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Recent Progress in Developing Li2S Cathodes for Li-S Batteries 

Abstract 

With its unique features, lithium sulfide (Li2S) has been investigated as the cathode material 

for next-generation rechargeable batteries. Even though Li2S itself cannot solve all the 

problems faced by lithium-sulfur batteries (LSBs) and it may also introduce new issues, it 

does provide new opportunities. As the fully lithiated state of sulfur, Li2S offers the prospect 

of lithium-metal-free anodes and will also alleviate the volume expansion issues otherwise 

occurred in the sulfur cathode. Perhaps a most radical change when substituting sulfur with 

Li2S lies at the high-temperature process ability of the latter, thus opening new avenues to 

construct rationally designed electrodes. Despite sharing certain similarities with sulfur-based 

LSB, Li2S-based has its own opportunities and challenges in term of material synthesis, 

electrode fabrication, cell construction, and electrochemical behavior. To advance its state of 

the art, this review article discusses the current understandings on the initial Li2S activation 

process, which plays a crucial role in guiding Li2S nanostructure design and fabrication. With 

this leading thread, the article surveys impactful works on producing Li2S nanoparticles, 

encapsulating Li2S nanoparticles, simultaneously producing and encapsulating Li2S 

nanoparticles, and fabricating Li2S cathodes, followed by constructing lithium-metal-free 

LSBs. The pros and cons of different methods and the associated electrochemical behaviors 

are highlighted. Throughout, we call out the important research opportunities and challenges, 

both scattered out in the survey and aggregated in our conclusion perspective on future works, 

towards the fundamental understanding and practical development of Li2S-based LSBs.



1. Introduction 

Lithium-sulfur batteries (LSBs), by pairing a sulfur cathode with a lithium-metal anode, 

offer a high theoretical energy density of 2600 Wh Kg−1 when sulfur is fully converted into 

lithium sulfide (Li2S). As an electrode material, sulfur also possesses other merits such as low 

cost, resource abundance, and environmental benignity. As such, LSBs has been under 

intensive development as one of the most promising next-generation rechargeable batteries 

used for electrified transportation and stationary energy storage, among others.1-3

Despite the tremendous potential and decades of hard endeavor, the LSB technology is 

still immature. The extremely insulative nature of sulfur and Li2S, both electronically and 

ionically, makes a solid-solid reaction kinetically very challenging, if ever surmountable. 

Even worse, although the soluble characteristic of intermediate lithium polysulfides (Li2Sx, 4 

x  8) in ether-based electrolytes can be leveraged to relieve the otherwise formidable 

reaction kinetic barrier, shuttling of these same polysulfides between the cathode and the 

anode results in a series of adverse consequences, another perhaps more intractable challenge. 

In addition, the common electrode issues, such as a large volume change also exist in the 

sulfur cathode with ~ 80 % expansion during sulfur discharge.4-7 These problems give rise to 

low specific capacity, low rate capability, low Coulombic efficiency, and poor cycling 

stability for most reported LSB cells. Pairing with lithium-metal anodes will inevitably pose 

great safety issues due to the formation of lithium dendrites during the charging and 

discharging process, and the polysulfide shuttling will only make things worse. The chemical 

reactions of lithium metal with the electrolyte and Li2Sx and the repeated solid electrolyte 

interface (SEI) formation and destruction cause significant loss of active materials and 



electrolytes. In many reports on LSBs that claimed a high energy density and long cycling 

stability, much excessive electrolyte and Li anode mass were used, resulting in an extremely 

low practical energy density when all the masses are counted.8

Instead of elemental sulfur, Li2S, the fully lithiated state of sulfur, is attractive as an 

alternative cathode material. Using Li2S as the starting material could circumvent the volume 

expansion issue and the resulted cathode pulverization. Additionally, with Li2S as the cathode, 

graphite, Si, Sn and others could be used as a lithium-free anode,9-12 and thereby avoiding the 

safety issues of the metallic lithium anode. 

Since the battery chemistry is still based on the conversion between Li2S and S, using 

Li2S as the starting material does not solve other challenging problems such as poor 

electronic and ionic conductivities of the active materials as well as the polysulfides shuttle 

effects.13, 14 Similar to the case of sulfur, blending or encapsulating Li2S with electronically or 

ionically conductive matrix is still necessary, which also help alleviate shuttle effects of 

Li2Sx.15-18 In this regard, Li2S again is superior to sulfur because this encapsulation process 

could be carried out at a much higher temperature due to its high melting point (938 °C), 

while for sulfur, this temperature is limited to below 200 oC by its high vapor pressure. Thus, 

many preparation strategies for forming ideal composites that cannot be applied for sulfur 

now become viable for Li2S.19-21

However, using Li2S as the starting cathode material introduces its own issues. The Li2S 

activation in the first charging process turns out to be a formidable problem since it requires 

an extraordinary overpotential if the cathode structure is not properly designed.22 This 

overpotential is directly related to the particle size, morphology, and crystallinity of used Li2S. 



The commercially available Li2S,23-27 with a particle size of tens of micrometers and hence 

very poor electrochemical property, is not a suitable candidate. Furthermore, Li2S is reactive 

to humidity, and the conventional slurry-casting process to prepare cathodes must be 

modified to prevent Li2S from exposing to ambient atmosphere. All these new problems 

introduced by Li2S itself demand rational design and preparation of Li2S composites and 

cathode structures in order to achieve high-performance and cost-effective LSBs. 

In the literature, comprehensive reviews on LSBs, particularly those based on sulfur 

cathodes, have been well published,28-45 while articles reviewing works exclusively on Li2S 

cathodes are quite few.46-49 Considering the dramatic differences in the physical and chemical 

properties between sulfur and Li2S, different strategies and approaches to prepare the active 

material and the cathode structure are needed. With growing interest in Li2S as the initial 

active material and particularly dramatic progress in recent years, it becomes necessary to 

review the status in this area and provide tutorial and guidance to new investigators. Toward 

this end, this review article starts section 2 by introducing the most challenging issue of Li2S 

material activation and recapitulates the three main strategies for reducing the activation 

voltage. Once the activation process is completed with Li2S fully converted to elemental 

sulfur, the Li2S-based cathode will behave similarly as the sulfur-based cathode.50 Therefore, 

similar electrode design practices applied to the sulfur cathode will also be applied to the Li2S 

cathode. These includes incorporation of host materials to enhance the electronic and ionic 

conductivities of the whole cathode, physically confine and chemically bond the soluble 

polysulfides to minimize their diffusion out of the cathode structure, catalyze the redox 

reaction to accelerate the charge-transfer rate, etc. Therefore, in conjunction with Li2S 



activation articulated in section 2, Section 3 reviews the different methods in producing Li2S 

nanoparticles, Section 4 covers Li2S nanoparticle encapsulation, and Section 5 focuses on 

strategies of simultaneously producing and encapsulating Li2S nanoparticles. After 

emphasizing these different aspects, Section 6 gives a summary on how to fabricate a 

high-quality Li2S cathode. Finally, Section 7 considers electrolytes and lithium-metal-free 

anodes to construct high-performance Li2S batteries. Throughout each section, we call out 

challenges and research opportunities, which are further captured in the concluded summary 

in section 8, where our perspectives on future works are especially emphasized towards 

developing practical Li2S-based LSB technology in a near future. This review is organized 

following the logic structure as illustrated in Fig. 1. 

Fig. 1. Schematic illustrating the logic structure of this review. 

2. Li2S activation 



2.1 The large activation barrier 

The commercially available Li2S particles have a random size distribution from several 

micrometers to tens of micrometers.22, 51 When this microscale Li2S powder is directly 

applied to prepare the cathode, a large potential barrier more than 1.0 V will appear in the 

first charge cycle. Fig. 2 (a) shows a typical initial charging curve.22, 52 The large barrier 

limits the charging depth causing low utilization of the active material. The existence of both 

the long plateau and the barrier implies that the initial charging process is a two-phase 

reaction, and this barrier is related to phase nucleation, for which an extra driving force is 

required.22 To reveal factors contributing to the barrier, Yang et al. investigated the relation 

between charging rates and barrier heights, as shown in Fig. 2 (b, c).22 The barrier height is 

nearly a constant (as small as ~ 25 mV) at low current rates (C/2000 – C/500) where 

thermodynamics dominate. This value is negligible compared with that (0.5 – 1 V) at 

moderate rates. At high current rates (> C/200), the barrier height linearly increases with the 

logarithm of the current rate and thus kinetic factors come into play.22 Therefore, at practical 

rates, the kinetic factors rather than the thermodynamics determine this barrier height. Further 

investigations, particularly those based on the Butler-Volmer model, reveal that among the 

three kinetic factors, electronic conductivity of Li2S, diffusivity of the Li+ in Li2S, and charge 

transfer at the surface of Li2S, the latter two especially the charger transfer process dominate 

the barrier height while the effect of low electronic conductivity is trivial.22 For instance, the 

charge transfer process is much faster between Li2S and polysulfides than that between Li2S 

and an electrolyte without polysulfides, which was validated by electrochemical impedance 

spectrum (EIS) measurement,22 and thus the initial charging barrier dramatically reduced or 



even disappeared when lithium polysulfides were applied as additives to the electrolytes.22

This reasoning can also explain two other observations that no obvious initial charging 

barrier exists for sulfur-based LSBs, and the barrier disappears after the initial charging of 

Li2S-based cathodes. After initial discharging of sulfur-based or Li2S-based cathodes, lithium 

polysulfides appear in the electrolyte, which promote the charge transfer between Li2S and 

the electrolyte.22, 53

Fig. 2. (a) A typical initial charging curve of Li2S cathodes.52 Reproduced with permission 

from Nature Publishing Group. (b) The initial charging barriers at different rates (1 C = 1166 

mA g−1) and (c) Relation between the current rate and the charging barrier.22 Reproduced 

with permission from American Chemical Society. 

The origin of this charging barrier has been known, but the community has no consensus 

on the detailed charging processes. At least three different views have been proposed to 

expound the activation process of Li2S in the initial charging process. As illustrated in Fig. 3 

(a),54, 55 some authors suggest that a portion of Li2S is directly transformed to sulfur (reaction 

I) that will partly dissolve in the electrolyte (reaction II) and then react with Li2S to form 

long-chain lithium polysulfides (reaction III). Since the liquid to solid conversion is more 

favorable than solid to solid conversion, long-chain lithium polysulfides will be quickly 



oxidized to sulfur (reaction IV). Thereby, the appearance of lithium polysulfides during the 

first charging process is mainly determined by the amount of sulfur dissolved in the solvent. 

Other investigators22, 56, 57 consider that, as in Fig. 3 (b), the activation process involves the 

electrochemical oxidization of surficial Li2S first to short-chain Li2Sx and then to long-chain 

Li2Sx, after which the huge potential barrier will disappear. This is because the dissolved 

long-chain Li2Sx can directly oxidize solid Li2S. The third opinion53 considers that during the 

initial charging process, Li2S is directly converted to elemental sulfur through a two-phase 

transformation with a large overpotential to extract Li+ from the ionic bonded Li2S into the 

electrolyte. As shown in Fig. 3 (c), the presence of an isosbestic point in the stack plot of 

X-ray absorption spectroscopy (XAS) spectra at different charge stages suggests a 

dominating two-phase transformation in the initial charging process. However, Li2S is 

oxidized first to lithium polysulfides and then to sulfur in the second charging process 

through both electrochemical and chemical reactions. The difference between the first two 

charging processes comes from the residual lithium polysulfides after the first discharging 

process, which not only chemically react with Li2S and act as the polysulfide facilitator for 

the electrochemical oxidation of Li2S, but also facilitate the charge transfer at the 

Li2S/electrolyte interface. It should be mentioned that other interpretations on the activation 

process have also been put forward.58, 59 These different opinions on how Li2S is activated in 

the initial charging process might be related to the different Li2S cathode structures studied 

and the different characterization tools used, since different tools might capture different 

features in a complex reaction process. 



Fig. 3. Schematic illustrations of different interpretations on the Li2S activation process in the 

first charging process. (a) Proposed by Vizintin et al.54 Reproduced with permission from 

Elsevier. (b) Proposed by Wang et al.56 Reproduced with permission from Royal Society of 

Chemistry. (c) XAS spectra during the charging process.53 The insert shows the presence of 

an isosbestic point. Reproduced with permission from American Chemical Society. (d) 

Proposed by Zhang et al. 53 Reproduced with permission from American Chemical Society. 

2.2 Reducing the activation barrier 

In a rechargeable battery, the initial activation process usually plays a crucial role in 

determining the battery performance since side reactions in this initial activation process, if 

not properly controlled, could irreversibly consume considerable amount of active electrode 

materials and/or electrolytes. Although microscale Li2S particles could be activated using a 



high cutoff voltage (~ 4 V vs. Li/Li+), such a high potential would lead to the decomposition 

of the commonly used ether-based electrolyte and the corrosion of the Al current collector in 

bis(trifluoromethane)sulfonimide lithium (LiTFSI)-contained electrolyte, thus degrading the 

LSB performance rapidly.60, 61 Three strategies, modifying the electrolytes by additives, 

engineering the Li2S particles, and developing host materials as an activation facilitator, have 

been investigated to reduce the activation potential of Li2S powder. 

2.2.1 Modifying the electrolytes 

Ammonium, ethanol, or lithium iodide (LiI) was applied as additives to enhance the 

dissolution of Li2S in the electrolyte, thereby increasing the contact area of Li2S with both the 

conductive carbon materials and the electrolyte. This will assist realization of fast reaction 

kinetics of Li2S with great alleviation of initial large activation voltage.62-64

Adding P2S5 into the electrolyte helps form sulfur- and phosphorus-containing species on 

the surface of Li2S. They can enhance charge transfer between Li2S particles and electrolytes, 

and thus promoting Li2S oxidation.65

Perhaps the concept of introducing redox mediators (RMs) in the electrolyte is more 

intriguing. This idea has been widely applied in lithium-oxygen batteries to reduce the charge 

overpotential of Li2O2 for improving the energy efficiency and cycling stability of 

lithium-oxygen batteries.66-68 The application of RMs to reduce Li2S charge overpotential has 

just started attracting interest. Their function can be captured as that during the charge 

process, the oxidized RMs in the electrolyte with a redox potential higher than that of Li2S 

chemically oxidize Li2S over its entire surface contacting with the electrolyte, and these 

reduced RMs then diffuse to the current collector where they are electrochemically 



re-oxidized (Fig. 4 (a)).69 Tsao et al. proposed three criteria for developing RMs that can 

expedite Li2S oxidation.69 The redox potential of RMs should be slightly higher than the 

equilibrium potential of Li2S (around 2.15 V versus Li+/Li) to minimize the hysteresis 

between charging and discharging for a high  energy efficiency. The RMs should also have 

high solubility and cycling stability in the electrolyte. Based on these criteria, the RM 

(1,5-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy) anthra-9,10-quinone, abbreviated as AQT) 

was recently developed that reduced the activation voltage of Li2S microparticles to 2.45 V 

from 3.6 V.69 This progress makes it very promising to directly apply the commercial 

microscale Li2S particles for Li2S electrode fabrication. Other RMs including lithium 

polysulfides,22, 70-73 perylene bisimide,74 Fe( 5-C5Me5)2,75 and InI3 have also been tested to 

reduce the activation potential of Li2S.76



Fig. 4. (a) A schematic illustrating the direct Li2S oxidation and the RM-assisted Li2S 

oxidation in LSBs.69 Reproduced with permission from Cell press. (b) Effects on reducing the 

activation voltage of Li2S by adding different additives. 

The reported reduction of activation voltage by several electrolyte additives is 

summarized in Fig. 4 (b), indicating their effectiveness in this regard. More studies and 

particularly calculation-guided RM design and test are needed to fully exploit their potentials. 

Incorporating the additive in the electrolyte is a facile step, making its industrial scalability 

feasible. Nevertheless, the adverse effects of certain additives on the anode and other 

electrochemical performance should be thoroughly investigated. 



2.2.2 Engineering Li2S particles 

Since Li2S activation is restricted by its low ionic conductivities, reducing the particle 

size to nanoscale is a natural approach for facilitating its activation. As shown in Fig. 5 (a), 

the microscale Li2S powder based composites exhibit a charge barrier higher than 0.5 V, 

while those of nanoscale Li2S exhibit a trivial potential barrier during the initial charging 

process, indicating the crucial role of particle size in its electrochemical kinetics.77 As noticed 

from the cyclic voltammetry (CV) measurement, a voltage cutoff higher than 3.4 V is needed 

to activate the microscale particles, while it is only 2.45 V for the nanoscale ones. This 

further indicates the superior reaction kinetics for Li2S at the nanoscale.78 The enlarged 

surface area resulting from the reduced particle size would promote the lithium exchange rate 

at the interface between Li2S particle and the electrolyte. The much easier activation of 

nanoscale Li2S particle than its microscale counterpart is also reflected by studies of their EIS 

and ionic conductivity. As shown in Fig. 5 (b), the EIS of Li2S nanoparticle-based electrode 

exhibits smaller semicircle and larger slope than that of microscale particle-based, indicating 

faster charge transfer and faster lithium-ion diffusion for the former than the latter.78 Lin et al. 

found that compared to Li2S microscale particles, the ionic conductivity of nanoscale ones 

could be increased by two orders of magnitude (Fig. 5 (c)),79 further confirming the 

advantages of Li2S nanoparticles. When the diameter of Li2S particles was decreased to 

sub-nanometer such as Li20S10 cluster, the overpotential becomes only 0.37 V for delithiation, 

as revealed by the ab initio calculation.57 Nevertheless, such small Li2S atomic clusters have 

not been experimentally achieved yet. 



As for the Li2S cathode with non-uniform particle sizes, the smaller particles are 

preferentially electrochemically oxidized first, and the generated dissolved lithium 

polysulfides act as the redox mediators to promote the oxidation of larger particles whose 

dissolution rate is significantly suppressed at a low potential due to their small specific 

surface area.80 This observation agrees well with that a small amount of Li2Sx added in the 

electrolyte can facilitate Li2S activation.73

Fig. 5. (a) The initial charging profiles of nano-Li2S and micro-Li2S.77 Reproduced with 

permission from Royal Society of Chemistry. (b) Nyquist plots of micro-Li2S@graphene 

aerogel and nano-Li2S@graphene aerogel based fresh electrodes.78 Reproduced with 

permission from Elsevier. (c) Comparison of ionic conductivities corresponding to the 

micro-Li2S and nano-Li2S.79 Reproduced with permission from American Chemical Society. 

(d) The initial charge/discharge profiles of cathodes based on holey-Li2S and solid-Li2S at 0.1 

C.81 Reproduced with permission from Wiley. 



Morphology is another factor affecting the activation process of Li2S particles. As shown 

in Fig. 5 (d), the holey-Li2S-based cathode presented a 200 mV lower charging voltage than 

that of solid-Li2S-based cathode.81 SEM and XRD characterizations show that Li2S particles 

completely disappeared after activation in the holey-Li2S-based cathodes, while portion of 

Li2S particles remained in the solid-Li2S-based cathode.81 The holey architecture of Li2S 

makes its activation easier to occur due to the increased electrolyte contact area and the 

enhanced charge transfer between Li2S and the electrolyte. 

In addition to the particle size and the morphology, the crystallinity of Li2S also plays a 

critical role in its activation process.82 Lithium can be much more easily extracted from 

amorphous Li2S than from its crystallites since the bonding force between Li+ and S2− is 

much weaker in an amorphous state than in its crystalline counterpart. Therefore, amorphous 

Li2S is more easily oxidized.61, 83, 84 For instance, density functional theory-based calculation 

suggests that 3.21 eV is required to extract a Li atom from Li2S crystal, in contrast to only 

2.18 eV from its amorphous state.61 As revealed by the electrochemical measurement, a 

cut-off voltage of 2.8 V is high enough to completely convert amorphous Li2S to sulfur, 

while 3.5 V is needed for crystalline Li2S.61

2.2.3 Developing host materials 

Incorporating Li2S particles with host materials is another important strategy to lower the 

initial charge potential barrier. Although the low electronic conductivity of Li2S plays a 

negligible role on the initial charging barrier,22 simply encapsulating Li2S nanoparticles with 

carbon leads to disappearance of the charge potential barrier.85, 86 The critical role of the 



carbon shell is to provide a favorable interface for the charge transfer as the reaction happens 

at the boundary of the three phases of Li2S, carbon, and the electrolyte. 

Fig. 6. (a) A schematic illustrating the corresponding decomposition pathways of Li2S on 

Ni3S2, SnS2, FeS, CoS2, VS2, TiS2, and graphene, respectively.87 Green, yellow, gray, purple, 

brown, blue, red, cyan, and beige balls symbolize lithium, sulfur, nickel, tin, iron, cobalt, 

vanadium, titanium, and carbon atoms, respectively. Sm represents the sulfur atom in the Li2S 

cluster. Reproduced with permission from National Academy of Sciences. (b) A schematic 

illustrating the interaction between Li2S and PDSe.88 Green, white, purple, yellow and dark 

yellow balls symbolize carbon, hydrogen, lithium, sulfur, and selenium atoms, respectively. 

Reproduced with permission from Royal Society of Chemistry. 

The strategy that expedites cleavage or elongation of Li-S bond could also effectively 

reduce the activation voltage. As revealed by Zhou et al. and Yuan et al., the transition metal 



phosphides and sulfides can not only trap the soluble polysulfides, but also effectively 

catalyze the decomposing of Li2S to enhance the utilization of active materials.87, 89

Compared with a high activation voltage (3.41 V) for a graphene/carbon nanotube-Li2S 

structure, the activation potential is 3.01, 2.91, and 2.88 V for CoS2, VS2, and TiS2 based Li2S 

cathodes, respectively.87 Introduction of Fe2P, Co2P, and Ni2P into Li2S cathodes also reduce 

the activation voltage to 2.59, 2.51, and 2.44 V, respectively.89 These low dissociation 

energies of Li2S are associated with the strong adsorption between Li2S and metal sulfides or 

metal phosphides, as shown in Fig. 6 (a).87, 89 Similarly, when Li2S particles are mixed with 

phenyl diselenide (PDSe), the Se-Se bond of the later will break apart and the attraction 

between Se and Li will elongate the Li-S bond to 2.46 Å from an original length of 2.24 Å, 

thereby facilitating the decomposition and oxidation of Li2S, as shown in Fig. 6 (b).88

It deserves to be mentioned that facilitating Li2S oxidation is extremely important during 

both the initial activation and the subsequent charging processes. For instance, one major 

cause of rapid capacity fading in LSBs is the formation of non-soluble Li2S with relatively 

low electrochemical activity that blocks electron and Li+ transport access.90, 91 Therefore, the 

different methods that can promote Li2S activation, such as electrolyte additives, Li2S particle 

miniaturization and carbon encapsulation would also improve the overall performance of 

Li2S cathodes. 

3. Producing Li2S nanoparticles 

3.1 Li2S microparticle based synthesis 

Since Li2S particle size has the dominant impact on its initial activation, great efforts have 



been devoted to transforming commercially available Li2S microparticles to Li2S 

nanoparticles. which could be categorized into physical methods and chemical methods. 

As one simple physical method, ball milling was used to reduce the particle size.22, 51, 92-94

Li2S particles smaller than 400 nm was achieved by ball milling of as-purchased Li2S for 6 

hours.93 Ball milling is also effective to mix Li2S particles with carbon matrix for fabricating 

Li2S cathodes.51, 92, 94 Nevertheless, the obtained Li2S particles after long-time ball milling is 

still at the sub-micrometer scale, exhibiting poor electrochemical performance. 

Another physical method to attain small Li2S particles is recrystallization, in which large 

Li2S particles are first dissolved in an organic solvent, such as absolute ethyl alcohol, and 

then recrystallize via solvent evaporation. This convenient method is much more effective 

than ball milling to achieve fine Li2S particles. Li2S particles with a diameter smaller than 

100 nm have thus been prepared.20, 24, 95-98 In particular, using a modified solution evaporation 

method, in which Li2S/ethanol solution was slowly added to 

polyacrylonitrile/dimethylformamide solution and then Li2S particles was recrystallized by 

evaporating the solvent, Hu et al. fabricated ultra-small (~ 5 nm) Li2S nanoparticles.99

Such fine particles of a few nanometers dramatically improve the electrode performance. 

The cathode combined 3 – 8 nm Li2S particles with cobalt and nitrogen co-doped carbon 

delivers an initial specific capacity of 1155.3 mAh g−1 with 929.6 mAh g−1 retained after 300 

cycles and demonstrates excellent rate capabilities with 604.1 mAh g−1 released at 4 C.96 The 

superior performance was attributed to the combination of homogeneous distribution of small 

Li2S particles and their intimate contact with the carbon matrix. 

In addition to these physical methods, chemical methods have also been developed to 



produce small Li2S particles. Li2S particles with a size ranging from 30 to 500 nm have been 

produced by the disproportionation of Li2S3 or Li2S6 solutions.100-103 These solutions were 

prepared by stoichiometric reaction of sulfur and micro-scale Li2S, and then they were heated 

above 200 °C to discompose. For this method, the cost and environmental impact resulting 

from the solvent, including 1, 2-dimethoxyethane (DME) and tetrahydrofuran (THF) might 

limit its application.  

3.2 Li2SO4 based synthesis 

The carbothermal reduction is considered as an economical approach to produce Li2S 

using low-cost lithium sulfate (Li2SO4) and carbon or organic materials as precursors.85, 104-106

The obtained Li2S particle size is largely related to that of Li2SO4 precursor. For example, 

Li2S particles produced from 2 m Li2SO4 particles that were attained by multi-solvent 

recrystallization of commercial Li2SO4 are much smaller than those prepared directly from 

commercial Li2SO4 that has a particle-size distribution ranging from several micrometers to 

30 m.107 Except for multi-solvent recrystallization, ball milling was also adopted to reduce 

Li2SO4 precursor size for obtaining smaller Li2S particles. Commercial Li2SO4 with a particle 

size of 300 m was reduced to 500 nm, 300 nm, and 150 nm via ball milling for 4 hours, 12 

hours and 60 hours, respectively.72 Then ~ 50 – 150 nm Li2S particles were achieved by 

carbothermally reducing 150 nm Li2SO4 particles.72 Ball milling was subsequently employed 

to further reduce the size of as-prepared Li2S particles.108 The temperature for carbothermal 

reduction is another critical factor in determining the crystallinity and size of Li2S particles.72, 

109 The reaction between Li2SO4 and carbon could occur above 300 °C according to the 

Ellingham diagram shown in Fig. 7 (a).72 However, the reported carbothermal reduction 



temperature is around 800 °C in most publications,107, 110 and such a high temperature will 

promote the particle growth, resulting in large particles with high crystallinity. Recently, Ye 

et al. found that Li2S fabricated under a temperature below the melting point of Li2SO4, such 

as 635 °C, could retain the morphology of Li2SO4 and even have smaller size (10 – 20 nm) 

due to the removal of oxygen atoms.109 For Li2S attained under 636 °C, the activation voltage 

and initial discharging capacity were 2.63 V and 805 mAh g−1, in contrast to 3.2 V and 760 

mAh g−1 for that produced at 900 °C.109

Organic polymers as the carbon precursors were also used for carbothermal reduction. 

The highly active and unsaturated carbon bonds, such as those in poly (vinyl alcohol) could 

promote the low-temperature conversion of Li2SO4 to Li2S particles,109 and Li2S particles 

with low crystallinity and small size could be achieved under a low temperature. On the other 

hand, the selected temperature must be high enough so that the used polymer can be 

simultaneously converted into electronically conductive carbon. 



Fig. 7. (a) Ellingham diagram for different carbothermal reductions.72 Reproduced with 

permission from Royal Society of Chemistry. (b) Schematic illustration of the formation 

process of holey-Li2S.81 Reproduced with permission from Wiley. (c) Li2S particle size, 

processing time and temperature in various strategies. 

Compared to particle size, the effect of Li2S morphology on its electrochemical 

performance has not been well investigated. Ye et al. found that holey-Li2S nanoparticles 

delivered a much higher specific capacity than solid-Li2S nanoparticles, whose formation 

could be explained by the evolution of Li2SO4 plates during reaction with near-by carbon 

nanotube (CNT) matrix, as shown in Fig. 7 (b).81

3.3 Li and S sources based synthesis 

Varieties of methods using economical precursors including sulfur and hydrogen sulfide 

(H2S) have also been developed to produce Li2S. The corresponding lithium sources include 

n-butyllithium (BuLi), lithium naphthalenide (Li-Naph), lithium hydroxide (LiOH), lithium 

triethylborohydride (LiEt3BH) and lithium hydride (LiH). 

Yang et al. transformed sulfur particles in CMK-3 carbon with a pore size of sub-5 nm to 

Li2S particles with a diameter of 3 – 4 nm by chemically reacting sulfur with BuLi.111 The 

size of Li2S particles is highly related to the pores of carbon host in which sulfur particles are 

entrapped. 

Shen et al. developed a chemical prelithiation strategy using Li-Naph to fully prelithiate 

sulfur-poly(acrylonitrile) (S-PAN) composite into a Li2S-PAN cathode which delivered a 



specific capacity close to the theoretical capacity.112 The prelithiation process is straight 

forward by immersing S-PAN in Li-Naph solution and the lithiation degree can be well 

adjusted by controlling the immersing duration. The sulfur molecules in PAN matrix could be 

fully transformed to Li2S after 20 min immersion.112 Li-Naph, as a prelithaition reagent, is 

relatively stable even when exposed to moist air. 

H2S can also be converted to Li2S by reacting with Li-Naph. Li2S particles with a 

diameter of 100 nm were prepared via thermodynamically spontaneous reaction between H2S 

and Li-Naph, which demonstrated better electrochemical performance than commercial Li2S 

in terms of specific capacity, cycling stability, and charge-discharge profile.113 In this process, 

only Li2S is in solid state, and this will facilitate the product purification. Besides, this 

process provides a strategy to convert “waste” into wealth as the precursor H2S and the 

byproduct 1, 4-dihydronaphthalene (C10H10) are a major industrial waste and a liquid fuel, 

respectively. Cost-effective LiOH can also be converted to Li2S particles by reacting with 

H2S via the reaction of 2 LiOH + H2S = Li2S + 2 H2O.114

Li2S particles with a diameter ranging from 8.5 nm to 2 m were prepared via chemically 

reacting sulfur powder with LiEt3BH in tetrahydrofuran (THF) according to the chemical 

equation: S + 2 LiEt3BH = Li2S + 2 Et3B + H2.11, 78, 79, 115-120 As demonstrated by Nan et al., 

Li2S particle size could be well adjusted by the reaction time and the amount of toluene used 

to dissolve sulfur.115 With the same amount of dissolved sulfur, the larger amount of toluene 

and longer reaction time would lead to larger Li2S particle size.115 The reaction between 

sulfur and LiEt3BH generally results in small Li2S particles. However, LiEt3BH is extremely 

sensitive to air and therefore difficult for practical applications due to safety concern in 



addition to its high cost. 

Li et al. reported a novel mechanochemical method to synthesize Li2S with submicron 

size by ball-milling lithium hydride (LiH) with sulfur for 24 h in Ar atmosphere at room 

temperature.121 The reaction, 2 LiH + S = Li2S + H2, has a Gibbs free energy of −211 kJ 

mol−1 at room temperature. It may be difficult to achieve pure Li2S via this reaction as LiH, 

sulfur, and Li2S are all solids. 

Other strategies such as the reaction of CS2 and LiH or Li,52, 122, 123 the reaction of lithium 

and sulfur,77 and the electrochemical method,124 can produce Li2S nanoparticles directly 

encapsulated in carbon shell or a polymeric gel-like film. They will be discussed in Section 5 

“Simultaneously Producing and Encapsulating Li2S Nanoparticles”. 

In a nutshell, great efforts have been devoted to synthesizing Li2S nanoparticles that are 

desirable for enhancing the electrochemical performance. Nevertheless, small Li2S particles 

tend to aggregate, and great attention must be paid to prevent it from happening. Otherwise, 

much larger clusters will be formed, resulting in much worse performance. The slower 

activation kinetics for nominal 500 nm Li2S particles than 1 m particles suggests longer Li 

diffusion distances for the former particles than the latter one, which could be attributed to 

significant agglomeration of 500 nm Li2S particles after high-temperature treatment.115

Therefore, producing small Li2S particles and improving their dispersion both are critical. 

Although nanoscale Li2S particles might offer better electrochemical kinetics due to their 

increased interfacial area with electrolyte and conductive additives, their practical application, 

particularly their storage after synthesis faces much more challenge than that of microscale 

particles because nanoparticles with a large surface area could be contaminated more easily, 



resulting in undesirable thermal runaway and toxic hydrogen sulfide generation.56 The Li2S 

particle sizes, synthetic time and temperature using different methods are summarized in Fig. 

7 (c). The precursors and corresponding chemical reactions are listed in Table 1. 

Compared to Li2S particle size tailoring, studies on particle morphology and crystallinity 

engineering are very scarce even though these two properties of Li2S particle most likely play 

similar roles as the particle size in determining the electrochemical kinetics. The very few 

studies include fabrication of holey-Li2S via delicately designed carbothermal reduction,81

and preparation of amorphous Li2S via in-situ Li2S8 discharging.61 There might exist enough 

room to further prompt the electrochemical performance of Li2S cathodes through 

morphology and crystallinity engineering of Li2S. 

Table 1 Precursors and chemical reactions for different Li2S preparation methods. 

Precursors Reaction 

Li2S & Sulfur Li2S3  Li2S + 2 S 

Li2S & Sulfur Li2S6  Li2S + 5 S 

Li2SO4 & carbon Li2SO4 + 2 C  Li2S + 2 CO2

N-butyllithium & Sulfur 2 C4H9Li + S  Li2S + C4H9-S-C4H9

Lithium & C10H8 & Sulfur 2 Li-C10H8 + S  Li2S + 2 C10H8

Lithium & C10H8 & H2S 2 Li-C10H8 + H2S  Li2S + C10H10 + 

C10H8

LiOH & H2S 2 LiOH + H2S  Li2S + 2 H2O 

LiEt3BH & Sulfur 2 LiEt3BH + S  Li2S + 2 Et3B + H2



LiH & Sulfur 2 LiH + S  Li2S + H2

LiH & CS2 4 LiH + CS2  2 Li2S + C + 2 H2

Lithium & CS2 4 Li + CS2  2 Li2S + C 

Lithium & Sulfur 2 Li + S  Li2S 

MoS2

MoS2 + x Li+ + x e-  LixMoS2 (0.6 V 

U < 1.2 V vs. Li/Li+)  

LixMoS2 + (4-x) Li+ + (4-x)e-  Mo + 2 

Li2S (0.01 V  U < 0.6 V vs. Li/Li+) 

4. Encapsulating Li2S nanoparticles 

Due to its poor electronic and ionic conductivities, a matrix with high electronic and ionic 

conductivities to encapsulate Li2S nanoparticles is necessary to establish paths for electron 

and Li+ transport as well as enhancing the charge transfer rate at the active 

materials/electrolyte interface. Simultaneously, this matrix could also serve as a physical 

and/or a chemical barrier to hinder soluble Li2Sx from diffusing out of the cathode and thus 

elevating the utilization of active materials and reducing the adverse shuttle effects. All the 

encapsulation or trapping principles for the sulfur cathode are the same no matter elemental 

sulfur or Li2S is used as the starting material. However, the encapsulation process for these 

two materials is different due to their different properties. Unlike elemental sulfur, the 

rigidity of Li2S makes it difficult to encapsulate Li2S particles with common carbon hosts via 

ball milling. With its high melting point and low vapor pressure, it is also difficult for Li2S to 

diffuse into nanopores of the matrix through capillary effect. Nevertheless, the high melting 



point of Li2S provides opportunities for other encapsulation methods that cannot be used for 

elemental sulfur encapsulation. These methods could be classified into three categories 

according to the encapsulation process: mixing and pyrolysis-based carbon encapsulation, 

chemical vapor deposition-based carbon encapsulation, and surface chemical reaction-based 

encapsulation. 

4.1 Mixing and pyrolysis-based carbon encapsulation

Various polymers or ionic liquids can be applied to uniformly mix with Li2S on account 

of their viscosity, and the subsequent pyrolysis at a high temperature under inert atmosphere 

will result in a carbon coating on Li2S particles. Suo et al. applied a flowable ionic liquid as a 

carbon precursor to encapsulate Li2S nanoparticles with a uniform and dense carbon film.117

The obtained ideal encapsulation was attributed to the high mobility of the selected ionic 

liquid resulting in sufficient immersion of Li2S particles. The carbon-coated Li2S 

demonstrated long cycling stability with Coulombic efficiency approaching 100%. Liu et al. 

also coated Li2S particles with a carbon layer using a similar method to enhance its electronic 

conductivity and alleviate the diffusion of Li2Sx.107 Carbon coating on Li2S particles can also 

be implemented by pyrolysis of polymers including polyacrylonitrile (PAN), polystyrene (PS) 

and polyvinylpyrrolidone (PVP).86, 119, 121, 125, 126 The Li2S particles embedded in carbon 

coating derived from PAN or PS have a diameter of a few to tens of nanometers although 

they had an initial size of sub-micrometers,121, 125 implying that this encapsulation process via 

pyrolysis simultaneously decreases the size of Li2S particles. Li2S encapsulated with 

PVP-derived carbon has an electronic conductivity of 5.6 × 10−5 S cm−1, much higher than 

that of bare Li2S (~ 10−13 S cm−1).126 As a high temperature (> 600 �) is required to convert 



polymers to carbon with high electronic conductivity, this encapsulation strategy can be 

applied to Li2S with a high melting point, while not appropriate for sulfur. 

4.2 Chemical vapor deposition-based carbon encapsulation 

Chemical vapor deposition (CVD) is another approach to encapsulate Li2S particles. A 

thin carbon layer could be coated on Li2S particles by decomposing acetylene (C2H2) to 

protect Li2S from direct contact with electrolyte, thereby inhibiting the shuttling effects of 

lithium polysulfides,115, 116, 118 as shown in Fig. 8 (a) - (c). The thickness could be well 

controlled by the time of exposure to the argon-acetylene atmosphere.115 Compared with 

conventional CVD, rotating the CVD furnace (Fig. 8 (d)) can enhance the uniform 

encapsulation of Li2S particles and lead to strong confinement of Li2Sx (Fig. 8 (e)).118, 127 The 

high decomposing temperature of C2H2 makes this strategy feasible for Li2S, but not for 

sulfur. 

4.3 Surface chemical reaction-based encapsulation 

The reaction between surface of Li2S with other chemicals would provide a simple 

strategy to encapsulate Li2S nanoparticles. Metal sulfides, Li3PS4, and LiTiO2 have been 

coated on Li2S nanoparticles through surface chemical reaction. 

As carbon cannot well bind with Li2S through chemical bonds due to their different 

polarities, other encapsulation materials are needed. Seh et al. developed a conductive and 

polar coating to encapsulate Li2S particles through chemical reaction of TiCl4 on Li2S particle 

surface: TiCl4 + 2 Li2S  TiS2 + 4 LiCl, as shown in Fig. 8 (f).128 The TiS2 coating elevated 



the electronic conductivity to 5.1 × 10−3 S cm−1, around 10 orders of magnitude higher than 

that of bare Li2S (10−13 S cm−1). Besides as a physical barrier, this TiS2 shell also chemically 

interacts with sulfur species through the S atoms in TiS2 and Li atoms in Li2Sx. This strategy 

can be expanded to other transition metal disulfides including ZrS2 and VS2 by reacting Li2S 

with ZrCl4 or VCl4, respectively.128 In addition to effectively confining Li2Sx in the host 

material, the shuttle effect could also be alleviated by accelerating Li2Sx redox kinetics which 

is even more effective than the former.129, 130 Transition-metal sulfides have been proven to 

be a highly efficient electrocatalyst and absorbent for polysulfides.87, 128, 131, 132 Many 

electrocatalyst-related studies have been conducted using sulfur-based cathodes, but similar 

studies in Li2S-based cathode are sparse.133-136 Considering the high-temperature processing 

ability of Li2S, rationally designed Li2S cathode structure with electrocatalysts shall be much 

easier to implement, and as such, there might be more opportunities here. The disadvantage 

of introducing electrocatalysts including metal sulfides and oxides into cathodes is that their 

large mass density and low specific surface area might limit the achievable specific capacity. 

In addition to electronic conductivity, the enhancement of Li+ conductivity in Li2S 

cathodes is also highly desired. Lithium phosphorus sulfide (Li3PS4) is considered as an 

excellent solid-state electrolyte due to its high ionic conductivity, low electrochemical 

activity, and effectiveness in preventing the formation of lithium dendrite.137, 138 Therefore, 

using Li3PS4 coating to encapsulate nano-scale Li2S was studied by surface reaction of Li2S 

particles with P2S5 according to 3 Li2S + P2S5 = 2 Li3PS4 (Fig. 8 (g)).78, 79 The Li3PS4 shell 

can enhance the ionic conductivity of Li2S nanoparticles from 10−11 to 10−7 S cm−1 at 25 °C.79

As compared with Li2S particles, the Li2S@Li3PS4 core-shell structure demonstrated 



excellent electrochemical performance in all-solid LSBs (Fig. 8 (h)).79 Functioning as an 

ionically conductive coating on Li2S particles and the solid electrolyte of the cell, Li3PS4

would simultaneously avoid the shuttling of lithium polysulfides and the safety issues 

resulting from the lithium dendrite growth. 

Both electronic and lithium ionic conductivities play critical roles in the electrochemical 

performance of Li2S cathodes. LiTiO2, as a mixed ionic-electronic conductor, can 

simultaneously enhance the electronic and lithium ionic conductivity of Li2S cathodes. 

Furthermore, the polar Ti–O units in LiTiO2 have a high affinity for Li2Sx, thereby alleviating 

their diffusion. A uniform LiTiO2 layer with a thickness of 10 nm was coated on Li2S 

nanoparticles via the reaction between surface Li2S and TiO2 at 650 �: 2 TiO2 + Li2S = 2 

LiTiO2 + S .139 Due to its unique structure, Li2S@LiTiO2 cathode with 4.8 mg cm−2 Li2S 

presented impressive performance with an initial capacity of 585 mAh g−1 at 0.5 C and a 

capacity retention of 92 % after 200 cycles.139

Admittedly, the encapsulation of Li2S particles with electronically or lithium ionically 

conductive matrix can enhance the electrochemical performance of LSBs. However, it must 

be emphasized that the composite nanostructure should be properly designed so that the 

active Li2S occupies a high content and a high loading in the composite electrode. Otherwise, 

the achievable specific energy of LSBs might not surpass that of LIBs.8



Fig. 8. (a) Schematic illustration of Li2S particles encapsulated by a carbon shell.116 (b) Low 

magnification and (c) high-resolution TEM image of the carbon-coated Li2S/graphene 

composite.116 Reproduced with permission from Elsevier. (d) Schematic illustrating the 

carbon coating process using a rotating CVD furnace.118 (e) Schematic illustrating the 

difference in carbon coating effects under the conventional CVD method and modified CVD 

method using the rotating furnace.118 Reproduced with permission from American Chemical 

Society. (f) Schematic illustration of Li2S particles with a TiS2 shell.128 Reproduced with 



permission from Nature Publishing Group. (g) Schematic illustration of Li2S particles with a 

Li3PS4 shell.78 Reproduced with permission from Elsevier. (h) Cycling performance of 

nano-Li2S and nano-Li2S@Li3PS4.79 Reproduced with permission from American Chemical 

Society. 

5. Simultaneously producing and encapsulating Li2S nanoparticles 

Compared to the two-step process in which nanoparticles are first produced and then 

encapsulated, a one-step process in which Li2S nanoparticles are produced and 

simultaneously encapsulated into a host is more desirable. This can obtain much better 

encapsulation, and also minimize the possibility of Li2S exposure to air. Additionally, a 

one-step process shall reduce fabrication cost and improve productivity. 

5.1 Polymer pyrolysis based synthesis 

Due to their viscous property, polymers are an excellent material for uniformly mixing 

reactants and serving as the precursor for carbon encapsulation. Ye et al. prepared nanofibers 

containing Li2S3 and PVP by electrospinning and subsequently attained Li2S@carbon 

nanofibers by decomposing Li2S3 and pyrolyzing PVP.101 The Li2S particles with a grain size 

of 60 – 80 nm were encapsulated by the PVP-derived carbon. 

As a matter of fact, carbothermal reduction with polymer as the carbon precursor is a 

common method that produces encapsulated Li2S particles in one-step process and therefore 

simplifying the process of Li2S composite production. In one study, composites of Li2SO4, 

resorcinol formaldehyde (RF) and CNTs were prepared using spray drying method and then 

pyrolyzed to attain Li2S@carbon@CNT.140 CNTs were used to facilitate the uniform 



distribution of Li2SO4 and thereby contribute to achieve highly dispersed and small Li2S 

particles, and also serve as an excellent electron transport network. Yang et al. reported the 

in-situ synthesis of Li2S@carbon by pyrolyzing composite of Li2SO4 and RF.141 The 

homogeneous distribution of Li2S in the carbon matrix could be attributed to the specific 

interaction of Li2SO4 precursor for Li2S and polar oxygens in RF for carbon. Since the 

chemical bonding between the heteroatom-doped carbon and Li2Sx can alleviate the shuttling 

effect, organic materials containing N or P present great advantages as the carbon 

precursors.142-146 Besides, Zhang et al. demonstrated N, P-doped carbon could enhance the 

ionic conductivity of Li2S by forming LixPSy.142 Recently, Li2S particles smaller than 5 nm 

were entrapped in N-doped carbon cages embedded with ZnS particles via confining Li2SO4

into metal-organic molecular cages first and then pyrolyzing the composite (Fig. 9 (a)).147

The ZnS particles demonstrate distinct electrocatalytic effect on Li2S dissociation as well as 

strong chemisorption for sulfur species.147

5.2 CS2 based synthesis 

Chemical reactions that produce Li2S and carbon provide an ideal strategy for producing 

composites of Li2S and carbon. Reactions between lithium and CS2, and between LiH and 

CS2 are two examples, which theoretically can produce Li2S and carbon composites with Li2S 

ratios of 79.3 wt% and 88.5 wt%, respectively, according to their chemical equations 

provided that all Li and LiH are fully reacted. As demonstrated by Yan et al. and Tan et al., 

50 – 100 nm Li2S particles wrapped by few-layer graphene (Li2S@C) were prepared via 

combusting lithium foil in CS2.52, 122 The Li2S@C composite demonstrated 91% of Li2S 

utilization when applied as the cathode in all-solid-state LSBs despite of an ultrahigh Li2S 



loading of 7 mg cm−2.122 The Li2S@C composite can enhance the charge transfer at the 

cathode/electrolyte interface, and the graphene layer can accommodate the large volume 

change of Li2S during cycling and inhibit the aggregation of Li2S. When applied in 

liquid-electrolyte LSBs, Li2S@C delivers a high reversible specific capacity of 807 mAh g−1

in spite of a high Li2S loading of 10 mg cm−2, corresponding to an areal capacity of 8.1 mAh 

cm−2.52 The Li2S content in Li2S@C prepared via reaction between LiH and CS2 is as high as 

88.7 wt%,123 agreeing well with the calculation based on the chemical equation. Due to its 

unique architecture with Li2S core entrapped in a porous carbon shell, Li2S@C demonstrated 

excellent cycling stability and superior rate performance.123

5.3 Confined lithium or sulfur nanoparticle based synthesis 

Li2S can also be prepared by chemical reaction of lithium with sulfur. As reported by 

Chen et al., the direct reaction between lithium foil and sulfur results in 280 nm Li2S particles, 

while core-shell Li2S@C particles with the Li2S core of 20 – 40 nm and the carbon shell of 

0.8 nm thick are achieved by initially transforming lithium foil to core-shell Li@C particles 

via plasma sparking and then sulfurizing Li@C, as shown in Fig. 9 (b) and (c).77 For the 

Li2S@C core-shell particles, the nano-scale Li2S core can shorten the lithium-ion diffusion 

path and facilitate the electrochemical charge transfer kinetics, while the carbon shell can 

enhance the electronic conductivity of the Li2S cathode and impede the diffusion of Li2Sx. 

Similarly, encapsulated Li2S particles were also fabricated by in situ lithiated sulfur particles 

entrapped in microporous carbon using commercial stabilized lithium metal powder.148



Fig. 9. (a) Schematic illustrating the synthesis process of Li2S-ZnS@NC.147 Reproduced with 

permission from Wiley. (b) Schematic illustrating the synthesis of Li2S@C and (c) TEM 

image of Li2S@C.77 Reproduced with permission from Royal Society of Chemistry. (d) 

Schematic illustrating the simultaneous synthesis and encapsulation of Li2S using 

electrochemical method and (e) cycling performance of the Li2S cathode attained using 

electrochemical method.124 Reproduced with permission from Elsevier. 

5.4 Electrochemical method based synthesis 



Different from chemical reactions, an electrochemical method to produce and encapsulate 

Li2S particles has also been reported. By deeply discharging MoS2 nanoparticles in a 

carbonate-based electrolyte, Balach et al. produced ultra-small Li2S nanoparticles (15 nm) 

embedded in a highly-stable polymeric gel-like SEI film derived from the electrolyte 

decomposition during the discharge process (Fig. 9 (d)).124 The gel-like film, serving as a SEI 

layer in lithium-ion and sodium-ion batteries, is typically formed by decomposition of the 

carbonate-based electrolyte during the discharge process.149, 150 The generated metal particles 

(Mo) in the Li2S matrix can enhance the electronic conductivity of Li2S cathodes.151 As 

shown in Fig. 9 (e), the battery with 10.7 mg cm−2 of Li2S delivered an outstanding areal 

capacity of 7.5 mAh cm−2.124 Similar to Li2SO4, the size of MoS2 also plays a critical role on 

the electrochemical performance of MoS2-derived Li2S cathodes. The Li2S cathode prepared 

from MoS2 nanoparticles performed much better than that from MoS2 micro-sized 

particles.124 When the MoS2 particles were initially encapsulated by reduced graphene oxide 

(RGO), the achieved Li2S particles via lithiating MoS2 to 0.01 V vs. Li/Li+ were also 

entrapped by RGO.152 In spite of a high Li2S loading (5 mg cm−2), the obtained cathode 

exhibits a high initial capacity of 975 mAh g−1 (based on Li2S mass) at 0.1 C and a small 

capacity decay rate of 0.18% per cycle during 200 cycles at 2 C.152

As we know, sulfur cathodes are incompatible with carbonate-based electrolytes since the 

nucleophilic Li2Sx intermediates tend to react with the electrophilic carbonate-based solvents 

through a nucleophilic addition or substitution reaction, resulting in rapid capacity decay of 

LSBs.153, 154 Only a few publications reported the successful operation of sulfur cathodes 

based on chain sulfur (S2-4) or cyclo-S8 in carbonate-based electrolytes.155-158 All these sulfur 



cathodes, with sulfur covalently bonded and/or physically confined in the host materials, 

demonstrated a direct conversion between sulfur and Li2S. However, the reason why the 

generation of Li2Sx is circumvented is still under debate and need further investigation.156, 159

As the electrochemical process of Li2S-based cathode is similar to sulfur cathode, with 

lithium polysulfides as intermediates, Li2S-based cathode also does not match 

carbonate-based solvents. However, Juan et al. reported a facile strategy of preparing Li2S 

particles compatible with carbonate-based electrolytes, as they are entrapped in polymeric 

gel-like film and generation of Li2Sx does not exist.124, 152

Noteworthily, substituting the conventional ether-based electrolytes with carbonate-based 

would expand the operation voltage of LSBs. The drawback of using ether-based electrolytes 

with a volatile nature could be circumvented by selecting carbonate-based electrolytes with a 

higher boiling point.160 In addition, the notorious shuttle effect resulting from dissolved Li2Sx

could be effectively averted with the delicately designed sulfur- or Li2S-based cathodes 

operating in carbonate-based electrolytes. 

6. Fabricating Li2S cathodes 

Similar to sulfur cathodes, Li2S cathodes have been fabricated by either casting their 

slurry on a current collector or they are created as a free-standing structure. An interlayer, 

whose function was discovered by Manthiram et al. when studying the sulfur cathode,161-163

has also been incorporated on the Li2S cathode to improve its overall electrochemical 

performance. 

6.1 Slurry-casting-based cathodes 



Slurry casting of active materials on a metallic foil-based current collector is a 

conventional process to fabricate electrodes used in many electrochemical cells.164-168

Specifically, active material, conducting agent, and binder are mixed in a solvent to form 

slurry, which is then casted on the current collector to form the electrode. As for sulfur-based 

cathodes, this process could be performed in the atmosphere due to the chemical inertness of 

sulfur in it. Nevertheless, as for Li2S cathodes, the time-consuming slurry preparation and 

casting process will result in serious contamination of Li2S due to its reaction with moisture. 

Thus, Li2S cathodes should be fabricated in an argon glovebox in the laboratory.140, 169 In the 

current lithium-ion battery manufacturing plant, the relative humidity is generally controlled 

to be 30% for electrode fabrication process. Even for the more reactive Ni-rich positive 

electrodes, it is merely controlled to be 10%. Thus, it should be evaluated whether the current 

production environment is appropriate for Li2S slurry preparation and its casting process for 

LSB manufacturing. 

Dressel et al. developed an approach to avoid the contamination.114 Specifically, the 

slurry containing LiOH, carbon black, and binder was coated on a current collector, which 

was then heated at 100 � or 150 � for 1 h under H2S atmosphere to convert LiOH into Li2S. 

Thereby, the exposure of Li2S to air was effectively averted. However, this method does not 

have the flexibility in controlling Li2S nanoparticles. 

6.2 Free-standing cathodes 

Fabrication of free-standing electrodes is regarded as a better method to use 

well-controlled Li2S nanoparticles and avoid their contamination. The adoption of 

free-standing electrodes also makes metal foil current collector unnecessary, thereby reducing 



the fabrication cost and enhancing the practical energy density. The strategies to construct 

free-standing Li2S cathodes can be generally classified into two categories. In the first 

category, as shown in Fig. 10 (a),170 self-supporting host materials are fabricated into a 

carbon-based porous network, which is then infiltrated with a solution containing Li2S 

particles, followed by recrystallization of Li2S in the carbon host. The host materials could be 

carbon felt,97 carbon cloth decorated with vertical-aligned graphene,24 RGO paper,26

graphene aerogel,78, 171 etc. In the second strategy, precursors for the Li2S/C composite are 

molded into a free-standing slice and then is thermally treated to attain the free-standing 

Li2S/C electrode. The precursors are mainly composites of Li2SO4 with carbon materials or 

polymers.106, 109, 172, 173 For example, Yu et al. reported the fabrication of flexible sheets 

composed of Li2SO4@PVP nanofibers using an electrospinning method, which were 

converted into flexible electrodes composed of Li2S@nitrogen-doped carbon nanofiber via a 

carbothermal reduction reaction (Fig. 10 (b)).174 With these preformed sheets, electrodes with 

different thicknesses for different areal capacities can be easily achieved by stacking several 

sheets together with no concerns on the detach of active materials from the current collector, 

a common issue for electrodes made from the slurry-casting method. Along with increase of 

layers, specific capacity of the electrode only exhibited small reduction (Fig. 10 (c)).174 It 

deserves to be mentioned that the mechanical property of the free-standing electrodes should 

be strong enough for stretching and rolling during the assembling process. 



Fig. 10. (a) Schematic illustrating the fabrication of freestanding Li2S cathode via 

infiltration.170 Reproduced with permission from Wiley. (b) Schematic illustrating the 

fabrication process of freestanding Li2S cathode via electrospinning and subsequent 

pyrolysis.174 Reproduced with permission from Wiley. (c) Cycling performance and 

Coulombic efficiency of Li2S@NCNF electrodes with Li2S loading of 3.0, 6.0, and 9.0 mg 

cm−2 at 1.0 C.174 Higher loading was realized by simply stacking more layers of Li2S@NCNF 

paper. Reproduced with permission from Wiley. 

  

6.3 Interlayer and coating layer 

For LSBs, no matter the starting material of the cathode is sulfur or Li2S, the 

charge-discharge cycling always proceeds along the conversion between sulfur and Li2S. To 

retard the diffusion of lithium polysulfides out of the electrode, the concept of interlayer, 

developed for sulfur-based cathodes,175-177 is also suitable for Li2S cathodes. For example, a 

nitrogen-doped CNT film was applied on top of the free-standing Li2S cathode to hinder the 

diffusion of Li2Sx.178 Similarly, a graphene film covering the Li2S cathode was used to 



restrain Li2Sx.179 Different from sulfur-based cathodes, this blocking layer can be directly 

formed on the Li2S cathodes due to the high melting temperature of Li2S. A thin carbon layer, 

derived from decomposition of acetylene in a CVD process, was coated on the surface of 

freestanding Li2S cathode (P-Li2S) to achieve P-Li2S@C.173 The P-Li2S@C cathode 

demonstrates much better electrochemical performance than P-Li2S in terms of cycling 

stability and rate capability.173 The Nyquist plots show that P-Li2S@C cathode possesses 

smaller charge transfer resistance and Warburg impedance than P-Li2S, indicating that the 

carbon coating by CVD facilitates charge- and ion-transfer.173 In another study, Chen et al. 

grew a thin Al2O3 film on freestanding Li2S@graphene slice.172 The Al2O3 film physically 

confined Li2Sx and chemically bound them to enhance the utilization of active materials. The 

application of a coating on the self-supporting Li2S cathode or an interlayer between the Li2S 

cathode and separator has proved to be effective in improving the electrochemical 

performance. 

Although lithium metal anodes are still far from practical application due to several 

problematic issues especially the lithium dendrite growth,180, 181 the electrochemical 

performance of cells using a Li2S cathode against a lithium metal anode does reflect the 

quality of a Li2S cathode structure. Some representative works on Li2S cathodes in the 

literature are summarized in Table 2. 

Table 2. Electrochemical performance of Li2S cathodes. 



Producing  

Li2S 

Host  

material 

Freestanding 

(Y or N) 

Li2S 

content 

(wt%) 

Li2S  

loading 

(mg cm−2) 

Initial  

capacity  

(mAh g−1) 

Cycle 

number 

Decay 

rate  

(%) 

Current 

density 

(C) 

Ref. 

Milling  

micro-Li2S 
Carbon black N 70 2.3 590 60 0.59 0.05 50 

Milling  

micro-Li2S 
Carbon black N 38 1 – 1.5 858 100 0.22 0.1 22 

Milling  

micro-Li2S 

Pyrrole-deriv

ed carbon 
N 72 1 1029 100 0.366 0.2 93 

Milling  

micro-Li2S 

Polystyrene-d

erived carbon 
N 46.5 0.47 971 200 0.18 0.1 125 

Milling  

micro-Li2S 
CNT 

N (W/ CNT 

interlayer) 
49 3.5 888 100 0.493 0.1 92 

Milling  

micro-Li2S 
TiS2 N 51 1 666 400 0.058 0.5 128 

Recrystallizing 

Li2S 

Carbon layer 

through CVD 
N 57.8 2.8 754 200 0.15 0.2 95 

Recrystallizing 

Li2S 

PVP-derived 

carbon 
N 51 1.4 922 100 0.095 0.2 182 

Recrystallizing 

Li2S 

PAN-derived 

carbon 
N 40 1.77 355 50 0.43 0.02 15 

Recrystallizing 

Li2S 

PAN-derived 

carbon 
N 63 – 958 1000 0.041 0.5 99 

Recrystallizing 

Li2S 

Graphene & 

carbon layer 

through CVD 

N 55 1.3 723 700 0.004 0.5 183 

Recrystallizing 

Li2S 

Pyrrole- 

derived 

carbon 

N 60 0.8 – 1 637 200 0.18 0.2 20 



Recrystallizing 

Li2S 

ZIF-67-derive

d carbon 
N 41.6 2 1137 300 0.06 0.2 96 

Recrystallizing 

Li2S 
LiTiO2 N 57.6 1.2 730 400 0.03 0.5 139 

Recrystallizing 

Li2S 

Graphene 

foam 
Y 50 1 853 300 0.041 0.2 184 

Recrystallizing 

Li2S 

MXene/ 

graphene 

aerogels 

Y 62 3 710 200 0.133 0.2 27 

Recrystallizing 

Li2S 
MWCNT Y 30 0.9 843 100 0.16 0.2 98 

Recrystallizing 

Li2S 

RGO & 

PVP-derived 

Carbon 

Y 75 2.5 – 3.5 456 200 0.08 1 86 

Recrystallizing 

Li2S 
RGO Y 50 – 60 0.8 – 1.5 1119 150 0.18 0.1 26 

Recrystallizing 

Li2S 

Vertical 

graphene 

Y (W/ carbon 

coating) 
– 1.84 890 100 0.26 0.1 24 

Recrystallizing 

Li2S 
Carbon felt 

Y (W/ carbon 

coating) 
– 7 747 200 0.12 1 97 

Recrystallizing 

Li2S 

Cellulose-deri

ved carbon 

Y (W/ carbon 

coating) 
50 1.3 878 400 0.058 0.5 170 

Decomposing 

Li2S3

Nitridated 

graphene 
N 60 1.2 817 500 0.082 0.2 103 

Decompose 

Li2S6

RGO N 52.8 0.96 982 100 0.68 0.1 102 

Carbothermal 

reduction 

PVP & 

P-PANI-deriv

ed carbon 

N 62 2 1000 100 0.3 0.1 142 



Carbothermal 

reduction 

ZnS@N-dope

d carbon 
N 62.6 2 666 1000 0.021 1 147 

Carbothermal 

reduction 

RF-derived 

carbon & 

CNTs 

N 40.5 3 600 200 0.158 0.2 140 

Carbothermal 

reduction 
Carbon  

N (W/ CNT 

interlayer) 
49 – 789 300 0.087 0.5 178 

Carbothermal 

reduction 

PVP-derived 

carbon 
Y 55 3 520 200 0.18 1 174 

Carbothermal 

reduction 
CNTs & RGO Y 55 – 60 1.0 – 1.5 975 300 0.037 0.2 106 

Carbothermal 

reduction 

CNTs & 

PVA-derived 

carbon 

Y (W/ CNT 

interlayer) 
– 1.86 520 220 0.05 1 109 

Carbothermal 

reduction 

Chitosan-deri

ved carbon 

Y (W/ carbon 

coating) 
36 2 820 100 0.476 0.1 173 

Carbothermal 

reduction 
GO sponge 

Y (w/ Al2O3

coating) 
58 1.2 – 1.5 668 1000 0.028 2 172 

Reacting  

Li-Naph and S 
PAN N 37 0.42 – 1.06 484 250 0.038 0.14 112 

Reacting 

Li-Naph and 

H2S 

Acetylene 

black 
N 40 1.0 669 60 0.92 0.1 113 

Reacting LiOH 

and H2S 
Carbon black N 74 2.68 770 100 0.47 0.2 114 

Reacting 

LiEt3BH and S 
Graphene N 53 1.3 953 100 0.17 0.1 11 

Reacting 

LiEt3BH and S 

carbon layer 

through CVD 
N 88 1.1 972 100 0.24 0.2 115 



Reacting 

LiEt3BH and S 

GO & carbon 

layer through 

CVD 

N 60 0.7 – 0.9 650 1500 0.046 2 118 

Reacting 

LiEt3BH and S 

Graphene & 

carbon layer 

through CVD 

N 60 1.1 – 1.3 993 100 0.24 0.2 116 

Reacting 

LiEt3BH and S 

Ionic 

liquid-derived 

carbon 

N 54 1.35 – 1.62 439.5 500 0.036 1 117 

Reacting 

LiEt3BH and S 

GO & 

PAN-derived 

carbon 

N 60 1.5 879 200 0.17 0.5 119 

Reacting 

LiEt3BH and S 

Graphene 

aerogel 
Y 69 3.66 838.5 100 0.55 0.1 120 

Reacting 

LiEt3BH and S 

Li3PS4 & 

graphene 
Y 78.2 1.2 934.4 100 0.48 0.1 78 

Reacting LiH  

and S 

PAN-derived 

carbon 
N 55.5 3 – 3.5 971 200 0.206 0.1 121 

Reacting  

LiH and CS2

Porous 

carbon & 

CNTs 

N 58.2 1.34 – 1.73 645 300 0.07 0.43 123 

Reacting  

Li and CS2

Graphene N 72 5 856 200 0.21 0.1 52 

Reacting  

Li and S 
Carbon N 59.8 10 1014 100 0.06 0.1 77 

Deeply 

discharging 

MoS2

Electrolyte-de

rived gel-like 

film 

N 40 2 – 3 915 150 0.31 0.5 124 

Deeply 

discharging 

MoS2

RGO & 

Electrolyte-de

rived gel-like 

film 

N 46.5 4.3 – 5.1 539 200 0.18 2 152 

7. Li2S-based lithium-metal-free cells 



Due to the chronic safety concerns associated with the lithium metal anode, lithium 

metal-free anodes have been put forward to pair with Li2S cathodes. This, in fact, is one of 

the significant advantages of Li2S over elemental sulfur when used as the cathode in LSBs. 

Preliminary studies have been carried out on the Li2S-based lithium-metal-free cells that use 

anodes such as graphite,52, 81, 148, 185 Si,9, 11, 111, 112, 124, 186-188 Sn,10, 189 SnO2,76 and Fe3O4.27, 174

These anode materials have a theoretical capacity of 372, 4200, 994, 1491 and 924 mAh g−1, 

respectively. The electrochemical performance of the Li2S-based lithium-metal-free cells is 

summarized in Table 3 and Fig. 11. 

Table 3. Electrochemical performance of Li2S-based lithium-metal-free cells. 

Cathode Anode Electrolyte 

Average  

discharge 

voltage (V) 

Initial  

capacity 

(mAh g−1) 

Cycle  

number 

Decay rate  

(%  

per cycle) 

Current 

density 

(C) 

Ref. 

Li2S-Ketjen 

black 
Graphite 

TRIDME/ LiTFSI/ 

HFE (1: 1: 4) (mol 

ratio) 

1.7 487 50 1.1 0.1 185 

Li2S-Carbon 

nanotubes 
Graphite 

3M LiTFSI in 85/15 

(v/v) DOL/DME 
1.9 714 100 0.19 0.2 81 

Li2S@ 

Graphene 

nanocapsules 

Graphite 
1 M LiTFSI in 2/1 

(v/v) D2/DOL 
1.8 508 200 0.20 0.1 52 

Li2S-Micropo

rous carbon 
Graphite 

1 M LiPF6 in 1/1 (v/v) 

EC/DEC 
1.6 680 150 0.08 0.1 148 

Li2S 
Silicon-Gra

phite 

1 M LiTFSI in 1/1 

(v/v) DOL/DME w/ 

0.5M LiNO3

1.8 540 70 0.7 0.2 188 



Li2S-Mesopor

ous carbon 
Silicon 

1 M LiTFSI in 1/1 

(v/v) DOL/DME 
1.7 423 20 2.2 0.33 111 

Li2S-Graphen

e 
Silicon 

[Li(G4)][TFSA]/ 

HFE (1: 4) (mol ratio) 
1.5 702 40 1.1 0.08 186 

Li2S-Graphen

e 
Silicon 

1 M LiTFSI in 1/1 

(v/v) DOL/DME w/ 

LiNO3 & Li2Sx

1.7 1000 10 1.0 0.05 11 

Li2S-Mesopor

ous carbon 

Prelithiated 

Si 

LiOTf /TEGDME (1: 

4) (mol ratio) 
1.4 280 50 0.21 0.2 9 

Li2S-Poly 

(acrylonitrile) 

Prelithiated 

Si 

1 M LiPF6 in 1: 4: 5 

(v/v/v) PC/EC/DEC 
1.6 1026 50 0.39 0.14 112 

Li2S-Mo 
Prelithiated 

Si 

1 M LiPF6 in 1/1 (v/v) 

EC/DMC + 10% v/v 

FEC 

1.4 788 150 0.32 0.2 124 

Li2S-Super C Sn-Carbon 

1 M LiPF6 in 1/1 (v/v) 

EC/DMC saturated by 

Li2S in ZrO2 + 

PEO20LiCF3SO3

1.6 400 90 0.28 0.2 189 

Li2S-Carbon Sn-Carbon 

1 M LiPF6 in 1/1 (v/v) 

EC/DMC saturated by 

Li2S in ZrO2 + 

PEO20LiCF3SO3

1.6 380 80 −0.42 0.2 10 

Li2S-Carboni

zed wipe 

SnO2-Grap

hene 

1 M LiTFSI in 1/1 

(v/v) DOL/DME w/ 1 

wt% LiNO3 & 50 mM 

InI3

1.8 750 200 0.07 0.5 76 

Li2S@Carbon 

nanofiber 

Fe3O4/ 

Carbon 

nanosheets 

1 M LiTFSI in 1/1 

(v/v) DOL/DME w/ 

2wt% LiNO3

1.9 576 50 0.80 0.2 174 

Li2S@MXene

/Graphene 

Fe3O4/ 

Carbon 

nanosheets 

1 M LiTFSI in 1/1 

(v/v) DOL/DME w/ 

2wt% LiNO3

1.6 560 50 0.44 0.2 27 



Li2S-Carbon 

nanotubes 
Cu 

1 M LiOTf in 1/1 (v/v) 

DOL/DME w/ 0.2 M 

LiNO3

2.0 900 160 0.42 0.1 12 

Fig. 11. Comparison of the reported energy density corresponding to different Li2S-based full 

cells. 

Even though some promising results have been achieved, many inherent problems related 

to the anode materials themselves remain to be solved before their practical applications. 

These include the low electronic conductivity of Si, SnO2 and Fe3O4, and their huge volume 

change during charging/discharging, as summarized in Table 4. These anodes usually suffer 

from mechanical degradation, lithium loss and continuous electrolyte consumption due to 

instability of their SEI, their same problems used in either LIBs or LSBs. The only exception 

is graphite, but it is not a suitable candidate for LSBs due to its low specific capacity.188 A 

variety of strategies, such as nanostructuring and compositing the anode materials with 

electronically or/and ionically conductive matrixes, have been proposed to ameliorate the 
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problems associated with those large capacity anode materials.190-193 For example, Si 

nanowires can accommodate the large volume expansion upon lithium insertion, and good 

electronic contact and conduction could be retained.194 The compositing of Si or Sn with 

carbon can alleviate their poor electronic conductivity or volume expansion.111, 189

Nevertheless, when these anodes are paired with Li2S cathodes, several issues unique in 

LSBs will arise. The electrolyte, as the Li+ transport path connecting the cathode and the 

anode, should match both of them. Lithium loss due to side reactions might also arise. 

Table 4. Comparison of different anodes applied in Li2S-based LSBs. 

Item Graphite Si Sn SnO2 Fe3O4

Specific capacity 

(mAh g−1) 
372 4200 994 1491 924 

Electronic conductivity  

at 25 � (S m−1) 
8.4 × 104 5 × 10−4 9.2 × 106 1.0 × 10−6 4.4 × 10−1

Volume expansion 

 (%) 
13 400 358 300 93 

7.1 Electrolytes 

Other than the cathode and the anode, the electrolyte, also plays a vital role in 

determining the LSB performance. The selected electrolyte, consisting of solvents, lithium 

salts, and additives, must be compatible with both electrodes. Currently, there have been no 

studies suggesting special lithium salts needed for Li2S-based lithium-metal-free cells. As 

such, this section focuses only on solvents and additives. 

7.1.1 Solvents 



The commonly used ether-based electrolyte in lithium-metal based LSBs, which contains 

LiTFSI in 1, 3-dioxolane (DOL)/ DME and LiNO3 additives will not work properly in 

Li2S//graphite cells. Such an electrolyte can destroy the graphite structure because of the 

co-intercalation of solvent.195 An improved electrolyte with a high ratio of DOL to DME 

would generate a thin and uniform polymeric layer on graphite, thereby effectively reducing 

the irreversible capacity loss associated with the instability of SEI.81 With DOL-rich 

electrolyte simultaneously appropriate for the Li2S cathode and the graphite anode, 

Li2S//graphite cells delivered a high capacity of 714 mAh g−1 (based on Li2S mass) at 0.2 C.81

Wu et al. developed a novel electrolyte (triethyleneglycol dimethylether, LiTFSI and 

hydrofluoroether with a molar ratio of 1: 1: 4) matching well with both Li2S and graphite, in 

which the Li2S cathodes showed a high specific capacity around 1000 mAh g−1 and a 

Coulombic efficiency around 95 % at 0.2 C when paired with a graphite anode.185

Si anodes demonstrate best performance in carbonate-based electrolytes, in which sulfur 

cathodes, however, fail to operate due to the nucleophilic addition or substitution reaction 

between polysulfide species and electrolyte components.154 On the other hand, Si anodes 

present poor performance in ether-based electrolytes.196 Even though, high-performance 

Li2S//Si cells have been preliminary demonstrated using carbonate-based electrolytes,112, 124

where the sulfur species are physically confined or chemically bonded in the host material 

and the generation of dissolved Li2Sx is circumvented. 

As for solid-state batteries, lithium metal anodes tend to react with almost all of the 

inorganic solid electrolytes that possess high ionic conductivity at room temperature, causing 

unstable interfaces.197, 198 Nevertheless, the harmonious coexistence of Li2S cathodes and Si 



anodes with Li7P3S11 opens a new avenue for developing all solid-state LSBs.187

Other solvents have also been applied in Li2S-based lithium-metal-free cells, such as 

partially fluorinated solvent 1,1,2,2-tetrafluoro-3-(1,1,2,2-tetrafluoroethoxy)-propane (D2) 

and DOL, and tetraethylene glicole dymethylether (TEGDME).9, 52 Along with progress in 

Li2S-based cathodes, more solvents compatible with both Li2S cathode and 

lithium-metal-free anode are expected to be developed. 

7.1.2 Additives 

The function of additives in Li2S-based LSBs could be categorized into either facilitating 

the Li2S oxidation or promoting the formation of a stable SEI film. Both functions are crucial 

to the electrochemical performance of Li2S-based LSBs. 

As discussed in Section 2.2.1, the initial charging barrier could be effectively reduced by 

adopting additives in the electrolytes, whose identical function should also exist when a 

lithium-metal-free anode is used, but their effects on the anodes and the overall cell 

performance should be evaluated. Such studies are yet sparse. 

A stable SEI film on the anode is critical for the operation of LSBs. In the conventional 

Li2S//Li cells, the reaction between lithium polysulfides and lithium foil will lead to loss of 

active materials and lithium foil coated by poorly electronically conductive Li2S and Li2S2, 

resulting in low utilization of active materials and unstable cycling performance. LiNO3 was 

added as a co-salt or additive in the electrolyte to promote the formation of a stable 

passivation film on the lithium anode in order to suppress the growth of lithium dendrite and 

the redox shuttling of Li2Sx.199 Other additives to facilitate the formation of SEI films on 



lithium foils include Li2Sx,200 lithium bis (oxalate) borate (LiBOB),201 and 

Biphenyl-4,4 -dithiol (BPD),202 etc. 

When lithium metal is substituted with Si or SnO2, the reaction between Li+ in Si or SnO2

anodes and lithium polysulfides still exist.203, 204 And even worse, compared with lithium 

anodes, the prelithiated anodes are more reactive with lithium polysulfides, as there are more 

Li+ exposed to the electrolyte when nanostructured anodes are used.203 Although a variety of 

additives have been investigated in lithium-metal based LSBs to alleviate the shuttle effect, 

such is not yet the case for other anodes based cells. Although LiNO3 and LiNO3/Li2Sx were 

adopted as additives in Li2S-based lithium-metal-free cells,11, 27, 174, 188 their functions were 

not investigated. In a novel Li2S-based lithium-metal-free cell (Li2S//Cu), Nanda et al. 

demonstrated the presence of lithium polysulfides would facilitate the reversible plating and 

stripping of lithium.12 In Li2S//Cu cells, dissolved lithium polysulfides play a positive role in 

mediating the lithium deposition process by forming protective Li2S and Li2S2 regions on the 

deposited lithium. Li2S//Cu cells thus demonstrated Coulombic efficiencies over 96%, much 

higher than that of LiFePO4//Cu full cells (68.3%).12

Liu et al. established a passivation layer (Li-In alloy) on the surface of the SnO2 anode by 

using InI3 as an additive in the electrolyte, which protected the anode from corrosion by 

polysulfides and allows for facile Li+ transport.76 The Li2S//SnO2 cells exhibited excellent 

rate capability with 675 mAh g−1 delivered at 1.5 C, and stable cycling performance with 647 

mAh g−1 retained after 200 cycles at 0.5 C.76 Therefore, a SEI film formed on the anodes 

using additives would provide a promising strategy for alleviating the shuttle effect of lithium 

polysulfides. 



In general, the reports on the solvents and additives applied in Li2S based 

lithium-metal-free cells are relatively few, and more studies are needed, either to confirm the 

functions of those commonly used solvents and additives or develop new ones. 

7.2 Compensating the lithium loss 

The SEI formation and the partly irreversible lithiation will result in a considerable 

lithium loss.52, 81, 112, 186 In cells composed of Li2S cathodes and lithium-metal-free anodes, 

Li2S cathodes are the sole source of lithium and lithium loss will significantly impact the cell 

performance. For example, compared with Li2S//Si cells, Li2S//graphite cells demonstrated a 

smaller capacity fading because the graphite electrode underwent a much smaller volume 

change (10%) during lithium intercalation and lithium loss was suppressed.186

Several strategies have been proposed to ameliorate the detrimental effect of lithium loss 

in lithium-metal-free cells, either by adding sacrificial lithium to the cathode or through 

anode prelithiation. For example, excess lithium metal powder can be added for Li2S 

preparation, which will serve as extra lithium source.148 Si electrodes can be prelithiated 

before assembled into a cell using electrochemical method.9 Specifically, the Si electrode is 

paired with a lithium foil and then discharged. After that, the lithiated Si electrode is 

assembled with a Li2S cathode into a cell. In contrast to electrochemical prelithiation, Shen et 

al. developed a facile chemical prelithiation strategy to achieve lithiated Si electrode.112

Prelithiation was conducted by reacting Si electrode with Li-Naph at room temperature, and 

the lithiation degree could be simply controlled by the reaction time. 

The progress made on prelithiation technology will address the capacity degradation 



issues associated with lithium loss. 

8. Summary and future works 

Towards developing practical LSBs, Li2S-based cathodes have been investigated in recent 

years and strategies to fabricate the electrode with much improved performance have been 

reported. With its electronic and ionic insulation nature, the size, morphology, and 

crystallinity of Li2S particles play critical roles in determining its initial activation and the 

subsequent cathode performance. Several approaches to prepare nanoscale Li2S particles via 

physical or chemical routes have been demonstrated, although their cost, production 

efficiency, and safety issues are yet to be evaluated. To prevent the nanoparticle aggregation 

and particularly to diminish the polysulfide shuttling effects, encapsulation of preformed Li2S 

nanoparticles by materials with excellent electronic conductivity or Li+ conductivity is 

necessary, which has greatly enhanced the electrochemical performance of Li2S cathodes. 

Simultaneously synthesizing and encapsulating Li2S nanoparticles in one step is a preferable 

strategy in solving the aggregation issues of nanoparticles. The high melting temperature of 

Li2S opens avenues of high-temperature processing, and several approaches have been 

reported to simultaneously prepare and encapsulate these Li2S nanoparticles. As one more 

step, Li2S-based free-standing structures directly used as cathodes are also attracting interests 

and steady progress is being made. A coating or an interlayer that can be directly formed on 

the electrode has been found to be effective in alleviating the loss of active materials and 

reducing the shuttling effects. In the cell level, studies on electrolytes and lithium-metal-free 

anodes for building high-performance Li2S full cells are also being conducted. 



Despite great progress being made, there is still plenty of room in the fundamental study 

of the electrochemical processes and the practical development of the electrode 

nanostructures and the whole cell construction toward a practical LSB technology. We 

consider following are some of the research opportunities that deserve to be pursued: 

1) As there is still controversy on the detail steps of the first charging process, 

fundamental studies are called for unequivocally clarifying the mechanism of Li2S activation. 

This understanding could provide critical guidance for the rational design of Li2S cathode 

structure and the selection of electrolyte in order to reduce the charging overpotential and 

elevate utilization of the active material. 

2) Other than engineering the Li2S particles and developing host materials, modifying the 

electrolyte, especially adding RMs, is an effective and facile method to reduce the activation 

voltage. The study on this aspect is still in the early stage, and more effective additives might 

be developed through calculation-based material design and experimental demonstration. 

3) Many studies on effects of Li2S particle size have been reported; however, the particle 

morphology and crystallinity, both of which have demonstrated similar effects as the particle 

size on Li2S cathode performance, were rarely investigated. Efforts on morphology and 

crystallinity engineering of Li2S particles, in addition to their dimension, provide more 

degrees of freedom to further promote Li2S cathode performance. 

4) The high-temperature stability of Li2S opens many new avenues for its encapsulation, 

including the selection of coating materials. Since Li2S has poor both electronic and lithium 

ionic conductivities, a mixed ionic-electronic conductor as the encapsulation coating has 

potential to synergistically enhance the Li2S cathode performance. Studies along this 



direction, particularly those that also combine with solid-state electrolytes, might lead to 

novel and even breakthrough works. It must be emphasized that in order to surpass the energy 

density of LIBs, the Li2S content and loading in the cathode must be largely increased than 

many reports. Toward this end, more delicate encapsulation strategies are required to tailor 

the encapsulation layer thickness, surface area, pore volume, etc. 

5) With mechanism understanding and optimization on different aspects, a holistic 

strategy is called for to design the Li2S cathode, including but not limited to the size, 

morphology, crystallinity, and the selection of coating materials, to enhance the electronic 

and Li+ conductivities, alleviate the volume expansion, strongly immobilize sulfur species, 

and catalyze their redox reaction. 

6) To develop practical Li2S-based LSBs, anode materials other than lithium metal should 

also be investigated to couple with Li2S cathodes. This requires to solve the issues of poor 

electronic conductivity and large volume expansion associated with the lithium metal-free 

anodes. New electrolytes that simultaneously match Li2S cathodes and lithium metal-free 

anodes are desired to be developed. The strategies to protect Li2Sx from reaction with anodes 

are urgently needed. Techniques for compensating the lithium loss should also be developed. 
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