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of obstacles: a) the huge volume fluctua-
tion of sulfur cathode during lithiation/
delithiation leads to the cracking and 
pulverization of electrodes; b) the insu-
lating nature of sulfur and its discharged 
products (Li2S2/Li2S) induces a high 
redox overpotential and sluggish reac-
tion kinetics; and c) lithium polysulfides 
(LPSs), soluble intermediates in liquid 
electrolytes, dissolve, diffuse, and decom-
pose in electrolytes and/or at interfaces, 
leading to loss of active materials and 
interface destabilization. All above obsta-
cles come together to render current Li–S 
batteries with low Coulombic efficiency, 
insufficient sulfur utilization, poor cycling 
stability, and severe anode corrosion.[3,4]

In general, a typical Li–S battery is com-
posed of a sulfur cathode, a lithium metal 
anode, and a suitable electrolyte either in 
liquid or solid state.[5] The electrochemical 
redox reactions of sulfur in aprotic liquid 
electrolytes (or gel polymer electrolytes 
containing a fraction of liquid solvents) 
include complicated multiphase evolution 
and multistep charge-transfer/nontransfer 

processes (S8 (s)  ↔ Li2Sm (l)  ↔ Li2Sn (l)  ↔ Li2S2/Li2S (s), 
4 ≤ n  < m  ≤ 8 while s and l refer to solid and liquid, respec-
tively).[6] Although the chemical equilibria of soluble LPSs in 
electrolytes has a positive effect on improving sulfur conversion 
rates to Li2S product,[7] the formation of LPSs and their disso-
lution and migration in liquid electrolytes between cathodes 
and anodes, that is so-called shuttle effect, is clearly one of the 
greatest threats to cycle life and stability of Li–S batteries.[8–10]

Considerable efforts have been paid to mitigate the shuttle of 
soluble LPSs via spatial confinement by porous hosts and chem-
ical adsorption by polar materials.[11] However, the accumulation 
of soluble LPSs in catholyte always occurs and hence the shuttle 
driven by the concentration gradient can hardly be fully avoided. 
Therefore, enhancing conversion kinetics of soluble LPSs to alle-
viate the shuttle effect has attracted more attentions.[12–14] On 
one hand, promoting the transformation (liquid to liquid) from 
higher-order and highly soluble LPSs (Li2S8 and Li2S6) to lower-
order and relatively poorly soluble LPSs (Li2S4) can reduce the 
overall dissolution of LPSs in liquid electrolytes.[9] On the other 
hand, facilitating the conversion (liquid to solid) of LPSs to solid 
Li2S2/Li2S can reduce the bulk concentration of active species and, 
more importantly, shorten their retention time in electrolytes. To 
realize rapid redox kinetics of LPSs, electrocatalysis at the working 
solid (electrode)/liquid (electrolyte) interface plays a pivotal role.

Lithium–sulfur (Li–S) batteries have been strongly considered as one of the 
most promising future energy storage systems because of ultrahigh theoret-
ical energy density of 2600 Wh kg−1. The natural abundance, affordable 
cost, and environmental benignity of elemental sulfur constitute additional 
advantages. However, complicated reaction behaviors at working electrode/
electrolyte interfaces that involve multiphase conversion and multistep 
ion/electron diffusion during sulfur redox reactions have impeded the 
thorough understanding of Li–S chemistry and its practical applications. 
This perspective article highlights the influence of the ion/electron trans-
port and reaction regulation through electrocatalysis or redox mediation at 
electrode/electrolyte interfaces on various interfacial sulfur redox reactions 
(liquid–liquid–solid interconversion between soluble lithium polysulfide with 
different chain lengths and insoluble lithium sulfides in liquid-electrolyte 
Li–S batteries and direct solid–solid conversion between sulfur and Li2S in 
all-solid-state Li–S batteries). The current status, existing challenges, and 
future directions are discussed and prospected, aiming at shedding fresh 
light on fundamental understanding of interfacial sulfur redox reactions 
and guiding the rational design of electrode/electrolyte interfaces for 
next-generation Li–S batteries with high energy density and long cycle life.
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Working Interfaces

1. Introduction

The upgrade and evolution of electrical and electronic industry 
is driven by increasing social requirement, appealing for high-
energy density energy storage system that is the key component 
of electronic products and electric vehicles.[1] Lithium–sulfur 
(Li–S) batteries have been regarded as one of the most prom-
ising next-generation battery technologies because of ultrahigh 
theoretical energy density of 2600  Wh kg−1.[2] Unfortunately, 
the practical application of Li–S battery is hindered by a series 

Adv. Mater. Interfaces 2019, 6, 1802046

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmi.201802046&domain=pdf&date_stamp=2019-01-30


www.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1802046  (2 of 10)

www.advmatinterfaces.de

To completely address the shuttle issue of LPSs, another prom-
ising approach is all-solid-state Li–S batteries that avoid the use 
of organic liquid electrolytes in a working cell.[15] Different from 
liquid electrolytes, sulfur is directly converted to Li2S in a solid-
state battery without going with LPS dissolution. Consequently, 
the shuttle is prevented at root. In comparison to organic elec-
trolytes, solid electrolytes pose paramount advantages in battery 
safety as their rigidity restrains the formation of lithium den-
drites to some extent and the nonflammability reduces the risk 
of battery firing. Furthermore, the adoption of solid electrolyte 
may have potential to achieve higher energy/power densities 
as long as with reduced thickness. However, all-solid-state bat-
teries always suffer from the great challenge of charge transport 
at solid (electrically conductive scaffold)/solid (active materials)/
solid (ionically conductive electrolyte) triple interfaces.[16] Any 
degradation in the contact between solid phases results in 
unsurmountable internal résistance.

Since the electrode/electrolyte interfaces have much profound 
influence on sulfur electrochemistry in a working battery what-
ever it uses, a liquid or solid electrolyte, we will briefly summa-
rize recent advances in understanding of sulfur redox reactions 
at working interfaces and design strategies for these interfaces. 
Liquid- and solid-electrolyte Li–S batteries are both considered 
and compared. We will especially focus on the ion/electron 
transport and reaction regulation through electrocatalysis or 
redox mediation at the interfaces and attempt to make a per-
spective on existing challenges and future directions at the end.

2. Sulfur Electrochemistry in Liquid-Electrolyte 
Li–S Batteries

Sulfur electrochemistry in most organic electrolytes is a typical 
heterogeneous process and their conversion strongly depends 
on the physicochemical properties of heterogeneous interfaces 
where electrochemical reaction occurs.[17] Therefore, it is very 
important to understand the interfacial behaviors of sulfur 
redox reactions in a working cell. In fact, oxygen and sulfur are 
in the same main group VI in the periodic table. Thus, they 
share some common features such as multi-electron transfer 
and multiphase transitions in terms of their interfacial redox 
behaviors. The oxygen electrochemistry, including oxygen 
reduction and oxygen evolution, has been strongly investigated 
as probe reactions in current material science to evaluate the 
performance of nanostructured electrocatalysts.[18] If the energy 
chemistry concepts developed for oxygen electrochemistry 
can be implanted into sulfur electrochemistry, many innova-
tive strategies can be proposed to reduce the overpotential and 
enhance the reaction kinetics in a working Li–S battery. This 
understanding can afford efficient guidance for the rational 
design and improvement of electrode/electrolyte interfaces and 
thus promote the practical applications of Li–S batteries.

2.1. Liquid Sulfur Redox Reaction

Owing to the high solubility of high-order LPSs in liquid electro-
lytes, LPSs are easily dissolved in organic electrolyte once formed 
through initial electroreduction of sulfur or electro-oxidation of 
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Li2S. Therefore, the electrical contact mode with the conductive 
substrate changes from solid–solid to liquid–solid contact.[19] 
Conventional opinion held was that liquid LPSs had better elec-
trical contact than solid sulfur/Li2S as LPSs can diffuse to unoc-
cupied conductive surface while solids cannot. It was true when 
relatively low-surface-area conductive agents were employed in 
early studies.[20] However, after the adoption of high-surface-area 
carbon nanomaterials in Li–S batteries since 2009,[21] the total 
conductive surface area has never been a bottleneck while the 
issue comes from gradual loss of contact between carbon and 
LPSs that shuttle away. Therefore, only if an active LPS mole-
cule is adsorbed on the electrode surface, the electron can be 
exchanged across the solid/liquid interface and electrochemical 
reactions can occur.[22] In this regard, routine nonpolar conduc-
tive surface like a carbon surface is unfavorable in terms of LPS 
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adsorption.[22,23] The interface with high affinity to soluble LPSs 
is imperative for not only surface immobilization of LPSs but 
also subsequent interfacial charge transfer.

Much more efforts have been made to improve the proper-
ties of solid/liquid interface by modifying the solid surface with 
desirable LPS affinity such as doping heteroatoms into carbon 
lattices and decorating inorganic nanomaterials into conduc-
tive frameworks.[24] The dopants or decorators not only enhance 
binding energies of LPSs on host materials but also possibly 
offer active centers for electrocatalytic conversion of soluble 
LPSs (Figure 1a).[13] Notably, starting active species and reduced 
products are highly soluble during liquid–liquid transformation 
(the higher-order LPSs to lower-order LPSs during discharge 
while the lower-order LPSs to higher-order LPSs in the reverse 
process) in a working cell. The binding strength between 
soluble LPSs and solid substrates/interfaces should be mod-
erate to satisfy both reactant adsorption and product desorption. 
Especially for electrical insulative materials, additional surface 
diffusion of LPS species on solid substrates is particularly 
important for their electrochemical conversion owing to the 
hindered electron transfer on insulating surface (Figure 1b).[25] 
Accordingly, the balance between surface adsorption and des-
orption of LPSs at reactive interfaces should be strongly con-
sidered. Moreover, very strong binding strengths as revealed 
by previous first-principle calculations might not always be 
the actual case. In general, a very strong binding strength is 
resulted from substantial charge transfer between LPSs and 
the reactive interface. Such charge transfer induces either the 
oxidation of LPSs into sulfates/polythionates on oxidative sub-
strates such as high-valence metal oxides[26] or the reduction of 
LPSs into sulfides on reductive materials such as metals and 
low-valence metal compounds.[27] Therefore, in this condition, 
the decomposition of LPSs completely changes the composition 
and properties of the interface, and then the binding strength 
should be re-evaluated at the reconstructed surfaces/interfaces.

2.2. Redox Reaction of Liquid Polysulfides to Solid Sulfides

The shuttle of LPSs is responsible for rapid capacity decay and 
low cycle life in a Li–S battery. Actually, there is strong com-
petition between polysulfide accumulation and their redox 
transformation. The LPS diffusion is attributed to not only the 
thermodynamic driving force by concentration gradient but also 
the sluggish kinetics of their redox consumptions. If LPSs can 
be rapidly transformed to immobile solid products, their shuttle 
will be mitigated. Moreover, it is well known that the discharge 
capacity of low-voltage plateau, corresponding to nominal 
Li2S4 to solid Li2S, is 1254 mAh g−1, which is three quarters 
of theoretical capacity (1675 mAh g−1).[4] The liquid–solid con-
version is thereby the key to achieve high utilization of sulfur. 
Likewise, the conversion kinetics of LPSs to solid Li2S can 
also be improved by enhancing the electrocatalytic capability 
of active surface by heteroatom doping or interfacial decora-
tion (Figure  2).[14,28–31] However, the diffusion of LPSs can 
lead to the redistribution of active species on electrode surface; 
therefore, inducing the nonuniform deposition of solid Li2S2/
Li2S and causing the passivation of electrode/electrolyte active 
interface.[32] Furthermore, the reaction kinetics of LPS conver-
sion usually becomes worse with prolonged cycling owing to 
increased internal resistance as a result of the formation of 
insulative Li2S and their uneven precipitation.[33] Therefore, the 
regulation of soluble LPSs and their controllable deposition are 
of great importance for high-performance Li–S batteries.

The deposition morphology of Li2S strongly depends on 
the initial nucleation and subsequent growth, both of which 
are controlled by surface properties of electrode following het-
erogeneous crystal nucleation/growth theory.[34,35] The intimate 
affinity between liquid sulfur species and active conductive 
surfaces is favorable for controllable nucleation as high affinity 
reduces the difference in surface energy between electrode 
surface and Li2S nucleus, thus resulting in higher nucleation 
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Figure 1.  Schematic illustration of the conversion process of sulfur species on a) nonpolar conductive carbon substrates and b) polar CoS2-decorated 
conductive carbon substrates. Reproduced with permission.[13] Copyright 2016, American Chemical Society. c) Scheme of the LPSs adsorption 
and diffusion on the surface of various nonconductive substrates, indicating that the balance between strong adsorption and excellent diffusion favors 
for LPSs redox reaction. Reproduced with permission.[25] Copyright 2016, Nature Research.
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density and smaller nuclei size (Figure  3).[31] The small pre-
cipitation size further favors ion/electron transport across the 
liquid (electrolyte)/solid (Li2S)/solid electrode interface through 
shortened diffusion length. At the same time, high electro-
catalytic capability of electrode/electrolyte interface improves 
the local concentration of LPSs as reactants for solid precipita-
tion and/or reduces the reduction barrier from LPSs to Li2S, 
promoting further growth of Li2S on initial nucleus.

Besides the solid side of the interfaces, the liquid electrolytes 
are regulated for controllable nucleation of Li2S. For instance, 

an electrolyte with a high donor number can render high sol-
vation of Li+ and thus enhanced solubility of LPSs. This leads 
to high nucleation barrier of Li2S and finally its 3D growth on 
conductive hosts. Vice versa, low-donor number solvent ren-
ders the 2D film growth of Li2S. Hence, the moderate donor 
number of electrolyte solvent is of great significance for the bal-
ance between the nucleation and growth of the sulfur species.[35] 
Recently, the high dielectric constant of solvent can contribute to 
the success in high solvation and solubility of short-chain poly-
sulfides, which therefore realize the stable formation of active 
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Figure 2.  a) Schematic illustration of the cooperative interfaces of LDH@NG with “sulfiphilic” and “lithiophilic” sites to promote the conversion 
of LPSs to Li2S. Reproduced with permission.[29] Copyright 2016, Wiley-VCH. b) Role of various substrates in surface reaction and nucleation, indicative 
of polar conductor favoring both LPSs adsorption and charge transfer compared with nonpolar conductor and polar insulator/semiconductor, 
and c) potentiostatic discharge indicative of the necessity of appropriate binding energy and charge transfer for high-efficient LPSs electrochemical 
conversion. Reproduced with permission.[30] Copyright 2016, Wiley-VCH.

Figure 3.  a) Schematic illustration of the controllable Li2S nucleation and uniform growth on a collaborative triple-phase interface with strong 
adsorption, high electrical conductivity, high reactivity and uniform distributed nucleation sites, and b) the mechanism of LPSs redox reaction and Li2S 
nucleation. Reproduced with permission.[31] Copyright 2019, Wiley-VCH.
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S3
•− radicals in electrolyte. Whereafter, the disproportionation of 

S3
•− radicals to S2− cations can promote efficient conversion of 

active sulfur species into thicker and denser Li2S precipitates.[36] 
Alertly, the high reactivity of high dielectric solvent toward Li 
metal should be taken into considerable account.[37] In fact, the 
solvation of lithium polysulfides is largely related to the interac-
tion between alkali metal cation and paired polysulfide anion. 
The larger and higher electropositive cations render stronger 
cation–anion electrostatic interactions.[38] Although it can induce 
higher stability and lower solvation of short-chain LPSs and thus 
promote the reduction of high-order LPSs to short-chain LPSs, 
the oxidation of short-chain LPSs to long-chain LPS becomes 
turning into a serious headache in the reverse charge process.

2.3. Redox Reaction of Solid Sulfides to Liquid Polysulfides

An integrated charge/discharge cycle involves not only the 
reduction of elemental sulfur and precipitation of Li2S but also 
the oxidation of Li2S. In the reverse reaction process, the insu-
late Li2S induces the high oxidation overpotential and thus, 
resulting in the sluggish kinetics of Li2S dissolution.[39] The 
low conversion efficiency of Li2S causes the large irreversible 
capacity loss and poor active sulfur utilization.[40] Therefore, the 
decomposition and oxidation of Li2S in Li–S batteries should be 
strongly considered, which is of crucial importance in realizing 
high reversible capacity, high Coulombic efficiency, and long 
cycling stability for a practical working Li–S battery.

Similar to LPSs to Li2S, the interfacial behavior at liquid 
(electrolyte)/solid (Li2S)/solid (electrode) triple-phase boundary 
plays a critical role in Li2S oxidation and electrocatalysis plays a 
predominant role (Figure 4).[41] Different from the liquid–liquid 

and liquid–solid conversions, the dissolution of Li2S first suf-
fers from the electron transfer across the solid/solid interface 
between conductive substrates and solid Li2S particles. The 
intimate contact is one of the main factors to render rapid 
electron transfer. Moreover, the intrinsically insulative nature 
is also harmful for favoring electrons transfer. Consequently, 
there is a high active energy barrier during extraction of lithium 
ions in Li2S.[42] Especially, when elemental sulfur is replaced by 
Li2S as starting active materials, the delithiation of Li2S is more 
difficult during the first charging.[39,40] Therefore, substrate sur-
face with high electrocatalytic sites is necessary to reduce the 
reaction energy barriers and promote the reaction kinetics of 
Li2S oxidation. Consequently, the energy efficiency is enhanced.

Obviously, the oxidative dissolution of Li2S is not an indi-
vidual process that is independent of Li2S precipitation and LPS 
interconversion in a working Li–S battery. Unlike serving as 
the starting material, the morphology of Li2S after discharging 
from sulfur is governed by last precipitation process. The nonu-
niform Li2S deposition and their detachments from conductive 
frameworks induce a high electron transfer resistance as well 
as a large irreversible loss of Li2S in the following dissolution of 
Li2S in repeated cycling.[31] Besides, there is always liquid LPS 
residue after discharge. These LPSs are served directly as redox 
mediators to promote the oxidation of Li2S.

The Li2S oxidation on an electrocatalyst in electrochemical 
cycles beyond the first charging of pristine Li2S is still a black 
box. The catalytic substrate can either directly promote the 
decomposition of Li2S or indirectly facilitate the regeneration 
of actual homogeneous redox mediators, LPSs, or both. An in-
depth fundamental understanding of the interrelation between 
the previous discharge process and the next charge process 
deserves more efforts to elucidate the effect of Li2S morphology 
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Figure 4.  Schematic illustration of the sulfur electrochemical reduction process and the Li2S oxidation on the surface of a) conventional conductive 
polar substrate and b) catalytic substrate that favors the oxidization of Li2S. c) Electrochemical decomposition mechanism and pathway of Li2S on the 
various electrocatalytic surface and graphene. Reproduced with permission.[41] Copyright 2017, National Academy of Sciences.
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and residue LPSs on Li2S oxidation and guide the interface 
design for the sulfur conversion chemistry.

3. Sulfur Electrochemistry in Solid-Electrolyte Li–S 
Batteries

In an all-solid-state lithium batteries, the solid electrolyte mani-
fested in lithium-ion, sodium-ion, and especially in Li–S batteries 
has been considered as the primary advantage of practical bat-
tery systems toward achieving high safety, high energy density, 
and high power density.[43] The electrochemical performance of 
solid-state batteries has been dominated by lithium ion trans-
port in solid electrolyte.[44] With the continuous development of 
solid electrolyte, a galaxy of solid electrolytes with high lithium 
ion conductivity in the order of 10−4 S cm−1 at room temperature 
have exhibited great potential in all-solid-state lithium batteries, 
including oxide-type electrolytes and sulfide-type electrolytes.[45] 
Especially for several state-of-the-art sulfide electrolyte mate-
rials, such as Li10GeP2S12 (LGPS),[46] Li9.54Si1.74P1.44S11.7Cl0.3,[47] 
Li3PS4,[48] and Li7P3S11,[49] their ionic conductivity has reached 
the magnitude of 10−3 S cm−1 and even exceeded 10−2 S cm−1, 
which is comparable with or even surpasses that of routine liquid 
electrolytes. In spite of significant progress in all-solid-state Li–S 
batteries, a critical issue underlying solid/solid interfaces has 
hindered the exploration of all-solid-state Li–S batteries.[50,51]

Unlike in routine liquid-electrolyte batteries where solid 
electrode can be infiltrated and wetted by liquid electrolytes 
to enable smooth lithium ion transport to the surface of solid 
electrode, there is a grand challenge in both ion/electron 
transports in composite all-solid-state cathode. The poor 
point-to-point contacts among solid electrolyte particles, solid 
active sulfur, and solid conductive agents impede the reliable 

ion transport.[52] A sulfur particle must be simultaneously 
connected by a solid electrolyte particle and a solid conductive 
agent particle. The solid electrolyte and conductive agent parti-
cles are interconnected to be continuous ion or electron trans-
port frameworks, respectively. If any of the above insulation 
occurs during repeated cycling, this sulfur particle cannot be 
electrochemically utilized. Moreover, the ion and electron trans-
port is more critical in all-solid-state Li–S batteries compared 
with other solid-state lithium batteries because of the intrinsic 
electronic and ionic insulation of solid sulfur and solid lithium 
sulfide.[53] Therefore, the key for the high-efficiency operation 
of a working all-solid-state Li–S battery is to rationally design 
bicontinuous ion/electron frameworks that are mechanically 
steady, chemically stable, and structurally intimate with sulfur.

The most common strategy is to minimize the particle size 
of sulfur and solid electrolyte by a high-energy mechanical ball 
milling process.[54] This method not only promotes the disper-
sion of active material in the cathode but also consolidates the 
interfacial contacts between active sulfur and conductive carbon 
as well as solid electrolyte. Considering the ultimate particle size 
at the range of micrometer obtained through strong ball-milling, 
the mixed-conductive networks in cathode composites can be 
further strengthened by constructing the intimate nanosized 
triple-phase contact. Recently, Xu and co-workers described a 
unique nanosized cathode with high electronic/ionic conduc-
tion by the deposition of sulfur nanoparticles on conductive 
reduced graphene oxide and then uniformly mixing with LGPS 
electrolyte and conductive carbon.[55] Wang and co-workers 
demonstrated a novel bottom-up approach to obtain a mixed 
ion/electron conductive Li2S nanocomposite, in which the active 
Li2S and solid electrolyte with several nanometer size were in 
situ embedded on the conductive carbon matrix (Figure 5a).[56] 
In comparison to the large and agglomerated particles, highly 
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Figure 5.  a) Schematic illustration of the bottom-up synthesis of a mixed ion/electron conductive Li2S cathode nanocomposite, in which nanosized 
Li2S and solid electrolyte in situ embedded on the conductive carbon matrix. Reproduced with permission.[56] Copyright 2016, American Chemical 
Society. b) Schematic of the 3D bilayer garnet solid electrolyte framework and ion/electron transfer pathways in this bilayer framework. Reproduced 
with permission.[64] Copyright 2017, Royal Society of Chemistry.
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dispersed nanoscale active materials and solid electrolyte and 
their close contact on carbon matrix rendered the reinforced 
ion/electron conductive capacity in solid/solid contact interfaces.

An extreme demonstration of this concept is to adopt atomi-
cally dispersed sulfur like sulfurized polyacrylonitrile (SPAN) as 
active materials.[57] Originally, SPAN was synthesized to elimi-
nate the dissolution and migration of LPSs in liquid electrolyte, 
because sulfur presented as the form of short –Sx– chains/
units and sulfur atoms are covalently bonded onto the SPAN 
heterocyclic backbones at an atomic and/or molecular level.[58] 
Although SPAN served as cathode active material has achieved 
significant success in inhibiting LPS shuttling and improving 
electrochemical performance in both liquid-electrolyte and 
solid-state Li–S batteries, there are controversies toward the 
actual state of sulfur in SPAN molecular structure and there-
fore still remains a large open room to full understanding of 
reaction mechanism of SPAN.[59] Fortunately, compared to ele-
mental sulfur, SPAN possesses higher intrinsic electrical/ionic 
conductivities,[60] thus reducing the percolation threshold of 
both electrical conductive agents and solid electrolytes.

The intimate ionic contacts between active material and solid 
electrolyte can be improved by solid electrolyte solution impreg-
nation into porous electrode and in situ deposition on active 
materials.[61] The wetting strategy of liquid-containing electro-
lyte for all-solid-state cathode has also been applied to enhance 
the poor solid/solid contacts due to the easy impregnation of 
liquid solution into porous electrodes forming continuous ionic 
transport pathways.[51,62] A 3D interconnected solid electrolyte 
interphase (SEI) can be achieved through the interfacial reac-
tion for Li ion transportation if there are controllable reactions. 
The dense solid electrolyte layer working as a blocking layer can 
inhibit the shuttle of LPSs while the liquid-containing electrolyte 
can enhance the interfacial wettability of solid sulfur and promote 
rapid ion transport in hybrid electrolyte system (Figure 5b).[63,64] 
However, the accumulation and decomposition of LPSs out of the 
electron/ion transport frameworks are an urgent issue. The cur-
rent strategies proposed for liquid-electrolyte Li–S batteries are 
expected to be implantable in this hybrid configuration. In addi-
tion, the active materials suffer from huge volume expansion or 
shrink during the interconversion of sulfur and lithium sulfide, 
which can induce the loss of close contacts between active mate-
rials and ion or electron conductive skeletons. This interfacial 
instability will further lead to the rapid capacity degradation and 
finally battery failure.[55,56] Therefore, there are main challenges 
in constructing 3D ionic and electronic transport framework to 
promote the reaction kinetics as well as maintaining the stability 
of solid/solid interface in all-solid-state Li–S batteries.

4. Perspective on Sulfur Redox Reactions  
at Working Interfaces

An ideal interface between electrode and electrolyte with high 
electron transfer capability, low ion transport resistance, and 
excellent stability is always expected to enhance the retention of 
active sulfur and improve their conversion kinetics in a working 
Li–S battery. Although many interfacial investigations have 
demonstrated the contribution in regulating sulfur conversion, 
an actual interface between electrode and electrolyte is dynamic 

and complex and, moreover, strongly depends on the interfacial 
reactions and their reaction paths. An in-depth fundamental 
understanding on the interfacial behaviors still remains a 
major challenge.[65]

There are complex sulfur redox reactions in a working cell. 
The generation of soluble LPSs and their dissolution in elec-
trolyte induce a severe shuttle issue and further causes very 
low efficiency, poor cyclability, and rapid capacity degradation. 
The electrocatalysis has been strongly considered in promoting 
the redox conversion of LPSs and inhibiting their shuttle in a 
working cell. Nevertheless, owing to the coexistence of multiple 
reactive species and the synchronization of multiple electro-
chemical conversions, it is difficult to distinguish the evolu-
tion of single reaction in a working cell and thus, resulting 
in inadequate understanding of the conversion behaviors of 
soluble LPSs on reactive interface. Currently, it still remains 
a critical controversy and grand challenge for probing and 
understanding LPS chemistry. In-depth mechanistic inves-
tigation of LPSs and their conversion chemistry are of para-
mount importance, which can afford targeted guidance for 
the rational design and construction of interface structure for 
different conversion process.[66] Therefore, the development 
of advanced characterization techniques, such as in situ and 
operando methods, is critical to promote the understanding 
of the sulfur and polysulfide/sulfide electrochemistry. In addi-
tion, necessary combination with the first-principle theoretical 
calculation is also expected to obtain emerging knowledge with 
regard to polysulfide conversion mechanisms at the molecular 
and atomic scale and offers new horizons for interfacial design 
in Li–S batteries. However, we must notice that the theoretical 
simulation should be conducted in a more rational instead of 
handweaving way as the structure reconstruction in working 
condition, the selection of exposed solid surface, and the effect 
of solvents and ions should be taken into account in future 
studies.[67] The model should be carefully selected to reflect the 
main scenario during the sulfur redox reaction and their trans-
port phenomena should be quantitatively described. Simula-
tion with vacuum and clean surfaces may lead to inappropriate 
conclusion and rationale. The actual surface with working elec-
trolyte and potentials as well as the nonuniform distribution of 
feedstocks and ions/electrons should be further considered.

Active sulfur manifests as different chemical compounds at 
various states of charge. In other words, the working cathode 
is a dynamic electrochemical system. The electrochemical per-
formance strongly depends on the active sulfur components in 
the cathode/catholyte system and the capability of electrode/
electrolyte interface to respond to sulfur conversion. In general, 
multitype electrochemical redox conversions, including 
liquid–liquid, liquid–solid, and solid–liquid transformations, 
always occur on the identical electrode/electrolyte interface. 
However, different transformations respond in various efficien-
cies. Considering the requirement of specific surface chemical 
property for specific redox reaction, only one or two reaction 
processes were considered in a full sulfur conversion reaction. 
The exploration of suitable surface chemistry of enhancing 
every transformation process, or compromisingly all rate-
limiting steps, in sulfur electrochemistry by high throughput 
screening and deep data mining of the outcomes using artifi-
cial intelligence/machine learning are highly expected.

Adv. Mater. Interfaces 2019, 6, 1802046
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The ionic conductivities of most solid-state electrolytes 
have reached and even surpassed those of liquid electrolytes. 
The most important challenge is how to construct a favorable 
electron/ion conductive triple-phase interface between solid 
electrode, solid electrolyte, and solid conductive additive. In 
addition, the contact loss resulting from the volume changes 
of sulfur during extended cycling is a serious problem. 
Decreasing the particle size of sulfur and solid electrolyte in 
cathode composites or developing the solution impregnation 
method of solid electrolyte affords a convenient and effective 
approach to improve the solid/solid interface contact. There 
is a lack of clear understanding of solid/solid interface espe-
cially regarding the interface structure, interface behavior, and 
interface evolution in all-solid-state Li–S batteries. Therefore, 
in situ or ex situ characterization techniques as well as their 
cooperation are imperative for gaining fundamentally compre-
hensive and available information, which could further guide 
the effective regulation of complex interface.[68] The challenge 
in interfacial characterization is the distinguishment and sep-
aration of solid/solid interfaces. Therefore, appropriate model 
system with exposed interface identical or similar to that is 
identified in an actual solid battery system should be ration-
ally designed and built to improve interface characterization. 
Notably, the interfacial instability between the lithium anode 
and the solid electrolyte and the possibility of lithium dendrite 
across the solid electrolyte layer should deserve more atten-
tion.[10,69] The former can render increased interfacial imped-
ance for the lithium ion transport while the latter can cause 
battery short circuit and eventually result in severe safety 
problem.

Overall, despite the yielded fruitful achievements in Li–S 
batteries researches, there still remains a huge open space in 
fundamental understanding of interfacial behavior for sulfur 
redox reactions. With the persistently deepening research in 
interface science and characterization technology, it is expected 
that a bright future will be witnessed for practical applications 
of Li–S batteries.
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