the optimization
of battery design and overall performance. In situ atomic force microscopy (AFM), X-ray

diffraction (XRD) and in situ transmission electron microscopy (TEM) should investigate. To
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directly accelerate the sluggish steps and to achieve high-rate capabilities, one optimal strategy is
to explore new and efficient catalysts and to apply them in lithium— sulfur batteries.

The thermal conductivity of 2D materials should be mentioned to mitigate lithium dendrites.
Moditying the thermal conductivity of 2D material-based heterostructures is a promising strategy
for improving the lifespan of Li-S batteries. This is because thermal management is crucial for
maintaining the performance and stability of Li-S batteries, as the accumulation of heat can lead
to thermal runaway and shorten the battery's lifespan. By integrating high thermal conductivity 2D
materials into the battery structure, it is possible to enhance the dissipation of heat and improve
the thermal stability of the battery. The combination of different 2D materials in heterostructures
can also result in a composite material with even higher thermal conductivity, further enhancing

the thermal stability of Li-S batteries.

Detecting and comprehending redox reactions in Li-S batteries is crucial for understanding their
performance and stability. However, conventional characterization techniques have limitations in
accurately detecting these reactions. Novel techniques, including operando spectroscopy and
high-resolution microscopy, provide real-time insights into redox reactions, enabling accurate
detection and understanding of these processes in Li-S batteries. These techniques facilitate the
optimization of battery design and overall performance. Additionally, in situ atomic force
microscopy (AFM), X-ray diffraction (XRD), and in situ transmission electron microscopy
(TEM) are recommended for further investigation. Exploring new and efficient catalysts, as well
as their application in lithium-sulfur batteries, represents an optimal strategy for directly

accelerating sluggish steps and achieving high-rate capabilities.
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Considering the mitigation of lithium dendrites, thermal conductivity of 2D materials should be
addressed. Modifying the thermal conductivity of 2D material-based heterostructures emerges as
a promising strategy for prolonging the lifespan of Li-S batteries. Efficient thermal management
is crucial to maintain battery performance and stability, as excessive heat accumulation can lead
to thermal runaway and shorten battery lifespan. By incorporating 2D materials with high
thermal conductivity into the battery structure, heat dissipation can be enhanced, thereby
improving thermal stability. Combining different 2D materials in heterostructures can yield
composite materials with even higher thermal conductivity, further augmenting the thermal

stability of Li-S batteries.
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