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Of these, the Li–S battery is widely 
recognized as a promising alternative 
to its counterparts based on intercala-
tion chemistry, and is expected to meet 
the practical demands of growing mar-
kets.[8–14] Their multi-electron redox 
reactions endow Li–S batteries with a 
theoretical gravimetric energy density of 
2600 W h kg−1. In addition to the high 
theoretical capacity of 1672 mA h g−1, 
the valuable characteristics of the natural 
abundance of sulfur, the cost efficiency, 
and the environmental benignity have 
lent competitive edges to Li–S batteries. 
Further advancements of this technology 
require novel target-oriented design of 
functional materials and in-depth perspec-
tives of the underlying science and engi-

neering. Questions have been asked about the thermodynamics 
and kinetics of the redox reactions, as well as the evolution of 
the active materials. Characterization techniques are in great 
demand to paint the landscape of Li–S chemistry, including, 
but not limited to, the electronic structure, chemical composi-
tion, crystallinity, phase transformation, and spatial distribution 
of the electrode materials, as well as the temporal dependence 
of these characteristics upon electrochemical reactions. There-
fore, advanced characterization tools, analytical methods, and 
protocols together are of great importance for the development 
of Li–S batteries.

Here, we will focus on questions around the redox reactions 
and transport phenomena, which are mostly concerning the 
research community, and we will discuss each of them accord-
ingly, from macroscopic to microscopic perspectives. To start 
with, we make a brief introduction of standard methods for 
studying Li–S batteries. As Li–S systems involve extremely com-
plicated chemical and physical processes, the next three sections 
are all devoted to summarizing the progress in elucidating the 
mechanism behind these phenomena, with the assistance of, 
in particular in situ and in operando, advanced characterization 
tools and electrochemical techniques (Figure 1). Varieties of spe-
cies, their electrochemical reactions and transport phenomena, 
as well as their profound influence on Li–S batteries, are explic-
itly discussed. To close, current understanding and future direc-
tions for Li–S-battery development are proposed. Note that we 
emphasize the uniqueness of the Li–S battery, which mainly 
originates from the great complexity of sulfur chemistry and 
differs from other lithium-metal batteries. Therefore, the highly 
concerning problems with lithium-metal anodes, which are 
beyond the scope of this contribution, will not be included in 
this review, and have been discussed elsewhere.[15–17]

Favorable characteristics, such as high energy density, cost efficiency, 
and environmental benignity, render lithium–sulfur (Li–S) batteries a 
promising candidate to meet the increasing demand for efficient and 
economic energy-storage systems. Many efforts have been devoted to and 
much progress has been achieved in Li–S-battery research from both the 
scientific and technological viewpoints. Various tools, methods, and proto-
cols have been developed for Li–S-battery research. Here, these advance-
ments are summarized, from spectroscopic to electrochemical techniques, 
and the landscape of Li–S chemistry is painted from reactions to transport  
phenomena. The aim is to provide a comprehensive toolbox for  
Li–S-battery research and spur future development in multi-electron  
chemistry, multiphase conversion, and related energy-storage 
systems and fields.
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1. Introduction

The recent decades have witnessed an ever-increasing research 
enthusiasm for advanced energy-storage systems to harvest 
renewable but intermittent energy and integrate it into smart 
grids. Sustainable and cost-effective technologies are among 
the top priorities in the research community. In particular, elec-
trochemical energy-storage technologies, especially secondary 
batteries, are attracting growing interest.[1–3] After years of 
rapid development, lithium-ion batteries (LIBs) are now widely 
employed in commercial electronics, and also furthered into 
surging markets such as electrical vehicles. Nowadays, increas-
ingly attractive post-LIB technologies, such as lithium–sulfur 
(Li–S), lithium–air, sodium-ion, and magnesium batteries, have 
grasped much attention globally due to either their high energy 
density or their low cost.[4–7]
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2. Standard Methods

Basically, a Li–S battery is composed of a cathode containing 
sulfur, an anode of lithium metal, and an organic electrolyte 
with dissolved lithium salt (Figure 2A-i). The electrochem-
ical reactions of a Li–S battery involve multistep lithium-
ion (Li+)-coupled electroreduction/oxidation.[18,19] Between 
elemental S8 and lithium sulfide (Li2S), many intermediate 
products exist, which are generally referred to as polysulfides. 
Typically, polysulfides are chain-like dianions, Sn

2− (n = 3−8), 
with two negatively charged terminal sulfur (ST) atoms and 
(n − 2) nearly neutral bridge sulfur (SB) atoms in the middle. 
There is also evidence of the presence of radicals (Sn

•−) in Li–S 
batteries, but dianions are still considered to be the dominant 
species. With Li+ counter ions readily coordinated by organic 
solvents, these polysulfides are believed to have considerable 
solubility in the electrolyte, unlike the insoluble S8 and Li2S. 
Owing to the existence of these soluble intermediates, Li–S bat-
teries using elemental sulfur as the starting cathode materials 
exhibit unique two-plateau electrochemical discharge reactions: 

S Li e Li S (2.4 2.1 V)8 2+ + → −+ −
n � (1)

Li S Li e Li S and/or Li S( 2.1 V)2 2 2 2+ + → <+ −
n � (2)

where the existence of lithium disulfide (Li2S2) is still controver-
sial; that will be discussed in Section 3.1. The soluble polysulfides 
can easily diffuse through the separator, react with the lithium 
anode, and diffuse back. Such an internal redox, i.e., so-called 
“shuttle” phenomenon, induces loss in capacity and Coulombic 
efficiency and is thereby regarded as one of the major bottle-
necks impeding the development of Li–S batteries.[20,21]

Aside from elemental sulfur and lithium metal, a Li2S 
cathode and a nonmetallic anode have also been proposed for 
Li–S batteries in an unconventional configuration (Figure 2A-ii).  
The electrochemistry is essentially the same as that of conven-
tional Li–S batteries except for the first cycle.[22] Unlike such a 
liquid–solid–liquid and polysulfide-involved chemistry, there is 
also a quasi-solid-state electrochemical mechanism for some 
unique sulfur allotropes that are either under strong geometric 
constraint or covalently bonded (Figure 2A-iii).[23,24] In general, 
their differences in electrochemistry should be considered first 
for standard electrochemical evaluation.

Electrochemical cycling is one of the most common methods 
in evaluating battery performance, and one cycle comprises alter-
nate charge and discharge steps. Typically, galvanostatic (under 
a constant current density) tests are routinely carried out, while 
under some circumstances, other methods like potentiostatic 
tests are favored for certain purposes. In most cases, the termina-
tion of the charge or discharge of a Li–S battery is indicated by 
an abrupt rise or drop in cell voltage, although some discrepan-
cies in the working voltage window exist. Normally, the cut-off 
voltage for discharge and charge is within the range of 1.0–1.9 
and 2.6–3.0 V (vs Li+/Li). A low cut-off voltage for discharge, e.g., 
1.0–1.5 V, favors a remarkable discharge overpotential and thus 
discharge capacity by prolonging the kinetically sluggish solid–
solid conversion from Li2S2 to Li2S (Figure 2B-i).[25] However, it 
is difficult to recover the electrically insulating and kinetically 
inert Li2S phase during subsequent electrochemical oxidation, 

contributing to significant capacity loss. On the contrary, a 
higher discharge cut-off voltage, e.g., 1.7–1.9 V, enables better 
cycling stability but lower initial discharge capacity (Figure 2B-ii). 
Another variant in determining the cut-off discharge voltage is 
the addition of lithium nitrate (LiNO3) into the electrolyte, which 
is commonly employed to protect a lithium-metal anode from 
polysulfide corrosion. LiNO3 decomposition has been reported to 
occur at the sulfur-cathode side when the cell voltage drops below 
1.6 V (Figure 2B-iii).[26] Such a voltage threshold for cathodic 
LiNO3 decomposition may depend on the materials and LiNO3 
concentration. As a result, a discharge cut-off voltage of 1.8 V 
was also reported.[27] Unlike elemental sulfur cathodes, sulfur 
that is encapsulated in ultra-micropores or bound to an organic 
backbone undergoes a quasi-solid-state electrochemical reaction 
with an average discharge voltage lower than 1.7 V, demanding 
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a low discharge cut-off voltage of 1.0–1.2 V (Figure  2B-iv).[28] 
With regard to the cut-off charge voltage, only one excep-
tion to the routine range of 2.6–3.0 V is a cut-off voltage of 
3.5–4.0 V for the first charge of Li2S cathodes, for which the first-
cycle oxidation barrier is usually insurmountable below 3.0 V  
(Figure 2B-v).[29] In general, a test window of 1.7–1.9 V 
(discharge) to 2.6–3.0 V (charge) is suggested for Li–S cells 
with LiNO3 additives. In some cases, nonmetallic anode mate-
rials such as graphite and silicon are used to replace lithium 
metal. Correspondingly, it is better to adjust the voltage 
window by ca. −0.1 to −0.6 V to offset the voltage loss induced 
by lithiation/delithiation of these nonmetallic anode materials 
(Figure 2B-vi).[30] As always, the charge and discharge profiles are 
plotted out as voltage vs specific capacity (mostly based on the 
weight of sulfur).

Rate tests are also a good touchstone for cell performance. 
The “C-rate” is a commonly used term referring to a specific 
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Figure 1.  A toolbox for Li–S battery research.

Figure 2.  Li–S cell configurations and standard evaluation methods. A) Schematics of three types of Li–S batteries: i) conventional Li–S, ii) non-lithium-
anode–Li2S, and iii) quasi-solid-state Li–S batteries. B) Typical galvanostatic discharge/charge profiles of Li–S batteries at the 1st cycle: i) w/o LiNO3 
(1.0–3.0 V), ii) with LiNO3 (1.7–2.8 V), iii) with LiNO3 but it decomposes at a voltage of <1.6 V ((i)–(iii) data from ref. [25]).; iv) quasi-solid-state sulfur 
cathode with single-plateau feature and lower redox potential (1.0–3.0 V) (data from ref. [28]); v) the 1st charge profile of pristine Li2S cathode with a 
high charge barrier at the initial (data from ref. [29]); and vi) silicon–Li2S cell with lower working voltage (1.2–2.5 V) (data from ref. [30]). C) Typical CV 
curves of Li–S batteries: i,ii) conventional Li–S with different ether electrolytes, and iii) quasi-solid-state sulfur cathode. i) Data from ref. [31]; ii) Data 
from ref. [25]; iii) Data from ref. [28].
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current density applied. A rate of 1C indicates that the half 
cycle, either charge or discharge, is expected to be complete 
in exactly one hour assuming full charge or discharge to the 
theoretical capacity without any self-discharge or overcharge. 
Different C-rates are proportional to applied current densities. 
The theoretical capacity of the sulfur cathode, derived from 
electrochemical Faraday’s law, is 1672 mA h g−1 and therefore 
“1C” corresponds to 1672 mA g−1. In the majority of Li–S bat-
tery research, C-rates range from 0.01C to 10C and typical rate 
tests include an ascending rate sequence starting from 0.05C 
or 0.1C, up to a higher rate ranging from 2 to 10C. The polari-
zation normally becomes more severe as the C-rate increases. 
The cut-off voltage for discharge can be selectively lowered by 
0.1 to 0.2 V to ensure the complete reaction.

Apart from the cycle performance, cyclic voltammetry (CV) 
is also a convenient but crucial tool for Li–S-battery investiga-
tion. CV profiles provide important information about electrode 
reactions, such as kinetics parameters and beyond. The voltage 
window of CV tests for Li–S batteries is always set to be the 
same as cycle tests. CV curves are drawn as a plot of current 
vs voltage. In commonly used ether-based electrolytes (e.g., 
1,3-dioxolane (DOL), 1,2-dimethoxyethane (DME or glyme), 
tetra(ethylene glycol) dimethyl ether (TEGDME or tetraglyme), 
etc.), two cathodic peaks normally appear at around 2.2–2.4 and 
1.9–2.1 V for elemental sulfur cathodes, corresponding to 
conversion of sulfur to polysulfides and eventually to Li2S, 
respectively. There are also two anodic peaks, referring to a 
consecutive oxidation of Li2S (Figure 2C-i).[31] However, the two 
anodic peaks are often overlapping, making it difficult to differ-
entiate and decouple them (Figure 2C-ii).[25] Moreover, the posi-
tion of each peak may be influenced by several factors, such as 
the composition of electrolytes, the loading amount of sulfur, 
and the scan rate of the CV tests. Similar to galvanostatic dis-
charge/charge profiles, CV curves of sulfur cathodes based on a 
quasi-solid-state mechanism usually exhibit a couple of reverse 
cathodic/anodic peaks (Figure 2C-iii).[28]

The abovementioned tools are standard but indispensable in 
battery research, and they may help to evaluate the overall cell per-
formance, providing basic understandings of working electrodes.

3. Speciation

3.1. Solid Phases

Investigation of the solid composition and structure can pro-
vide important insights into the Li–S mechanism. Regarding 
the solid phases, several questions as to the crystallinity and 
composition have been widely considered: 

•	 Are they crystalline or amorphous?
•	 Is the discharge product Li2S or Li2S2?
•	 Does S8/Li2S remain after full discharge/charge?

3.1.1. In Operando X-ray Diffraction (XRD)

Since battery operation is a dynamic process, real-time infor-
mation of the working cathode is necessary to unambiguously 
answer the questions above. Therefore, in situ or in operando 

characterization is preferred, rather than ex situ techniques. 
Furthermore, short circuit of the disassembled electrochemical 
cell and its exposure to moisture may significantly alter the 
state of electrode materials, leading to misinterpretation in ex 
situ characterization.

To probe the crystallinity and composition, this section will 
mainly focus on in situ XRD study of Li–S batteries. In situ or 
in operando XRD is a powerful tool for detecting the structural 
evolution of battery materials upon cycling. Mostly, synchrotron 
X-ray sources and transmission mode are adopted for in situ 
XRD.[32–37] A conventional diffractometer and the reflection 
mode are also used by a few studies.[38] Synchrotron radiation 
sources usually offers higher light intensity, which is beneficial 
for obtaining high-quality diffraction patterns within a short 
time. The transmission mode allows the detection of a signal 
from all depths of both electrodes. With appropriate cell design, 
it is also possible to collect data from the sulfur cathode only.[34]

Aiming at the identification of the discharge products, in 2012, 
Nelson et al. carried out an in operando XRD study on a Li–S 
pouch cell for the first time (Figure 3A).[32] During the first cycle 
at C/8 in a commonly used lithium bis(trifluoromethane sul-
fonyl)imide (LiTFSI)–DOL/DME electrolyte, no crystalline Li2S 
was detected in the working cell, while ex situ XRD showed the 
characteristic peaks of Li2S. They suggested that Li2S appeared 
in amorphous form at the end of discharge, and crystalline Li2S 
formed only when the discharged cell was allowed to rest. In 
contrast, other studies all suggested the appearance of nanocrys-
talline Li2S during the second discharge plateau, although at dif-
ferent stages: Waluś et al. observed Li2S throughout the entire 
lower plateau (Figure 3B),[34] Cañas et al.[38] and Schneider et al.[37] 
identified a Li2S signal midway through the lower plateau, and 
Lowe et al.[33] did not find Li2S until the end of lower plateau 
(>80% depth of discharge (DOD) (Figure 3C)). All the detected 
Li2S signals corresponded well with its standard cubic structure, 
exhibiting a particle size of less than 10 nm,[35] and vanished 
before 80% state of charge (SOC) upon charge.

For charge products, orthorhombic α-S8, as the starting 
cathode material of common Li–S batteries, disappeared 
completely during the first discharge plateau in all these 
reports.[32–38] It is worth noting that recrystallized S8 was found 
to be another allotrope, monoclinic β-S8, which has been veri-
fied by at least five in operando XRD studies.[33–37] Since α-S8 is 
thermodynamically favored at room temperature, the formation 
of β-S8 may indicate that the nucleation of the α-phase is kineti-
cally unfavorable compared with the β-phase. After resting the 
working cell for several hours, Waluś et al. reported the phase 
transformation from β-S8 to α-S8;[34] while Lowe et al.[33] and 
Schneider et al.[37] both found the transformation to amorphous 
sulfur instead. Such transformation phenomena probably 
result from the metastable nature of β-S8, although the phase 
in equilibrium might be different due to the detailed chemical 
environment.

According to the above in situ XRD results, it is generally 
agreed that phase evolution of sulfur cathode occurs in the 
following way: 

•	 �At the first discharge, α-S8 is reduced to soluble polysulfides 
on the upper discharge plateau, and Li2S nanocrystals form at 
some point of the lower discharge plateau.
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•	 �Upon the first charge, Li2S is consumed and sulfur is 
recovered as β-S8, which continues to exist in the following 
cycles.

The onset DOD for Li2S crystallization, however, is still con-
troversial. A similar contradiction also exists among results 
from other characterization techniques. For example, Grey and 
co-workers observed the formation of a Li+-containing solid at 
the very beginning of discharge using 7Li NMR,[39] whereas 
Huff et al. demonstrated that Li2S is produced near the end 
of discharge using 6Li and 33S magic-angle-spinning (MAS) 
NMR.[40] This discrepancy may arise from: i) different recipes 
for preparing the electrodes and electrolytes, ii) various opera-
tional and instrumental parameters, and iii) the intrinsic com-
plexity of Li–S reactions. The periods during which crystalline 
phases were detected in related references are summarized in 
Figure 3D.

Considering the questions mentioned at the beginning of 
this section, for the first one, XRD alone may not be sufficient 
as it is not capable of detecting amorphous solid. Regarding 
the second question, Li2S2 has sometimes been suggested as 
another solid product of discharge,[41,42] yet little experimental 
evidence of its existence has been reported.[43] The presence of 

solid-state Li2S2 has seldom been confirmed by in situ XRD, 
although it was proposed by Waluś et al. to account for a two-
step formation of Li2S (Figure 3B).[35] XRD patterns of chemi-
cally synthesized lithium polysulfides have proved that α-S8 and 
Li2S are the only stable crystalline phases among all Li2Sn.[44] 
7Li NMR and density functional theory (DFT) calculation fur-
ther disproved the formation of solid Li2S2.[39] Therefore, Li2S2 
possibly exists as a transient species rather than a stable end 
product.[43,45] For the last question, crystalline S8 and Li2S 
have been verified to undergo complete consumption during 
cycling, although the possible existence of amorphous S8/Li2S 
after full discharge/charge cannot be ruled out. Indeed, armed 
with in situ X-ray absorption near-edge structure (XANES) 
spectra and a full series of reference spectra (α-S8, S6

2−, S4
2−, 

S2
2−, Li2S), Cuisinier et al. found that 20% of the original S8 

remained, even at 100% DOD, but Li2S was not detected after 
full charge.[44]

3.2. Liquid Intermediates

As intermediate products of sulfur reduction, polysulfides 
play a vital role in Li–S electrochemistry. Hence, identification 
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Figure 3.  Identification of solid species: in operando XRD. A) Integrated diffraction-peak intensities of elemental sulfur for a Li–S cell cycled at C/8, 
and the corresponding voltage profile. Adapted with permission.[32] Copyright 2012, American Chemical Society. B) Integrated surface area of the most 
intense peaks during the first discharge with the galvanostatic voltage profile. The change in slope of Li2S formation was accounted by the reaction of 
Li2S and long-chain polysulfides to form Li2S2. Reproduced with permission.[35] Copyright 2015, Wiley-VCH. C) Evolution of integrated peak area for S8 
and Li2S upon the first cycle. Reproduced with permission.[33] Copyright 2014, Royal Society of Chemistry. D) Detection of S8 and Li2S from different in 
situ XRD studies, from top to bottom (red to gray): ref. [32], ref. [38], ref. [34], ref. [35], ref. [33], ref. [36], and ref. [37].
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and quantification of polysulfide species are critical for under-
standing of the reaction routes and enhancing the battery 
performance. Considerable efforts have been devoted to the 
characterization of various lithium polysulfides in solution or 
the solid state. However, isolation and identification of any indi-
vidual lithium polysulfide are very difficult, because multiple 
species in complex equilibrium coexist in chemically prepared 
stoichiometric polysulfide solutions, and dry powders derived 
from these solutions usually consist of S8, Li2S, and some 
unknown amorphous phases.[39,44]

Solid-state lithium polysulfides have been considered to 
be amorphous, as Cuisinier et al. demonstrated in the XRD 
patterns of polysulfides prepared by reducing sulfur with 
lithium triethylborohydride in tetrahydrofuran (THF).[44] How-
ever, later work by Xu et al. suggested a new crystalline phase 
in Li2Sn powders obtained from reacting Li2S and sulfur in 
DME.[46] 7Li MAS NMR was also employed in the characteriza-
tion of polysulfide powders, which revealed two chemical envi-
ronments for lithium nuclei in all lithium polysulfides except 
two end members: Li2S and Li2S8.[47] The peak at low field 
(chemical shift ≈ 2.5 ppm) corresponds to lithium in Li2S crys-
tals; whereas the other peak (chemical shift ≈ 1.0 ppm) can be 
roughly attributed to polymeric Li2Sn domains.[44,47] Slightly dif-
ferent from these results, Cuisinier et al. found only one single 
peak at ≈1.0 ppm for Li2S6 but two peaks for Li2S8, as shown in 
Figure 4A.[44] MAS NMR is preferred as it provides higher reso-
lution and narrower peaks, especially for solid samples, which 
suffer from severe peak broadening because of strong dipolar 

coupling (Figure 4B).[48] These studies have made us aware that 
solid lithium polysulfides are a mixture of two or more phases. 
Nevertheless, further study is still necessary to analyze their 
composition and structure in detail.

Dissolved polysulfides, instead of dry powders, are consid-
ered more frequently since they are actual redox intermedi-
ates in working Li–S cells. Many studies on the speciation 
of polysulfide anions and radicals in an organic electrolyte 
have been realized, utilizing various characterization tech-
niques such as NMR,[39,40,44,47,48] X-ray absorption spectroscopy  
(XAS),[33,44,47,49–55] UV–vis spectroscopy,[56–61] Raman spec-
troscopy,[62–66] liquid chromatography–mass spectrometry 
(LC-MS),[56,61,67,68] and electron paramagnetic resonance/elec-
tron spin resonance (EPR/ESR).[69–71] Some enlightening results 
revealed by these techniques will be briefly introduced in this sec-
tion, together with their features, applications, and limitations.

3.2.1. NMR

Both 7Li and 6Li NMR are capable of distinguishing lithium 
nuclei in soluble polysulfides from those in solid Li2S. Contrary 
to solid samples, solution NMR always shows a single peak in the 
range of −1 to 0.2 ppm, and the position of this peak depends on 
the concentration, the chain lengths, and the composition of elec-
trolytes (Figure 4C,D).[39,47] Fast exchange between solvated Li+ 
and Li+ bonded with Sn

2− may account for the merging of NMR 
signals from lithium salts and different lithium polysulfides.[71] 
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Figure 4.  Identification of liquid species: NMR. A) 7Li MAS NMR of the synthesized solid lithium (poly)sulfides and two-component (Li2S and Li2S6) 
fitting for Li2S8. Reproduced with permission.[44] Copyright 2013, American Chemical Society. B) Comparison of MAS NMR (upper) and regular NMR 
(lower) spectra of solid Li2S. Upper: Reproduced with permission.[47] Copyright 2014, Wiley-VCH; Lower: Reproduced with permission.[48] Copyright 
2015, American Chemical Society (reproduced from the Supporting Information). C) Solution 7Li NMR spectra of varying concentrations of Li2Sn in 
an electrolyte with 1.0 m LiTFSI in DOL/DME, (a) and (b) correspond to Li2S8 and Li2S6, respectively. Reproduced with permission.[39] Copyright 2014, 
American Chemical Society. D) Solution 7Li NMR spectra of lithium polysulfides in sulfolane electrolyte with 1.0 m LiTFSI. E) Ex situ 7Li MAS NMR of 
cathodes at different cell potential. D,E) Reproduced with permission.[47] Copyright 2014, Wiley-VCH.
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See et al.[39] and Patel et al.[47] found that the lithium nuclei reso-
nance shifted to a higher frequency as the sulfur chain length 
decreased and the concentration increased. However, due to 
the large influence of the concentration and the vicinity of the 
chemical shifts of different polysulfide species, it is not yet pos-
sible to differentiate them from each other. Therefore, in situ and 
ex situ NMR studies have mainly used NMR to detect all soluble 
polysulfides together.[39,40,47] Polysulfides were detected during 
the whole process of charge and discharge, indicating that low 
capacity partly resulted from the incomplete conversion of Li2Sn 
(Figure 4E).[39,47]33S NMR has seldom been used in probing 
lithium polysulfides because of the low natural abundance 
(0.76%), large quadrupole moment, and low receptivity of 33S.[40]

3.2.2. XAS

XAS is a promising method for Li–S-battery investigation. 
It is performed with synchrotron radiation sources pos-
sessing appropriate energy. The spectrum of XAS can gener-
ally be divided into three parts: the pre-edge, XANES, and the 
extended X-ray absorption fine structure (EXAFS). XANES 
is also known as near-edge X-ray absorption fine structure 
(NEXAFS). XANES is often used in the study of Li–S bat-
teries, since it corresponds to the excitation of inner-core elec-
trons from lower-energy occupied orbitals to higher-energy 

free orbitals, and reflects the electronic state of the atoms. 
Unlike XRD, XANES reveals atomic information and therefore 
does not require the sample to be crystalline. XANES helps 
to decide the chemical states of each component, in which 
the sulfur K-edge spectrum is the mostly widely employed to 
identify different sulfur-containing species.[33,44,47,49–55] Poly-
sulfide dianions exhibit a pre-peak at around 2470.5 eV in 
addition to the characteristic “white line” of elemental sulfur 
at 2472.5 eV, which differs clearly from those of crystalline Li2S 
(doublets at 2474 and 2476 eV).[33,47,49–53,55] The peak position 
might be slightly displaced from the above values as different 
standard materials were used for energy calibration.[44,54] Both 
experimental and theoretical investigations have shown that 
the spectra of Sn

2− are dependent on the sulfur chain length: 
the area ratio between two peaks (main peak/pre-peak) grows 
almost linearly with the increasing chain length.[47,51] Using 
first-principles calculations, Pascal et al. determined that the 
pre-peak is mainly contributed by ST atoms, while the main 
peak is due to other (n − 2) bridge sulfur atoms in the chain 
(Figure 5A).[51] Divergence exists upon the spectrum of S2

2−: a 
single peak at 2471 eV was expected according to simulation; 
yet two peaks were observed for chemically synthesized Li2S2 
solid,[47] suggesting its tendency towards disproportionation. 
Besides, sodium polysulfides have frequently been utilized as 
alternative reference materials due to the instability of lithium 
polysulfides. XAS spectra of Na2Sn follow the same trend 
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Figure 5.  Identification of liquid species: XANES. A) First-principles simulation of the sulfur K-edge XAS spectra of Li2Sn dissolved in TEGDME. Repro-
duced with permission.[51] Copyright 2014, American Chemical Society. B) Linear combination fitting of sulfur K-edge XANES upon galvanostatic cycling, 
using four reference materials (S8, S6

2−, S4
2−, and Li2S). C) In operando XANES during one galvanostatic cycle and the proposed reaction mechanism 

for Li–S batteries. B,C) Reproduced with permission.[44] Copyright 2013, American Chemical Society. D) Experimental XANES around 340 mA h g−1 
for Li–S cells using DMA vs DOL/DME electrolytes, with S3

•− and S6
2− as references. Reproduced with permission.[53] Copyright 2015, Wiley-VCH.  

E) A novel setup for in situ XANES that allows detection of X-ray fluorescence from all layers in the cell. Reproduced with permission.[55] Copyright 2015, 
The Electrochemical Society.
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as Li2Sn, although the peaks are broader than Li2Sn.[47] The 
experimentally acquired spectrum of Na2S2 perfectly resem-
bled the single-peak feature of the calculated Li2S2 spectrum, 
which reflects the higher stability of sodium polysulfides.[44,47] 
Sn

•− radicals have significantly different properties from poly-
sulfide dianions. Although highly reactive and short-lived, the 
S3

•− radical has been proposed in many mechanisms as a result 
of S6

2− cleavage.[53,71] The stabilized S3
•− radical in ultramarine 

pigment exhibited in a characteristic pre-peak at 2468.5 eV,[72] 
which has been used to identify S3

•− in Li–S batteries.
Equipped with the tools mentioned above, researchers have 

been able to interpret the in operando XANES spectra of Li–S 
batteries. The appearance of large amounts of S3

•− (>20% of 
the total sulfur) in dimethyl acetamide (DMA) solvent was con-
firmed unambiguously,[53,55] whereas its concentration was not 
measurable by XANES (<<5%) in glyme or gel polymer elec-
trolyte (Figure 5B–D).[52,55] It should be noted that polysulfide 
dissociation may occur during cell storage, since S3

•− radical 
formation could be observed in a cell that was rested for three 
days using a polystyrene–poly(ethylene oxide) copolymer elec-
trolyte.[49] DFT calculation has also suggested that the dissocia-
tion reaction of S6

2− is thermodynamically favorable.[71] Solvents 
with high donor number (DN) and dielectric constant (ε), like 
DMA, dimethyl sulfoxide (DMSO), and dimethyl formamide 
(DMF), not only stabilize S3

•− free radicals, but also signifi-
cantly alter the reaction routes of Li–S batteries. Compared with 
cells using conventional ether-based electrolyte (DOL/DME or 
TEGDME), cells using DMA can be characterized by a three-
plateau feature.[53] Reduction of short-chain polysulfides (S3–4

2−) 
is decoupled from the precipitation of Li2S, probably due to 
the higher stability of S3–4

2−, which postpones the deposition. 
However, side reactions between DMA and metallic lithium 
render a poor capacity, large overpotential, and low Coulombic 
efficiency.[55] Nazar and co-workers overcame this disadvantage 
by using a TEGDME electrolyte at the anode side, and achieved 
a high discharge capacity of 1580 mA h g−1, indicating a more 
thorough utilization of sulfur in the DMA electrolyte.[53]

When performing in situ XANES analysis, several aspects 
should be considered: i) the structure of the operando cell, 
ii) the influence of lithium salt on the spectra, and iii) the 
methods for analyzing the data. The relatively weak interaction 
between the high-energy photons and matter makes XANES a 
bulk-sensitive technique.[52] However, the penetration depth of 
incident X-rays ranges from several to tens of micrometers,[32,47] 
which may not be enough to go through the entire cathode and 
separator layers. A smart cell design with the X-ray window on 
the side of cell was presented by Gorlin et al. to ensure that the 
data could be collected from the entire depth of the cathode and 
separator (Figure 5E).[55] Commonly used LiTFSI has a strong 
peak at 2478 eV,[47,54] which adds to the difficulty of interpreting 
XANES spectra. Thus, lithium perchlorate (LiClO4), instead of 
LiTFSI, has been mostly employed for in situ XANES, and this 
substitution was proved to have only a minor effect on the elec-
trochemical behavior.[33,49,50,53,55,72] Although a complete set of 
polysulfide spectra has been available for several years, quanti-
tative analysis of data from working cells still involves no more 
than two kinds of polysulfide dianions (Figure 5B).[44,47,53,54] 
Such a limitation arises from the overlapping of their peaks. 
In contrast, sulfur, Li2S, and S3

•− can be well separated and 

quantified using linear curve fitting and/or principle-compo-
nent analysis.[52] It is also worth mentioning that energy calibra-
tion should be unified to avoid confusion in peak attribution.

3.2.3. UV–Vis Spectroscopy

The excitation of electrons from the highest occupied mole
cular orbital (HOMO) to the lowest unoccupied molecular 
orbital (LUMO) of Li2Sn clusters induces a series of absorption 
bands in the UV–vis region. Therefore UV–vis spectroscopy 
is also widely used for polysulfide speciation. Traditionally, 
UV–vis spectroscopy is coupled with electrochemical tools to 
analyze solution-based electrochemical reactions. Numerous 
spectro-electrochemical studies have been conducted using 
inert electrodes and transmission-mode spectroscopy to mon-
itor the reaction of S8 dissolved in many kinds of solvent.[73–77] 
Combining these studies with DFT calculation, consensus has 
been achieved about the origin of some absorption bands of the 
polysulfide solution. Elemental sulfur exhibits strong absorp-
tion below 300 nm;[56,59] other absorption bands in the range of 
350 to 500 nm result from polysulfide dianions; the S3

•− radical 
has a characteristic band around 620 nm (Figure 6A–C).[56,59–61] 
Generally, longer-chain polysulfides tend to have stronger 
absorption at larger wavelength. For example, the absorption 
band with the largest wavelength is around 500 nm in the spec-
trum of Li2S8, whereas it is 400 nm for Li2S4. These studies are 
important for establishing the reaction routes of the S8 reduc-
tion. Nevertheless, in situ measurement of the transmitted light 
poses a limit on the total concentration of sulfur, because the 
solubility of S8 in common electrolyte (glyme-based, DMSO, 
DMF, etc.) is usually below 20 mmol L−1.[68] S8 must be dis-
solved in the electrolyte since a suspension is not suitable for 
transmission-mode UV–vis spectroscopy. As a result, the setup 
of these spectro-electrochemical cells may differ from the prac-
tical Li–S cells. To analyze the normal Li–S batteries, ex situ 
UV–vis experiments have also been conducted.[56,59,61] However, 
the post-mortem processing of a charged/discharged cathode 
may influence the equilibrium of polysulfides: i.e., cathodes 
have to be washed with pure solvent to dilute the resulting solu-
tion to a concentration suitable for measurement. To obtain the 
in situ UV–vis spectra of a practical Li–S cell, reflection-mode 
was adopted by Dominko and co-workers.[57,58] Quantitative 
analysis was realized by calibrating the spectra of chemically 
synthesized lithium polysulfide solutions. Meanwhile, the 
designation of absorption peaks (in the first-order derivative 
spectra) is quite hard due to the lack of knowledge about the 
reflection spectra of polysulfides.

3.2.4. Raman Spectroscopy

Different from XANES and UV–vis spectroscopy, Raman 
spectroscopy detects the changes in vibrational energy levels. 
The Raman response of polysulfide ions can be theoretically 
predicted by DFT calculation.[63,64] Typically, Raman shifts 
(fundamental frequency) of polysulfide dianions and radi-
cals are all below 550 cm−1.[63] The number of peaks increases 
with increasing chain length, as there are more vibrational 

Small Methods 2017, 1700134
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modes for longer chains; but there is no obvious trend in 
the wavelength of these peaks. In many cases, in situ and 
ex situ Raman spectra were able to capture the peaks of S8 
(150, 220, and 470 cm−1) and long-chain polysulfide dianions 
like S8

2− and S6
2− (≈400 cm−1), but failed to detect shorter ones 

like S3
2− and S2

2−.[62–66,78] Inconsistency around the identifica-
tion and attribution of some peaks could happen between 
studies from different groups, because many peaks from the 
different polysulfides are overlapped with each other. Therefore, 
quantification of different polysulfides has not been available 
for in situ Raman spectroscopy until now. Contrarily, the peak 
position of the S3

•− radical (525–535 cm−1) is highly consistent 
in most theoretical and experimental studies.[62,63,66]

3.2.5. LC-MS

The combination of LC and MS is probably the most effec-
tive way to distinguish polysulfide ions with different chain 
lengths. Retention time on reverse-phase high-performance 
LC increases monotonically with the chain length of poly-
sulfide dianions.[56,61,67] From MS analysis, the exact spe-
cies corresponding to each peak in LC can be specified.[61] S8 
cannot be separated from Li2S8 in this method and Li2S may 
not be detected since it is insoluble,[56] however, all other poly-
sulfides can be quantitatively analyzed without uncertainty.[61] 

To prevent the composition from being affected by sponta-
neous disproportionation reactions,[67] lithium polysulfides 
were chemically converted to much more stable methylated/
benzylated polysulfides.[56,61] In this manner, Kawase et al. suc-
cessfully determined the amount of every individual polysulfide 
species (including Li2S) and proposed a detailed mechanism for 
charge/discharge of Li–S batteries: the higher plateau is related 
to a reduction of S8 and other long-chain polysulfides, whereas 
the lower plateau is dominated by the reduction of S3

2− to S2
2− 

and S2− and discharge ceases when Li2S2 is further reduced to 
Li2S (Figure 7).[61] Despite of the great advantages in speciation 
of polysulfides, LC and MS are intrinsically ex situ techniques 
and are not capable of detecting unstable radicals.

As discussed above, the real-time identification and quanti-
fication of all polysulfide species in a working Li–S cell are so 
challenging, that no such work is available yet. Commonly, only 
several representative species are selected to be identified and 
quantified. Based on these studies, a general discharge reaction 
process of Li–S batteries can be constructed: 

•	 �The higher plateau is related to S8 reduction to long-chain 
polysulfides (S8

2− and S6
2−).

•	 �The slope between the two plateaus is mainly associated with 
the formation of S4

2−.
•	 �The lower plateau is dominated by the reduction to S2

2− and 
Li2S.

Small Methods 2017, 1700134

Figure 6.  Identification of liquid species: A,B) UV–vis spectroscopy. UV–vis spectra of 2.0 × 10−3 m chemically synthesized nominal Sn
2− in DMSO 

(A) and DOL/DME (B) solvents. C) Comparison of UV–vis absorption spectra of 2.0 × 10−3 m nominal S6
2− in DMSO vs DMF. D) Voltage profiles of 

Li–S cell consisting of 10 µL of 4.0 × 10−3 m S8 in DMSO or DMF electrolytes at 1 C (17 µA). A–D) Reproduced with permission.[60] Copyright 2016, 
American Chemical Society. E) RRDE experiments of 4.0 × 10−3 m S8 dissolved in DMSO and DOL/DME solvents. From top to bottom: a) Number of 
electrons transferred during the reduction of S8; b,c) ring (b) and disk (c) current recorded at 50 mV s−1 in 4 × 10−3 m S8 solution in 0.2 m LiClO4–DMSO 
(blue) and 1.0 m LiTFSI–DOL/DME (red) at different rotation rates while holding the gold ring electrode at constant potential. Inset: geometric and 
the average collection efficiency of different reactions in two electrolytes. Reproduced with permission.[127] Copyright 2014, American Chemical Society.
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In principle, multiple electrochemical and chemical reac-
tions always occur concurrently in the discharge of a Li–S 
battery. Many studies have suggested that the higher plateau 
mainly involves electrochemical reduction of S8 and long-
chain polysulfides, while the lower plateau proceeds through 
chemical dissociation of polysulfides to deposit Li2S.[33,44,56,60] 
Consequently, the higher plateau exhibits fast kinetics and 
low polarization and the lower plateau is limited by chem-
ical steps, with partially reduced polysulfides at the end of 
discharge.

Besides the intensively considered polysulfide dianions, the 
S3

•− radical has gained special attention because of its rela-
tively high stability among polysulfide radicals and its ubiq-
uitous presence in the environment.[79,80] Interestingly, S3

•− 
radicals usually give out a characteristic signal (2468.5 eV in 
XANES, 620 nm in UV–vis, 525 cm−1 in Raman spectra) due 
to its unique structure, which makes it much easier to iden-
tify than any polysulfide dianions. Moreover, EPR/ESR pro-
vides undoubted evidence of the existence of S3

•− radicals in 
both high-DN (DMSO) and low-DN solvents (DOL/DME and 
TEGDME).[56,69–71] The amount of S3

•−, however, cannot be 
inferred from EPR results. S3

•− has been suggested to act as 
an internal redox mediator,[53,81] much like superoxide radicals 
(O2

•−) in Li–O2 batteries.[82–84] Nevertheless, the detailed reac-
tion and role of S3

•− in Li–S chemistry are not clear yet, and 
need to be further explored.

Comparison of the characterization capabilities and limi-
tations has been systematically summarized by Wild et al. in 
their review.[81] In addition to their summary, we would like to 
make the following comments: 

•	 �In situ techniques are preferable, but care must be taken to 
ensure a similar electrochemical behavior between the char-
acterized and common cells.

•	 �Most spectroscopic tools (except LC and MS) can be carried 
out at in situ mode, but ex situ characterization may also play 
an important role such as reference or standard.

•	 �Special attention should be paid to the configuration of 
in situ cells, so that the penetration length of incident light 
can be long enough to reach the desired zone for characterization.

•	 �Charge may proceed in a different path from that of discharge 
in Li–S batteries (the charge mechanism will be discussed in 
Section 4.4).

•	 �The results of any characterization techniques are probably 
sensitive to many factors, like electrolyte/cathode composition, 
sulfur loading, electrolyte/sulfur (E/S) ratio, etc.

•	 �Considering the limitations of every single technique, combi-
natorial characterization methods and appropriate cell design 
are needed to offer further insight into the entire reaction 
mechanism of the Li–S system.

To summarize, we list the characteristic peaks in UV–Vis 
and Raman spectra of various sulfur-containing species from 
different studies in Table 1 and 2), as a reference for future 
studies in this field.

4. Electrochemical Reactions

Numerous novel anode structures, cathode materials, and elec-
trolyte recipes have been proposed for improving the overall 
performance of Li–S batteries. The capacity, cycling stability, 
and rate capability can be solely evaluated by standard gal-
vanostatic discharge/charge. However, more studies should 
be devoted to elucidating the detailed mechanism behind the 
improvement of the cell performance. Hence, the effect of the 
electrolyte and the cathode host materials on the electrochem-
ical reactions in Li–S batteries are elaborated in this section.

Small Methods 2017, 1700134

Figure 7.  Identification of liquid species: LC-MS. LC-MS results at different stages of cell discharge/charge. Left: LC data; Right: relative quantity of 
benzylated polysulfides (Bz2Sn) as estimated from LC data. Reproduced with permission.[61] Copyright 2014, Royal Society of Chemistry.
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4.1. Electrolyte Effect on Li–S Discharge Reactions

With a general concept of sulfur species and their properties, 
it is easy to understand the effect of the electrolyte composi-
tion on the behavior of sulfur cathode. This section gives an 
introduction to the methods for investigating the stability, and 
the interfacial and kinetic behaviors of various electrolytes. 
Several electrochemical techniques for measuring the kinetic 
properties of an electrolyte are highlighted. Regular electro-
chemical tests, such as galvanostatic discharge/charge, CV, and 
electrochemical impedance spectra (EIS) have been discussed 
in many studies,[81,85] and therefore will not be specially intro-
duced here. Common types of solvents, salts, and additives for 
Li–S batteries, as well as some special electrolyte recipes are 
also briefly discussed.

4.1.1. Stability and Interfacial Behaviors

Spectroscopic Tools for Investigating Electrolyte Stability: So far, the 
stability of different solvents can be analyzed by both theoretical 
calculation and experimental characterization of their decom-
position products. An acceptable electrolyte should be at least 
stable to both electrodes during repeated cycling, and have suf-
ficient Li+ ionic conductivity. From this point of view, carbonate 
solvents (e.g., ethylene carbonate, propylene carbonate, diethyl 

carbonate, etc.), which are prevalent in commercial LIBs, are 
not suitable for Li–S systems. Through XANES, NMR, Fourier 
transform infrared (FTIR) spectroscopy, gas-chromatography 
(GC) analysis, and DFT computation, it has been found that 
nucleophilic polysulfide anions attack either the carbonyl-C 
atom or the ethereal-C, and cause the decomposition of car-
bonate.[50,86–88] Recently, the stability of ethylene carbonate 
toward lithium metal was also theoretically proved to be lower 
than ether solvents, because of its lower LUMO energy level 
than ether.[89] However, it is safe to use carbonate electrolyte 
when sulfur is strictly restrained in the quasi-solid-state so that 
the formation of polysulfides and their contact to carbonate are 
completely inhibited. To meet this demand, sulfur can either 
be confined in sub-nanometer micropores of carbon,[28,90–92] 
or covalently bound to conductive polymer (like polyacryloni-
trile),[93–95] functionalized graphene,[96] etc.

Ether solvents are conventionally used for Li–S batteries due 
to their compatibility with sulfur cathodes and, in particular, 
polysulfides. Linear ethers, such as glyme (G1, i.e., DME), 
diglyme (G2), triglyme (G3), tetraglyme (G4, i.e., TEGDME), 
and poly(ethylene glycol) dimethyl ether, as well as cyclic 
ethers, usually DOL, are applied as either a single solvent or 
a part of mixed solvents.[19,97,98] DME and TEGDME are used 
much more frequently than G2 and G3, probably because 
DME has the lowest viscosity and TEGDME has the strongest 
solvating ability. DOL is preferred owing to its unique role at 
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Table 1.  Summary of absorption peak positions in UV–Vis spectra of S8, polysulfide dianions and radicals.

Detection mode Ref No. Solvent Peak wavelength [nm]

S8 S8
2− S7

2− S6
2− S5

2− S4
2− S3

2− S2
2− S3

•−

Transmission [56] TEGDME/DOL 280 560 470 450 420 340 265 617

[59] TEGDME 265 425 615

[61] DME 430 400 610

[60] DOL/DME 560 470, 350 420, 320 617

DMSO 492 475, 350 420, 325 270 617

[76] DMSO 492 475 420

[74] DMSO 490 450 610

[73] DMSO 505 435

[77] DMF 490 470 450, 340 435 420 334 280 600

Reflection (1st derivative) [57] Sulfolane 572 567 555 536 513 494 479

[57] Sulfolane 580 570 550 530 510 490 470

[57] TEGDME/DOL 620 620 600 580 560 530 450, 520

Table 2.  Summary of peak positions in Raman spectra of S8, Li2S, polysulfide dianions and radicals.

Ref No. Solvent Raman shift [cm−1]

S8 S8
2− S7

2− S6
2− S5

2− S4
2− S3

2− S2
2− Li2S S3

•−

Ex situ [65] TEGDME/DOL 156, 221, 473 280, 410, 450, 746 (S4
2− to S8

2−) 378 535

[78] DOL/DME 152, 218, 470 400 (S6
2− to S8

2−)

In situ [64] DOL/DME 154, 220, 474 340–420 (S6
2− to S8

2−) 420–480 (S3
2− to S5

2−) 200, 148 535

[63] TEGDME/DOL 429, 369 (S6
2− to S8

2−) 525

[62] TEGDME/DOL 217 217 766 (S4
2− to S8

2−) 234 534

[66] DOL/DME 150, 219, 474 398, 509 202, 445 452 535
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the lithium anode: it can produce a robust yet flexible solid 
electrolyte interphase (SEI) through ring-opening polymeriza-
tion according to FTIR spectra.[99–102] However, DOL is actually 
more reactive toward lithium metal according to DFT calcula-
tion and GC analysis of gas produced in a pouch cell.[89] DOL 
gives rise to severe gas evolution (mainly composed of ethane), 
which is dangerous for practical pouch cells. Moreover, low 
polysulfide solubility in DOL impedes the reaction kinetics and 
the utilization of sulfur, especially at high sulfur loading and 
high rate.[103] As a result, DOL/DME or DOL/TEGDME binary 
solvents could be a better and more conventional choice. Nor-
mally, the volume ratio of DOL and DME/TEGDME is 1:1 for 
coin-cell evaluation. For Li–S pouch cells, such a ratio ought 
to be further engineered to reduce undesirable gas evolution 
mainly resulting from the decomposition of DOL.[89]

Analysis of the SEI: A surface film will form at the interface 
between the electrolyte and the electrode, commonly lithium 
metal, which is referred to as the SEI.[104] Composed of organic 
and inorganic species, the SEI is closely related to the electro-
chemical performance of the lithium anode. A thorough discus-
sion on the formation mechanism, composition, and function 
of the anode SEI can be found in a recent review.[105] Here, to 
make this section concise, we will only mention several studies 
using X-ray photoelectron spectroscopy (XPS) to analyze the 
role of salts and additives in modifying the properties of the 
anode SEI, and a few studies on the cathode SEI.

In general, salts mainly serve as the source of Li+ in an 
electrolyte. However, many recent studies have suggested that 
decomposition products of salts represent an important origin 
of inorganic components in the SEI. For example, lithium fluo-
ride (LiF) is frequently detected by XPS in the SEI when fluo-
rine-containing salts (e.g., LiTFSI) are used.[27,106–108] LiTFSI is 
the mainstream choice for most cases, owing to its outstanding 
dissociation ability, thermal stability, compatibility with ether 
solvents, and film-forming properties at the lithium side. It 
is noticeable that some other salts may offer comparable con-
ductivity and additional benefits. Yushin and co-workers took 
advantage of the more reactive lithium bis(fluorosulfonyl)imide 
(LiFSI) to initiate local polymerization at the cathode surface 
and a LiF coating at the anode surface.[106] As a result, both elec-
trodes were well protected by Li+-permeable passivating layers, 
solving the problems of lithium dendrites and polysulfide 
shuttling simultaneously. However, the concentration of LiFSI 
(5.0 mol L−1, i.e., 5 m) is much higher than that of common 
electrolytes (1.0 m LiTFSI) in order to provide sufficient protec-
tion on both electrodes. In comparison, lithium trifluorome-
thyl-4,5-dicyanoimidazole (LiTDI) might be a better choice, as 
it has been proved to passivate the anode and minimize poly-
sulfide shuttling at a moderate concentration (1.0 m).[107]

As discussed above and in some reviews, many of the suc-
cessful lithium salts have a fluorine-containing anion, which is 
largely due to the unique effect of LiF in the SEI. Recently, LiF 
has been verified to significantly promote Li+ diffusion in the 
SEI, which renders uniform lithium plating and stripping in 
organic electrolyte.[109] A similar function can be accomplished 
by electrolyte additives like fluoroethylene carbonate (FEC) and 
lithium difluoro(oxalato) borate.[110–113] Another important addi-
tive, LiNO3, is so pervasively used that it almost becomes a reg-
ular ingredient in glyme electrolyte. Only 1–2% (by weight) of 

LiNO3 can prominently improve the Coulombic efficiency from 
below 90% to over 98%. Reduced LixNOy and oxidized LixSOy 
species were both observed on the surface of the lithium, pro-
tecting the anode from polysulfide corrosion and dendrite 
formation.[26,113–115]

The interface between the electrolyte and cathode is rarely 
studied, and the existence of an SEI layer is not often reported. 
Besides the polymerized film on the cathode induced by 
LiFSI,[106] FEC is also capable of protecting the cathode. By one 
deep discharge cycle to 0.1 V (vs Li+/Li), FEC induced the for-
mation of LiF-containing SEI on the cathode, which mitigates 
polysulfide migration.[116]

4.1.2. Kinetics of the Liquid Electrolyte

Exchange Current Density: When the electrode is at the equilib-
rium potential of a redox reaction, electron-transfer processes 
continue at the electrode/solution interface in both directions. 
The cathodic current, however, is balanced by the anodic cur-
rent and the net current is zero. Normalized by the electrode 
surface area, this current density is called the exchange-cur-
rent density, which reflects the intrinsic electron-transfer rate 
between the electrode and the solution.

Chiang and co-workers systematically compared the 
exchange-current density of Li2S6 redox with different glyme 
solvents.[117] The exchange-current density (i0) could be 
obtained by either EIS or galvanostatic polarization. Charge-
transfer resistance (Rct) was measured from two-electrode EIS, 
and converted to i0 through Equation (3) as follows: 

i
RT

zFAR
0

ct

= � (3)

where z is the number of electrons transferred in a single step 
and A is the active area of the electrode. Voltage polarization 
under several current densities was monitored using a three-
electrode configuration to avoid polarization on the lithium 
anode. Extrapolating data in the linear regimes on the semi-
logarithmic Tafel plot also gave out i0. Two methods gave con-
sistent results: i0, together with the ionic conductivity, decreases 
from G2 to G4 as the molecular size increases (Figure 8A,B). It 
should be mentioned that as multiple polysulfide species exist 
in solution simultaneously, the measured current density was 
a superficial activity of many different reactions, rather than 
the inherent property of any single reaction. Moreover, the 
exchange-current density is not the only factor that influences 
the performance of Li–S batteries. DOL/DME with a lower i0 
but a higher ionic conductivity has better rate performance than 
G2, which suggests ionic conductivity, instead of exchange-cur-
rent density, is responsible for the incomplete exploitation of 
capacity at a high rate (Figure 8C).

Symmetric Cells: As the measurement of the exchange-cur-
rent density requires a large amount of polysulfide electrolyte 
and inert electrodes such as glassy carbon, this method has 
not been widely used in Li–S-battery research. An alternative 
way of probing the kinetics of the electrolyte is CV analysis of 
symmetric cells.[118] This method uses two identical electrodes 
such as carbon-paper or interdigitated-array electrodes, which 
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are separated by a polymer separator. Polysulfide electrolytes 
with high sulfur content (usually around 3.0 m) are sand-
wiched between two electrodes. I–V curves from symmetrically 
sweeping the voltage from the open-circuit potential, along 
with Rct from the EIS of the symmetric cell, can reflect the rela-
tive activity of liquid-phase polysulfide redox. High polysulfide 
concentration and fast sweeping speed are often employed so 
that the transport limitation will not be a significant issue. The 
most remarkable advantage of the symmetric cell is the preven-
tion of any influence at the lithium side.

Potentiostatic Li2S Precipitation: Aside from the redox kinetics 
in solution, the mechanism of Li2S precipitation is also of great 
importance, since this phase-transformation step is closely 
related with the length of the second plateau, which accounts 
for up to 75% of the theoretical capacity. Chiang and co-workers 
conducted pioneering work on this aspect.[119] Potentiostatic 
discharge and scanning electron microscopy (SEM) were used 
to study the behavior of Li2S nucleation and growth in glyme 
electrolytes. A critical overpotential was found to be necessary 
for overcoming the Li2S nucleation barrier, which corresponded 
well with the “dip” between two discharge plateaus usually seen 
in the galvanostatic voltage profile. The Avrami equation was 
employed to explain the nucleation and growth behavior. Li2S 
follows a two-dimensional (2D) growth mechanism on a triple 
phase boundary; therefore, the potentiostatic current profile has 
a maximum point when insulating Li2S domains are in con-
tact with each other (Figure 9A). The combined rate constant 
for both nucleation and growth can be derived by fitting the 
current curve with Equation (4), which decreases by the same 
order of magnitude as the exchange-current density from G2 

to G4 (Figure 9B). As demonstrated by ab initio molecular-
dynamics simulation, the slower kinetics arise from a stronger 
binding between solvent molecules with Li2Sn clusters, which is 
a good example of the chelating effect. 

Y Btn1 exp ( )= − − � (4)

In Equation (4), Y is the fraction of Li2S that has been trans-
formed, B is the combined kinetic constant of nucleation 
and growth rate, and n is the Avrami exponent indicating the 
dimension of growth. During the discharge process, Li2S nuclei 
are continuously generated, which is similar to the homoge-
neous nucleation process in a supersaturated solution. Corre-
spondingly, the dimension of growth is (n − 1).

Applications in Electrolytes with Redox Mediators: The above-
mentioned kinetic properties can be tuned by changing the 
composition of the electrolyte. Here, we choose a redox medi-
ator (RM) as an example to show the application of these novel 
methods. Catalogued by their different redox potentials (ERM) 
vs Li+/Li, RMs can be divided into three types: 

•	 Type I, ERM ≤ 2.0 V;
•	 Type II, 2.0 < ERM ≤ 2.5 V;
•	 Type III, ERM > 2.5 V.

For the purpose of oxidizing the pristine Li2S cathode at the 
first cycle, molecules belonging to Type III are recommended 
by Aurbach and co-workers.[120] However, this prerequisite 
is not necessary for RMs playing other roles in Li–S chem-
istry, especially except the first cycle of pristine Li2S cathodes. 

Small Methods 2017, 1700134

Figure 8.  Electrolyte effects on discharge reactions: polysulfide redox kinetics. A,B) Exchange current density (A) and ionic conductivity (B) of Li2S6 
in different ether-based electrolytes with various concentrations. C) Voltage profiles of Li–polysulfide cells at several rates using three representative 
solvents. Reproduced with permission.[117] Copyright 2016, The Electrochemical Society.
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Decamethylchromocene (Cr(Cp*)2) with ERM of 2.0 V was 
paired with decamethylnickelocene (Ni(Cp*)2, ERM of 2.5 V) for 
a Li–S redox flow battery.[121] Working separately at discharge 
and charge, Cr(Cp*)2 and Ni(Cp*)2 transfer electrons from the 
current collector to the sulfur and Li2S, respectively.

Further studies on the detailed role of different types of 
RMs have been conducted by Helms and co-workers.[118,122] 
Searching through over 80 polycyclic aromatic hydrocarbons, 
benzo[ghi]peryleneimide (BPI) and perylene bisimide (PBI) 
were screened out by Helms and co-workers as representative 
RMs.[122] The strong intermolecular π–π interaction causes 
the stacking of these additives and forms electrically conduc-
tive nanofibers in the electrolyte. Although electrolyte gelation 
occurred after RM addition, the diffusion of ions and electrons 
was not impeded but rather improved. BPI (Type I) promotes 
the liquid–solid transformation upon Li2S deposition/dissolu-
tion,[122] while PBI additive (Type II) has a significant role in 
accelerating liquid-phase polysulfide redox that occurs around 
2.4 V.[118] Besides regular tests of Li–S asymmetric cells, such 
as CV and galvanostatic cycling, experiments targeted at the 
specific reactions were also conducted. Potentiostatic discharge 
experiments, as described before, were conducted to determine 
the role of BPI. The time for the current peak to appear was 

much later with BPI than without it, enabling a 5.5-fold higher 
capacity at the same potential (Figure 9C). SEM characteriza-
tion revealed a three-dimensional (3D) growth of Li2S in BPI-
containing electrolyte, which not only favors a higher discharge 
capacity, but also reduces the overpotential at charge, compared 
with the fully covered 2D passivating layer in a regular electro-
lyte. In CV tests of symmetric cells with dissolved Li2S8, PBI 
induced a 3-fold increase in current response, validating the 
enhanced charge transfer to liquid phase (Figure 9D).

The use of soluble RMs, however, causes a shuttling effect 
analogous to polysulfides. This accounts for a lower Coulombic 
efficiency despite the higher capacity when RMs are present.[118] 
Alternatively, polysulfides (not limited to S3

•−) are intrinsic 
RMs in the Li–S system, although they have relatively slower 
kinetics than artificially added ones. Rationally understanding 
and designing highly effective and efficient RMs could be very 
promising for Li–S-battery development.

1.0 m LiTFSI–DOL/DME (v/v = 1:1) is currently the most 
popular recipe for Li–S-battery electrolytes.[123–125] How-
ever, no evidence has indicated this recipe to be the optimal 
choice. Most studies on ether electrolytes were done before 
the recent renaissance in cathode materials. To follow up with 
their development in Li–S batteries, it is necessary to revisit 
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Figure 9.  Electrolyte effects on discharge reactions: Li2S deposition kinetics. A) Voltage and current profiles in a nucleation experiment of Li–Li2S8 cell. 
B) Combined nucleation and growth rate constants obtained by fitting the potentiostatic discharge profiles. Inset: Deposition capacity vs rate constant 
for diglyme and tetraglyme. A,B) Reproduced with permission.[117] Copyright 2015, Wiley-VCH. C) Potentiostatic discharge current and capacity showing 
the promoted Li2S precipitation when BPI redox mediator is added. Reproduced with permission.[122] Copyright 2015, American Chemical Society.  
D) CV of Li2S8 symmetric cells exhibiting the enhanced electron transfer with PBI additives. Reproduced with permission.[118] Copyright 2015, American 
Chemical Society.
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and reoptimize the solvent composition. Recently, some new 
approaches of designing alternative electrolytes have been pro-
posed. High-DN solvents with higher polysulfide solubility than 
ethers render a more thorough utilization of active materials 
(Figure  6D).[73,74,77,126–130] On the contrary, sparingly solvating 
electrolytes, i.e., electrolyte with low solvating ability, especially 
room-temperature ionic liquids and their analogs, enhance the 
Coulombic efficiency and capacity retention by restricting the 
dissolution of polysulfides.[112,131–143] However, neither of these 
approaches is mature enough: 

•	 �Electrolytes based on high-DN solvents are troubled by their 
high reactivity with lithium metal;

•	 �Sparingly solvating electrolytes suffer from high viscosity and 
low ionic conductivity.

Advanced electrochemical measurements, such as sym-
metric cells, potentiostatic nucleation, and rotating ring-disk 
electrode (RRDE) voltammetry,[127] help reveal the intrinsic 
properties of Li–S reactions in various liquid electrolytes 
(Figure 6E). For example, Lu and co-workers combined RRDE 
with UV–vis spectroscopy to study the different reaction 
routes in high-DN vs low-DN solvents. These studies sug-
gested that the rate capability seems to be sacrificed when 
the saturation concentration of polysulfides increases. Sig-
nificant polarization at the low plateau could be observed in 
a DMSO-based electrolyte even at a low current density. This 
might be due to the better stability of short-chain polysulfides 
in DMSO, which suppresses the rate-limiting chemical 
reactions.

Overall, the development of liquid electrolytes has been 
somehow sluggish in recent years, compared with the 
flourish in advanced electrode materials. The demand for a 
safer battery with high sulfur loading and low E/S ratio calls 
for a more rational design of the electrolyte, therefore high-
throughput screening of solvents, salts, and additives should 
be conducted both experimentally and theoretically. The latest 
progress in gel, polymer, and ceramic electrolytes shows 
an emerging new approach for high-safety batteries.[144–151] 
However, liquid electrolytes still outperform their solid coun-
terparts for their lower resistance, especially at the electro-
lyte/electrode interfaces.[149,152] Hence, a continuous modifi-
cation in liquid electrolyte is desired to render a stable SEI 
and fast interfacial transport. The combination of liquid and 
quasi-solid electrolytes might be preferred from engineering 
perspective.

4.2. Host Effect on Li–S Discharge Reactions

The variety of cathode host materials has seen explosive growth 
since Nazar and co-workers first demonstrated a high-capacity 
sulfur cathode based on mesoporous carbon in 2009.[153] Here, 
instead of comprehensively introducing the large amount of 
work employing carbon, polymer, inorganic, and hybrid mate-
rials,[10,154–163] we aim at providing a mechanistic insight into 
the influence of the host materials on several important pro-
cesses in Li–S batteries, namely i) polysulfide–host interactions, 
ii) polysulfide redox, and iii) Li2S deposition.

4.2.1. Polysulfide–Host Interactions

As cathode additives, commercial carbon black constructs a 
conductive matrix that works well for traditional cathodes of 
LIBs. However, control over the diffusion of polysulfides is lost 
with such a simple cathode design in Li–S batteries. Hence, 
physical confinement through carbon materials with finely 
tuned pore structures[164–169] and chemical adsorption through 
polar hosts[170–172] have been widely adopted to trap polysulfides. 
Chemical entrapment is being proposed more and more often 
due to the stronger interactions between polysulfides and the 
polar host materials than for nonpolar carbon.[31,173] The nature 
of this stronger interaction can be studied microscopically or 
macroscopically. To directly demonstrate the effectiveness of 
trapping polysulfides, visualized experiments are sometimes 
carried out, most of which use static adsorption. A few reports 
have observed chemical adsorption during dynamic discharge, 
including materials like porous carbon, metal oxides, covalent 
organic frameworks, etc.[154–156] The little change in the color 
of the bulk electrolyte provides solid evidence for a successful 
trapping of polysulfides. Detailed information about the bond 
formation, variation in electron density, and orbital overlapping 
upon adsorption will be briefly summarized in the following 
subsection. Various methods have been applied to elucidate the 
informatics of the polysulfide–host interactions.

IR and Raman Spectroscopy: IR and Raman spectroscopy 
are useful in detecting chemical bonds and functional groups 
regarding to p-block elements. IR and Raman spectroscopy are 
convenient in the sense that they can both be handled under 
ambient pressure and samples for the latter do not need any 
preprocessing. By absorbing or scattering radiation, IR and 
Raman spectroscopy respond to different vibration modes 
in molecules, and they serve to mutually support each other. 
Normally IR spectroscopy is used for analyzing vibrations 
from polar species while Raman spectroscopy is for nonpolar 
ones. Seh et al. confirmed the interaction between Li2S and 
graphene oxide (GO) through the redshift of the Li2S peak in 
the Raman spectrum (Figure 10A).[174] Nazar and co-workers 
firstly employed IR and Raman spectroscopy to investigate the 
adsorption behavior of polysulfides on titanium dioxide (TiO2). 
In the IR spectra, they found a new band which they denoted 
as S–Ti–O referring to sulfur–TiO2 interactions, and in the 
Raman spectra they noticed a slight shift of the peaks for TiO2 
in accordance with the alternation of the local environment for 
TiO2 (Figure 10B,C).[175] Liang and co-workers also employed 
Raman spectroscopy to probe a novel redox mechanism of S–S 
chain scission/recombination in a lithium polysulfidophos-
phates (Li3PS4+n) cathode, in which elemental sulfur was teth-
ered on the terminal thiol groups of thiophosphate anions 
(PS4

3−), for Li–S batteries.[176] IR and Raman spectroscopy evi-
dence shed light on sulfur–host interactions and even open up 
new ways of exploring Li–S batteries. Unfortunately, they are 
unable to clarify how the electron transitions take place and 
whether or not and which chemical bonds are formed.

XPS: XPS is one of the most powerful techniques to analyze 
the chemical composition of materials, as well as the oxidation 
states of atoms near the surface. In Li–S batteries, XPS or high-
energy XPS is suitable to picture the surface chemistry of the 
host material and its interaction with sulfur species since the 

Small Methods 2017, 1700134
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conversion of polysulfides mainly occurs at the electrode/elec-
trolyte interface. The partial charge transfer and intermediate 
coordination can be plainly identified by XPS.

Generally, there are three types of polar surface host mate-
rials: i) heteroatom-doped carbonaceous framework with 
dopants, ii) conductive polymers with functional groups, 
and iii) metal compounds with ionic sites, for all of which 
the chemisorption is realized via different kinds of chemical 
bonds.[158,177–180] Lithium polysulfides in the electrolyte are 
mostly in clusters; therefore, the binding of which can be real-
ized by bonds with Li+, Sn

2−, or both. To figure out and differ-
entiate between these interactions, XPS of cycled or working 
electrodes is very useful. Pang and Nazar confirmed the elec-
tron transition from the nitrogen atom in graphitic carbon 
nitride (g-C3N4) to Li+, corresponding to the Li–N bond through 
analysis of Li 1s spectra.[181] Unlike electron-rich dopants like 
nitrogen and oxygen, for which chemisorption occurs mainly 
through lithium bonds, electron-deficient dopants such as 
boron work through a different way. Guo and co-workers 
studied boron-doped graphene and found slight charge transfer 
from the sulfur to the carbon framework through S 2p spectra, 
indicating chemisorption directly through the sulfur in redox 
intermediates.[182] Furthermore, Nazar and co-workers identi-
fied N, S-co-doped carbon materials with synergistic chem-
isorption, in which nitrogen was negatively charged and sulfur 
was positively charged. By probing the Li 1s spectra and S 2p 
spectra, they found not only Li–N bonds but also ST–Sδ+ (refer-
ring to sulfur dopants on carbon) in this configuration.[183] 
Manthiram and co-workers also demonstrated such a syner-
gistic binding effect to polysulfides by N, S-co-doped graphene 
aerogels.[184]

Similar to carbon with electron-rich dopants, heteroatom-
conjugated polymers commonly bind polysulfides through Li–
heteroatom bonds. One of the major differences between doped 
carbon and polymers lies in the stronger clarity of probing the 
binding sites. For example, polysulfides were demonstrated to 

be fastened on polypyrrole via Li–pyrrolic N bonds as shown in 
Figure 11A,[185] whereas it is not usually easy to verify to which 
nitrogen dopants in carbon it is that the polysulfide binds. 
Goodenough and co-workers investigated polymers with dif-
ferent functional groups, ranging from fluorine and ether to 
ester and sulfone. The XPS spectra unambiguously validated 
the existence of Li–X (X = F, O, and COOR) bonds, through 
which polysulfides bound to polymers according to lithium-
bond theory.[186]

Aside from these p-block covalent cathode frameworks, 
metal compounds are emerging rapidly as they are intrinsically 
ionic for interaction with polysulfides. Metal compounds inves-
tigated in Li–S batteries, ranging from binary compounds such 
as oxides, nitrides, carbides, sulfides, and halogenides to ter-
nary compounds such as perovskites, can generally be divided 
into two categories: with unsaturated coordination metal sites 
or without.[187–210]

•	 �Compounds without unsaturated coordination metal sites, 
i.e., alkali or alkali-earth compounds and transitional com-
pounds in which metal ions are of their highest valence,  
interact with polysulfides mainly through lithium bonds, 
which has been evidenced by the shift in the XPS of Li and lat-
tice anions. Meanwhile, XPS of metal cations merely changes, 
indicating they are not bonding with polysulfides.

•	 �Compounds with unsaturated coordination metal sites inter-
act with polysulfides via a different but more interesting way. 
ST atoms in polysulfides are partially negatively charged and 
have lone-pair electrons, which serve as ligands to bind with 
unsaturated metal sites.

Xiao and co-workers firstly demonstrated this kind of inter-
action in metal–organic frameworks (MOFs) with nickel and 
cobalt centers (Ni-MOF and Co-MOF), respectively.[211] They 
observed the lowering of the binding energy of the metal 
ions in their 2p spectra, which indicates the decrease in metal 
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Figure 10.  Host effects on discharge reactions: IR and Raman spectroscopy of polar host/lithium polysulfides. A) Raman spectra of the T2g phonon 
mode of Li2S in pristine Li2S and Li2S–GO composites, together with their respective fitted peaks. Reproduced with permission.[174] Copyright 2014, The 
Royal Society of Chemistry. B) FTIR spectra of neat α-TiO2 (blue), neat Li2S4 (orange), and neat Li2S4/TiO2 (black). C) Raman spectra of neat α-TiO2 
(blue) and neat Li2S4/TiO2 (black). B.C) Reproduced with permission.[175] Copyright 2012, American Chemical Society.
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valence and thereby the formation of S–metal bonds. A Lewis-
acid–base interaction mechanism was proposed, shedding 
fresh light on the coordination effect of unsaturated metal sites. 
Cui and co-workers theoretically predicted and experimentally 
demonstrated that unsaturated coordination titanium (Ti) sites 
in Magnéli-phase TinO2n−1 could bind with ST atoms.[212] Nazar 
and co-workers have also shown Ti–S bonds in Magnéli-phase 
Ti4O7

[213] and MXene-phase Ti2C.[213,214] As the S 2p spectra in 
Figure 11B show, the binding energies of all the sulfur species 
shifted to a higher position for Ti4O7, indicating the electron 
transfer from sulfur, probably to defect sites in the Ti4O7.[213] 
Different from Ti4O7, in MXene the formation of Ti–S bonds 
was realized through the replacement of surface –OH func-
tional groups by sulfur, invoking new thoughts on metal–S 
bond formation.[214] Peng, Zhang, et al. moved further to other 
transitional elements such as iron and nickel. In layered double 
hydroxide (LDH) and nitrogen-doped graphene (NG) hybrids, 
they found Ni–S bonds inside the strained LDH lattice as well 
as N/O–Li bonds on the NG via a series of S 2p, N 2p, and 
Ni 2p spectra. The formation of two kinds of bonds coopera-
tively offer strong binding toward the redox intermediates.[215] 
Furthermore, Liang et al. also reported a unique surface redox 
mechanism in oxidative transitional compounds like birnes-
site manganese oxide (δ-MnO2) in Li–S batteries. With LiClO4, 
rather than sulfur-containing LiTFSI, as the lithium salt, they 
still found the peak due to thiosulfates in the S 2p spectra of 
the discharged cathode, and also peaks due to polythionate and 
sulfate, indicating a surface oxidation process of polysulfide 
species by Mn4+. This was also supported by the appearance 
of Mn3+ and Mn2+ peaks in the Mn 2p3/2 spectra. Thiosulfates 
could serve as surface-bound RMs to offer a surface-dominated 
redox pathway (Figure 11C).[216] They then delved deeper into 

the as-proposed internal redox mechanism based on thiosul-
fate/polythionate and screened throughout various transition-
metal oxides with different redox potentials. With detailed 
analysis of XPS spectra, they found the universal existence of 
thiosulfate–polythionate conversion (Wackenroder’s reaction) 
on metal oxides with higher redox potentials than in-solution 
polysulfide redox.[217]

To provide a convenient source of the XPS data appearing in 
Li–S-battery research, some useful peak positions are collected 
in Table 3. Of note, although XPS is a powerful tool in chemical 
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Figure 11.  Host effects on discharge reactions: XPS of polar host/lithium polysulfides . A) Li 1s spectra and fittings of pristine Li2S (top) and Li2S–PPy 
composites (bottom). Reproduced with permission.[185] Copyright 2014, The Royal Society of Chemistry. B) S 2p spectra of Li2S4 (top), Li2S4/Ti4O7 
(middle) and Li2S4/Vulcan carbon (VC) (bottom). Reproduced with permission.[213] Copyright 2015, Nature Publishing Group. C) S 2p spectra of Li2S4 
(left first), Li2S4/MnO2 (left second), Li2S4/GO (left third), and Li2S4/graphene (left fourth); Mn 2p3/2 spectra of MnO2 (right first) and Li2S4/MnO2 
(right second); and schematic illustration of redox mechanism on δ- MnO2. Reproduced with permission.[216] Copyright 2015, Nature Publishing Group.

Table 3.  Summary of S 2p peak and Li 1s peak positions in 
XPS.[177–179,185,200,203,213–217]

Sulfur Peak Lithium Peak

Li2S 160.2–160.5 eV Li2S 54.6–54.8 eV

Li2S2 161.7–162.1 eV Li2S4 55.4 eV

ST(Li2S4/Li2S6) 161.4–161.9 eV/161.7 eV Li2S6 56.3 eV

SB(Li2S4/Li2S6) 163.0–163.8 eV/162.9 eV Li–N(Li2S/Li2S4) 55.4–55.6 eV

56.4–56.9 eV

S8 163.2–164.2 eV Li–O 55.4 eV(Li2S)

thiosulfate (S2O3
2−) 167.2–167.9 eV (central sulfur)

161.5 eV (peripheral sulfur)

polythionate 167.3–168.2 eV

sulfite 166.3 eV

sulfate 168.6–170.2 eV

S–C 163.1–163.7 eV

S–O 167 eV

S–Metal 162.1–162.5 eV
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analysis, it can only make use of the electrons that have escaped 
from the top 10 nm near surface. Besides, it typically operates 
under high vacuum, making in situ characterization of liquid 
systems very difficult. However, ex situ analysis has its own 
drawbacks in correctly interpreting the data. The information 
obtained should be carefully read to prevent over-interpretation 
or being misled.

XAS: In addition to XPS, XAS is another option to probe the 
chemical states and interactions, and is often coupled with XPS 
to mutually support each other. More importantly, it could be 
an operando method and also provides information on a bulk 
rather than a surface scale. Zhang and co-workers investigated 
Li–S batteries with XAS firstly in 2011 and proposed GO as a 
sulfur immobilizer.[159] In their work, from the C K-edge they 
discovered that sulfur would partially reduce GO and pos-
sibly form C–S bonds. Moreover, they also found C–S bonds 
in NG cathodes via S 1s spectra and, interestingly, Li2Sn–N 
bonds at fully discharged state, which corresponds well with 
other reports of XPS.[218] Wang and co-workers compared the 
O K-edge spectra of the carbon matrix both with and without 
nitrogen dopants, and found that in the presence of poly-
sulfides, nitrogen dopants enhance the interactions between 
sulfur atoms and oxygen from –COOH or >C=O functional 
groups on graphene.[170] In other words, S–O bonds formed 
rather than S–N bonds. This kind of interpretation of the role 
of nitrogen dopants differs from the abovementioned view 
that electron-rich dopants mainly interact with Li+ by forming 
lithium bonds, and is worthy of further investigation. Sun 
and co-workers also detected the formation of S–O chemical 
bonds between a molecular-layer-deposited alucone coating and 
elemental sulfur using high-energy XPS and NEXAFS.[206] An 
understanding of how the S–O, C–S, and S–S bonds evolved 
upon charge and discharge was obtained.

NMR: Besides speciation, NMR spectra can also provide 
interesting perspectives in understanding the redox mecha-
nisms in Li–S batteries. Li and co-workers claimed to find 
C–S chemical bonds in sulfur copolymer cathodes, as evi-
denced by solution 13C NMR spectra of cathode materials.[219] 
Beyond 13C NMR, the above-discussed 7Li NMR could also be 
expected to generate more interesting results regarding the 
redox routes since NMR can be used in both ex situ and in 
situ modes.

In brief summary on polysulfide–host interactions, many 
characterization techniques have been employed and developed 
for Li–S-battery research. Among them, spectroscopy using 
X-ray radiation, in particular XPS, is the most widely adopted 
characterization tool. XPS and XAS are powerful in providing 
more information about how charges are transferred, chemical 
states are changed, and bonds are formed. These details are 
crucial in determining the possible redox mechanism for elec-
trochemical reactions. XPS is much more common but only 
capable of static or ex situ investigation, while XAS can pro-
vide dynamic or in situ information but synchrotron radiation 
sources are needed, which are quite expensive and currently 
rare. IR and Raman spectroscopy, as well as NMR, are routine 
but only capable of qualitative characterization. On the contrary, 
XPS and XAS are more effective, yet expensive. They require 
more careful handling with the sample in a specific operation 
environment such as high vacuum.

4.2.2. Liquid-Phase Polysulfide Redox

Previous studies have probed a fast kinetics for liquid-phase 
polysulfide redox reactions using RRDE in dilute solution of S8 
(4.0 × 10−3 m).[127] However, this may not be the case for prac-
tical Li–S batteries, as the sulfur concentration should be much 
higher than 1.0 m (E/S ratio << 10:1), otherwise the energy 
density would be even lower than that of commercial LIBs.[220] 
EIS measurement of Li–S coin cells has also suggested the 
highest impedance may appear at the high plateau rather than 
the low plateau.[221,222] Therefore, the kinetics of a concentrated 
Li2Sn solution might be quite slow in a real cell. Introducing 
an insulating polysulfide adsorbent such as silica into a sulfur 
cathode could lead to an even higher impedance, although poly-
sulfides are effectively trapped.[223] Furthermore, polysulfides 
immobilized by insulating metal oxides require an additional 
surface diffusion step to reach conductive matrix, as Tao et al. 
indicated.[188]

Peng, Zhang, et al. emphasized the importance of adsor-
bent conductivity in the electrochemical kinetics of Li–S bat-
teries.[224] A model system was designed to probe the poly-
sulfide redox reactions on the surfaces of congeneric Ti-based 
inorganics with significantly different conductivities. Similar to 
the approach for probing the kinetic properties of electrolytes, 
symmetric cells were assembled by sandwiching Li2S6 electro-
lyte (3.0 m) between two identical carbon-paper (CP)-based elec-
trodes loaded with titanium carbide (TiC) or TiO2. Both CV and 
EIS indicated apparently enhanced electrochemical kinetics 
on the TiC surface, while CP loaded with TiO2 did not show 
any difference from the behavior of bare CP (Figure 12). Semi-
metallic pyrite-type cobalt disulfide (CoS2) (with an electrical 
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Figure 12.  Host effects on discharge reactions: polysulfide redox in sym-
metric cells. EIS spectra (top) and CV curves (bottom) of Li2S6 symmetric 
cells showing the accelerated polysulfide redox on conductive polar sur-
face of TiC. Reproduced with permission.[224] Copyright 2016, Wiley-VCH.
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conductivity of 6.7 × 103 S cm−1) also has a positive effect on 
the redox current of Li2S6 electrolyte.[225] This methodology 
reveals the similarity between conductive polar host materials, 
regarded as immobile solid electrocatalysts or RMs, and dis-
solved mobile RMs in catalyzing polysulfide redox kinetics. 
However, these immobile solid electrocatalysts have additional 
advantages over dissolved ones: 

•	 �Their polar surfaces help enrich Li2Sn within the cathode scaf-
fold, preventing the loss of active materials;

•	 �They suppress rather than contribute to shuttling phenomena 
because of their immobility, ensuring high Coulombic effi-
ciency and suppressing self-discharge.

Careful analysis of the CV profiles of regular cells (composed 
of lithium-metal anode and cathode current collectors wetted by 
Li2Sn catholyte) also gave some evidence for the catalytic effect 
of tungsten disulfides (Figure 13A) and g-C3N4,[226,227] but a 
symmetric cell would give a much more straightforward and 
explicit proof.

The mostly used poly(vinylidene fluoride) (PVDF) binder 
for sulfur cathodes, which is insulating and nonpolar, has no 
function other than adhesion. Frischmann et al. replaced PVDF 
with a redox-active PBI supramolecular binder, as it offers extra 

conductivity and reaction sites for polysulfide redox.[228] Chen 
and co-workers reported a multifunctional sulfur-trapping 
and catalytic binder based on radical poly(2,2,6,6-tetramethyl-
1-piperidinyloxy-4-yl methacrylate) (PTMA).[229] Once charged 
to 4.0 V, the PTMA would be oxidized to PTMA+, which was 
capable of adsorbing polysulfides. Linear sweep voltammetry 
of polymer films in polysulfide solution suggested a remark-
able catalytic capability of the PTMA+ (Figure 13B), which was 
mainly attributed to the lower LUMO of the [PTMA+–Sn

2−] 
complex than that of Sn

2−, making the complex more readily 
reduced. These advancements in redox-active polymer addi-
tives or binders may open up a new avenue toward high-per-
formance Li–S batteries, but their thermodynamic and kinetic 
stability should be further explored.

4.2.3. Li2S Deposition

The properties of the host materials not only dictate the 
activity of liquid–liquid transformations, but also play a cru-
cial role at the liquid–solid boundary. Variation in the interfa-
cial energy between Li2S and the host materials may lead to 
deviation from the 2D growth mechanism on carbon fiber.[224] 
Identical CP electrodes loaded with TiC and TiO2, as used for 
symmetric cells, were assembled into Li–polysulfide cells for 
a potentiostatic nucleation experiment. Under the same pro-
cedure and comparable conditions, quite different growth 
mechanisms for the two materials were observed. According 
to the integrated capacity, TiC strongly favored Li2S precipita-
tion with an 80% increase in capacity, whereas TiO2 poisoned 
the conductive carbon surface, as reflected by its lower capacity 
(45 mA h g−1) than pristine CP (54 mA h g−1). Note that bulk 
particles of TiC and TiO2 provided a much smaller surface area 
than the CP substrate. The difference in precipitation capacity 
must be explained by the change in growth mechanism. Fan 
et al. attributed the termination of Li2S growth to the impinge-
ment of isolated and insulating Li2S islands until full cov-
erage of active surfaces was attained.[119] Thus the increased 
capacity may be caused by a radial growth, and the two peaks 
in the current profile of CP-TiC may be the result of two-step 
impingement. This result again points to the vital role of con-
ductive polar mediators in Li–S electrochemistry. Consistently, 
the composite of LDH and NG (as mentioned in Section 4.2.1) 
promoted Li2S precipitation more significantly than LDH alone 
(Figure 14A).[215]

SEM and transmission electron microscopy (TEM) are both 
powerful tools for characterizing the morphology of cathode 
materials. As can be seen in Figure 14B, after potentiostatic 
discharge, CP decorated by conductive polar particles exhib-
ited a thick layer of Li2S fully covering the entire surface, in 
contrast to the thin and incomplete deposition on pristine CP. 
Alternatively, the morphologies of cathode materials after gal-
vanostatic discharge can also reflect the nucleation and growth 
mechanism on different kinds of surfaces. Yao et al. found that 
under the same C-rate, Li2S particles deposited on carbon fibers 
embedded in indium-doped tin oxide (ITO) was much smaller 
and denser than those on pristine carbon fibers.[230] This is 
accounted by the ability of the polar conductive ITO to control 
the spatial distribution of the Li2S nuclei.

Small Methods 2017, 1700134

Figure 13.  Host effects on discharge reactions: polysulfide redox in Li–S 
cells. A) Tafel plots for carbon and tungsten disulfide nanosheet elec-
trodes in Li2S4 catholyte. Reproduced with permission.[227] Copyright 
2017, American Chemical Society. B) Linear sweep voltammetry results 
of polysulfide reduction on PTMA+ and PVDF-coated rotating-disk elec-
trodes. Reproduced with permission.[229] Copyright 2016, Elsevier.
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In the absence of conductive polar sites, a weak interaction 
between the polysulfides and the substrate leads to a high bar-
rier for Li2S nucleation, and therefore few nuclei can form, 
which causes the appearance of sparse and large particles. It 
is difficult for these bulk Li2S aggregates to be fully reoxidized 
during subsequent charge, because of their high resistance 
and insufficient contact with conductive networks. In contrast, 
polar particles or atoms doped on a carbon surface serve as 
heterogeneous nucleation points for Li2S: then, the distribu-
tion of Li2S is even and huge aggregates are avoided. At the 
same time, moderate conductivity should ensure fast electron 
transfer to Li2S nanoparticles and a highly reversible charge can 
be realized.

4.3. Sulfur Distribution

Upon cycling, sulfur experiences multiple phase transforma-
tion, from soluble polysulfides to insoluble Li2S/Li2S2. Conse-
quently, the continuous dissolution and deposition will alter 
the spatial distribution of sulfur within the cathode frame-
work.[231,232] Uneven sulfur redistribution will substantially 
affect the cathode performance, since sulfur might aggregate 
and a small portion of the carbon framework could then not 
contact the sulfur species; namely, the available conductive sur-
face area shrinks. On the other hand, soluble polysulfides might 
get trapped in the separator, which induces capacity fading as 
well.[78,233] Therefore, it is of great importance to observe and 
map out sulfur redistribution during cycling.

4.3.1. 2D Mapping

Scanning photoelectron microscopy (SPEM) 
is a powerful analytical tool for mapping a 
specific element at an identical chemical 
state with higher-energy resolution and 
surface sensitivity than conventional 
energy-dispersive X-ray spectroscopy imple
mented in SEM and TEM. Sung and  
co-workers have found more homogeneous 
sulfur distribution during low-rate activa-
tion cycles, which mitigated the initial sulfur 
aggregation and therefore alleviated internal 
stress in the cathode framework upon full 
discharge.[234]

Transmission X-ray microscopy (TXM) is 
another option for 2D mapping of element 
distribution, especially for in operando study 
on microstructural evolution in working cells. 
Cui and co-workers pioneered the work of 
TXM adopted in Li–S-battery study.[32] With 
TXM, they were able to track the evolution 
of a single sulfur particle upon cycling, and 
found no significant polysulfide dissolution 
that might promote crystallization of sulfur 
at the end of the charge cycle (Figure 15A). 
Lin et al. have coupled quantitative modeling 
with TXM and derived a complex depend-
ence of the polysulfide dissolution rate on the 
lithium stoichiometry, indicating that poly-

sulfide redistribution is nucleation-limited.[235]

Yu et al.[231] and Risse et al.[232] also showed the availability 
of using in situ X-ray radiography to map out the sulfur dis-
tribution throughout the entire electrode, instead of tracing 
several particles. Measuring the intensity of fluorescence or the 
transmittance, they managed to provide a macroscopic picture 
of sulfur concentration within the cathode. Sulfur dissolution, 
re-distribution, and deposition were all observed in both cases.

4.3.2. 3D Tomography

Apart from 2D mapping, a bigger and steric picture of how 
sulfur distribution evolves within the whole cell is critical in 
providing deeper insights into Li–S batteries. X-ray microto-
mography (XRM) is thereby applied as it provides more infor-
mation from a 3D perspective. By reconstructing a 3D model of 
as-observed objects, XRM can help determine the sulfur con-
tent spatially. Cheng and co-workers firstly employed XRM in 
Li–S battery investigation.[236–239] They examined the sulfur dis-
tribution in their sandwich cathode configuration after cycling, 
and, for the first time, quantitatively analyzed the sulfur propor-
tions in each part of the cathode and the separator. Zielke et al. 
observed a gradual loss of active materials in the cathode and 
contact via phase-contrast XRM with higher resolution during 
cycling (Figure 15B).[240] Moreover, Zhou et al. further extended 
this method to study poly(dimethylsiloxane) (PDMS)-coated 
graphene-foam (Figure 15C,D).[238] The 3D tomography is able 
to reconstruct the detailed electrode structure, especially when 
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Figure 14.  Host effects on discharge reactions: Li2S deposition. A,B) Potentiostatic discharge 
current (A) and SEM characterization showing the promoted Li2S precipitation on carbon fibers 
with LDH@NG composites (B). Reproduced with permission.[215] Copyright 2016, Wiley-VCH.
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multiphase components are presented and interpenetrated. 
More steric information can be gained than from routine 2D 
mapping.

As well as direct imaging, other analytical tools such as N2 
isothermal physisorption can also be adopted to study the dis-
tribution of the active phase. As Kaskel and co-workers dem-
onstrated very recently, phase migration, which resulted from 
repeated dissolution/deposition of sulfur species, had profound 
influence on the maintenance of the porous cathode structure, 
and such influence depended on SOC, C-rates, and electrolyte 
composition.[241] More insights into sulfur distribution upon 
cycling are expected to be acquired by combining imaging and 
physicochemical characterizations.

4.4. Charge Reactions

When we look at the galvanostatic voltage profiles and CV 
curves of normal Li–S batteries, it is quite easy to notice the dif-
ferent electrochemical behavior during charge and discharge. 
The voltage gap between the two discharge plateaus is much 
more obvious than that between the two charge plateaus. The 
charge plateaus sometimes even merge and only one sloping 
plateau can be seen. The voltage dip before the second discharge 

plateau has been never observed in charging; while a barrier is 
often present at the initiation of charging. The former is attrib-
uted to the overpotential for Li2S nuclei formation and the latter 
is accounted by the barrier of extracting Li+ from highly insu-
lating Li2S.[242–244] All these features correspond well with CV 
curves, where the two reduction peaks are always separated and 
the two oxidation peaks cannot be clearly distinguished. Hence 
it is reasonable to suggest that charging proceeds in a different 
pathway, rather than simply reverses the reaction sequence of 
discharging.

Nevertheless, the charging process receives much less atten-
tion than discharging, hindering a further understanding of the 
fading mechanism of Li–S batteries upon prolonged cycling. 
Some of the in situ studies mentioned in Section 3 have moni-
tored the Li–S batteries during the first one or two cycles and 
discovered several characteristics of charging: 

•	 �Li2S almost always persists for a longer period during charg-
ing than discharging;

•	 �Sulfur recrystallization is quite late compared with the time 
of its disappearance, and its amount and structure both differ 
from those of the original sulfur;

•	 �The species and their amounts in the cell are different at the 
same depth of charge vs discharge.
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Figure 15.  Sulfur distribution: A) Change in average contrast vs specific capacity in TXM images of a Li–S battery cycled at C/8 and the cell potential. 
Reproduced with permission.[32] Copyright 2012, American Chemical Society. B) 3D distribution of sulfur particles in samples after a given number 
of cycles: uncycled (a), 1 cycle (b), 2 cycles (c), 10 cycles (d). Only the sulfur phase is emphasized, all other phases are set to semi-transparent, or 
transparent. The colored particles are the largest ten clusters. Reproduced with permission.[240] Copyright 2015, Nature Publishing Group. C) XRM 
2D projections of sulfur–PDMS/GF electrodes with 10.1 mg cm−2 sulfur loading. D) 3D images of the reconstructed sulfur–PDMS/GF electrodes with 
10.1 mg cm−2 sulfur loading (graphene and carbon black marked in grey, sulfur particles marked in yellow and PDMS marked in white). C,D) Repro-
duced with permission.[238] Copyright 2015, Elsevier.
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These characteristics are supported by several quantita-
tive in situ analyses using XANES, XRD, UV–vis, and Raman 
spectroscopy, as well as ex situ LC.[33,35,44,58,61,66] Meanwhile, 
detailed studies are still lacking regarding the composition 
and evolution of sulfur species during charging, especially for 
cells after tens or hundreds of cycles. RRDE measurement and 
Li–polysulfide redox flow batteries working in the soluble region 
have suggested a reversible liquid-phase reaction. Hence, the 
disparity of charge and discharge pathways perhaps comes from 
the distinct properties of the two solids: Li2S and S8.[127,245]

Mechanistic investigation of the charge process is more 
considered in research on Li2S cathodes.[246] Li2S, as a lithium 
source itself, can be coupled with nonmetallic lithium-free 
anodes, surmounting many serious problems related to lith-
ium-metal anodes.[30,247] However, utilizing Li2S as the cathode 
starting material is no easier than elemental sulfur. Full utiliza-
tion of Li2S is hampered by its extremely low ionic and elec-
tronic conductivities, as well as a huge activation barrier. In 
2012, Yang et al. first carried out a comprehensive study of the 
electrochemical performance of micrometer-sized commercial 
Li2S particles.[248] They carefully compared the voltage barrier 
for the first charge process in a wide range of current rates. 
For ball-milled Li2S particles with an average size of ≈2 µm, 
the overpotential constantly stayed around 20 mV at current 
rates lower than C/200, indicating a thermodynamically con-
trolled process under ultralow current. At higher current rates, 
which are reasonable for practical applications, the overpo-
tential was found to grow linearly with the logarithm of the 

rate (Figure 16A). Based on an elaborate simulation using the 
finite-element method, they concluded that ionic diffusion and 
concentration polarization only accounted for <30% of the total 
overpotential. The potential barrier was dominated by charge 
transfer and obeyed the Butler–Volmer equation (Equation (5)): 
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At relatively large overpotential (>50 mV), the Butler–Volmer 
equation is simplified to the Tafel equation, in which η is pro-
portional to ln(j/j0), which is consistent with the experimental 
data. The first charge of the Li2S cathode can be divided to three 
stages: 

•	 �The voltage barrier representing Li+ extraction from single-
phase Li2−xS with slow kinetics;

•	 �The formation of soluble polysulfides accelerating the charge 
transfer to solid Li2−xS, and the overpotential becoming largely 
reduced;

•	 �Li2−xS being fully consumed near the end of charge, and the 
crystallization of S8 from liquid polysulfides raising the cell 
impedance again, leading to the voltage rise and ceasing the 
charge process.

The overpotential can be larger than 1 V even when charging 
a Li2S cathode with 1.5–2.0 mg cm−2 loading at a low rate of 
C/8. Reducing the particle size of Li2S to below 100 nm can 

Small Methods 2017, 1700134

Figure 16.  Charge mechanism: A) Upper: initial potential barrier for charging a Li2S-based cell at C/8, C/50, C/200, and C/1000 (1 C = 1166 mA g−1); 
Lower: relationship between current rate and overpotential (potential barrier). Reproduced with permission.[248] Copyright 2012, American Chemical 
Society. B) Galvanostatic voltage profile during the 1st charge of Li2S electrodes with different metal sulfides as host materials. Reproduced with 
permission.[191] Copyright 2017, National Academy of Sciences. C) Mapping of Raman spectroscopy obtained during the 0.1C charging process of  
S8/nitrogen-doped carbon composite. Reproduced with permission.[66] Copyright 2015, American Chemical Society.
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effectively lower the overpotential for charge.[174,249–253] How-
ever, this strategy requires complicated fabrication and cannot 
be realized by ball-milling low-cost commercial Li2S. Although 
similar bumps are also observed in the charging of sulfur cath-
odes or the subsequent cycling of Li2S cathodes, it is difficult 
for the height to exceed 0.2 V. Unconverted polysulfides from 
the previous discharge should be responsible for the enhanced 
kinetics. This hypothesis was rationalized by Kaskel and  
co-workers who found that addition of 0.125 m Li2S6 into the 
electrolyte could reduce the charge overpotential by 0.4 V.[250]

In fact, any approach that can reduce the charge-transfer 
resistance of a Li2S composite is capable of ameliorating the 
energy barrier. RMs (ferrocene, lithium iodide, or Fe(Cp*)2, 
etc.), phosphorous pentasulfide, and catalytic metal sulfide 
hosts have all been proved to be effective in promoting Li2S 
oxidation.[29,120,191,254] As discussed before, the latter two ways 
bring about fewer side effects and are more practical. Cui and 
co-workers conducted a systematic study of six metal sulfides, 
revealing that catalyzed Li2S decomposition is closely related to 
the binding of isolated Li+ with sulfur atoms in metal sulfides 
(Figure 16B).[191] It is worth mentioning that tin disulfides with 
a small Li2S decomposition barrier according to DFT calcula-
tions did not exhibit good catalytic ability, mainly due to its 
semiconducting nature. This discovery emphasizes another 
important advantage of conductive polar mediators, which is 
the faster oxidation kinetics of Li2S. In particular, metallic or 
semimetallic disulfides of vanadium, titanium, and cobalt, with 
high affinity toward Li2Sn and fast Li+ diffusion, enabled high-
capacity cathodes with stable cycling performance.

Besides, conductive polar host materials not only favor the 
catalytic oxidation of Li2S, but also promote the recrystallization 
of S8 in the charge process, which is shown by in situ Raman 
spectrum (Figure 16C).[66] The recrystallization of S8 was barely 
detected on routine carbon framework; whereas on nitrogen-
doped carbon, the signals of S8 were clearly shown after cycling. 
This was attributed to the stabilization of the key intermediate, 
Li2S8, by Lewis basic nitrogen dopants. Without generation and 
effective stabilization of Li2S8, Li2S6 cannot be directly oxidized 
to elemental sulfur.

In general, the electrochemical reactions in the Li–S system 
are so complicated and convoluted that we have not reached a 
consensus on their mechanism after decades of research. The 
emerging investigation of novel electrolytes and host mate-
rials indeed creates opportunities for enhancing battery perfor-
mance, but adds to the complexity of reaction routes as well. 
In order to dig out the underlying roots beneath the superficial 
results like improved cell capacity and life, advanced charac-
terization tools and testing methods are necessary. Moreover, 
the sulfur distribution upon cycling and the detail about the 
charge process have rarely been studied. Hence, there are still 
countless questions about the electrochemical reactions in Li–S 
batteries waiting to be answered.

5. Transport Phenomena

Facile transport of ions is universally important for electro-
chemical devices since it endows these devices with high power 
output. This issue is, however, somewhat more complex in Li–S 

batteries than in conventional LIBs because of the shuttling 
of polysulfides. Upon charge and discharge in Li–S batteries, 
soluble polysulfides leak out of cathode framework and migrate 
to the lithium-metal anode under the concentration gradient 
and electrical field, etching the lithium-metal anode, being 
reduced, diffusing back to and then being re-oxidized at the 
cathode side. This so-called shuttling phenomenon is actually a 
hot potato, which substantially impairs cycle performance and 
efficiency of Li–S batteries.[20,21] On the one hand, the shuttling 
effect can be mitigated by designing either physically confining 
or chemically trapping frameworks for sulfur cathodes.[255–257] 
On the other hand, tailoring the separator is another worth-
while and promising way of inhibiting the shuttling phenom-
enon.[258–263] Since both Li+ and polysulfides diffuse across the 
separator during electrochemical reactions, their transport phe-
nomena, especially in the electrolyte and the separator, are of 
paramount importance. The crossover of polysulfides should be 
blocked while Li+ transport ought to be rapid. In this section, 
we will briefly discuss the methods and protocols adopted to 
investigate transport phenomena of both polysulfides and Li+.

5.1. Polysulfide Blocking

5.1.1. Visualized Experiments

To better suppress the notorious flooding of polysulfides is of 
top priority in separator design, and a fairly straightforward but 
useful way to examine the polysulfide-blockage capability of a 
separator is the visualized experiment. Similar to that discussed 
above, polysulfide solutions are prepared to simulate the catho-
lyte; while electrolytes without polysulfides serve as the anolyte. 
The separator is placed in between. This configuration artifi-
cially creates a concentration gradient within the cell, and, typi-
cally, the cell, for visualization, can be a V-shaped, U-shaped, or 
H-shaped glass vessel. Since a polysulfide solution basically is 
tawny or reddish brown, it is easy to distinguish it from unpol-
luted blank electrolyte, and therefore to monitor the migration 
of polysulfides.

Yao et al. took Li2S8 as a representative of polysulfides, 
and demonstrated that polysulfides not only diffuse through 
the porous separator but can also be trapped by and decom-
posed in the separator, inducing irreversible capacity loss.[233] 
Ma et al. utilized this direct observation method to show the 
effectiveness of their ion-selective polymer membrane in sup-
pressing the troublesome migration of polysulfides.[264] Zhou 
and co-workers have also demonstrated MOF separators as 
an effective ion-selective polysulfide-blocking membrane with 
visualized experiments.[265] The feasibility of a ferroelectric 
coating on a separator with intrinsic dipoles was also indicated 
via this method.[266] Note that in actual batteries, an electrical 
field also exists, which will affect the diffusion of polysulfides 
since they are partially charged. Apart from the ex situ visu-
alized experiments discussed above, Huang et al. pioneered 
the work of in situ observation of polysulfide transportation 
behavior through visualized experiments.[267] By applying a 
static potential of 2.4 V vs Li+/Li, they directly monitored the 
shuttling phenomenon in the working cells and validated the 
superior effectiveness of the ion-selective membranes (i.e., 
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Nafion-coated separators) for blocking polysulfide shuttling 
for the first time (Figure 17A).

Visualized experiments are convenient and powerful tools as 
proof-of-concept experiments to study the shuttling phenom-
enon and its suppression. Researchers can get a clear sense 
from the results. However, only mere qualitative evaluation, 
except the treatment using the gray level derived from photo-
graphs of polysulfide solution, can be obtained through this 
method, and it is not satisfying for further investigation.

5.1.2. Shuttle Current

In order to get quantitative or semi-quantitative measurement 
of the shuttling phenomenon, the polysulfide solution used 
for visualization experiment can be further analyzed through 
spectroscopy characterization, such as UV–vis. However, it 
is way too complicated. Therefore, more advanced methods 
are needed, preferably to be simple and straightforward 
measurements.

Helms and co-workers stepped forward by adopting electro-
chemical measurements such as CV and square-wave voltam-
metry to analyze the polysulfide concentration variation of the 
blank side in visualized tests.[268] Through calibration, the cur-
rent could be interpreted into the polysulfide concentration. 

Such a method still has the drawback that it is not applicable 
for practical Li–S cells.

Moy et al. delved deeper into evaluating the shuttling effect 
by developing an electrochemical method to directly measure 
the “shuttle current” (Figure 17B).[269] Upon the leakage of poly-
sulfides, the electrochemical potential at the cathode side would 
drop, as would the voltage of the whole cell. To counterbalance 
this voltage drop, they employed an external current and main-
tained the cell voltage at a constant value. Such an external cur-
rent was regarded as the “shuttle current” since it offsets the 
effect induced by internal polysulfide redox. By measuring 
the applied current, quantitatively measuring the magnitude 
of the shuttling effect in a working cell can be realized in 
a facile way. Peng et al. have extended this powerful method 
by plotting out the as-measured shuttle current vs cell voltage 
(Figure 17C).[215] It can be observed that the peak of the shuttle 
current was located at 2.38 V, at which the concentration of the 
polysulfides reached the maximum. Through the measurement 
of the shuttle current, the effectiveness of the cooperative inter-
face for shuttling inhibition was clearly validated. The shuttle 
current decreased by one-to-two orders within the whole range 
of charging voltage.

The measurement of the shuttle current is a relatively new 
but promising analytical tool in the sense that it provides more 
detailed but simpler information of a dynamic phenomenon 
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Figure 17.  Transport phenomena: A) Optical images for the generation and diffusion of polysulfides: cell with the routine separator (top) and cell with 
the ion-selective Nafion-coated separator (bottom). The cells are operated with the potentiostatic discharge at 2.4 V. Reproduced with permission.[267] 
Copyright 2014, The Royal Society of Chemistry. B) Observed current during potential hold at 95% state of charge for cells with/without LiNO3 addi-
tive. The algebraic equations express the shuttle-current decay rate. Reproduced with permission.[269] Copyright 2015, The Electrochemical Society.  
C) A comparison between Li–S cells with LDH@NG and PP separators, in shuttle currents vs applied potentiostatic charging voltages. Reproduced with 
permission.[215] Copyright 2016, Wiley-VCH. D) CV at different voltage scan rates of Li–S cells, and the linear fits of the peak currents with Li+-diffusion 
coefficient. Reproduced with permission.[272] Copyright 2015, American Chemical Society.
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that is hard to evaluate directly. In addition to the separator, the 
design of the cathode or the anode can also be tested in this way.

5.1.3. Transference Number in Polysulfide Solutions

The Li+ transference number, tLi
+, is also of great importance, 

in that it can serve as a good quantitative indicator for evalu-
ating shuttling inhibition as well. Because the sum of the trans-
ference number of cations and anions is 1, the contribution of 
polysulfide anions to overall ion transport, namely polysulfide 
migration, is suggested to be low if tLi

+ is quite high. In fact, 
tLi

+ has widely been employed to study ion-selective mem-
branes, which have been proved to be very effective as separa-
tors in Li–S batteries. Basically ion-selective separators function 
through anion immobilization; therefore, the transference 
number would suggest the main internal charge carrier during 
cycling. More specifically, a high tLi

+ in pure lithium polysulfide 
solutions indicates that the current is mostly carried by Li+ 
instead of the polysulfide and other anions.

The transference number can be measured via the conven-
tional Bruce and Vincent method.[270] Typically, a symmetrical 
cell is assembled with lithium metal as the two counter elec-
trodes and a polysulfide solution as the electrolyte. Then, the 
cell is potentiostatically polarized and the transference number 
is given by Equation (6): 
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in which ΔV is the potential applied; R0 and RSS are the ini-
tial and steady-state resistances given by EIS tests before and 
after the polarization process, respectively; and I0 and ISS are 
the initial and steady-state currents, respectively. Equipped 
with this tool, Jin et al. have investigated Nafion ionomer 
films applied in Li–S batteries, where tLi

+ is estimated to be 
0.986, indicating that almost no anions can transport through 
the ionomer electrolyte.[271] Huang et al. have proposed GO 
coatings as anion-repulsive layers to prevent polysulfide dif-
fusion.[272] The Li+-permselectivity of this GO-modified sepa-
rator was verified with a tLi

+ of 0.93. Archer and co-workers 
have demonstrated a new group of sulfonated polymer mem-
branes with high cation transference numbers, as well as a 
high Li+ diffusion coefficient, which well suppress the diffu-
sion of polysulfides.[264]

5.1.4. Self-Discharge

The above-mentioned evaluations of on-service performance 
provide significant insight into the shuttling phenomenon in 
a working cell. However, it is also well worth noting that prac-
tical Li–S batteries are not always in the working state due to 
the inevitable on-shelf time for delivery or sale. Consequently, 
a natural result of internal redox in Li–S batteries is a decrease 
in the remaining capacity without any energy output. This so-
called self-discharge process under static conditions ought to 
be studied for characterizing separators as well. Chung and 
Manthiram first studied the capacity of Li–S batteries after 

months of storage, and exhibited a significant suppression of 
self-discharge when a conventional polypropylene (PP) sepa-
rator was coated with a carbon layer.[261] Xu et al. investigated 
the self-discharge phenomenon in Li–S batteries in different 
configurations. By monitoring the open-circuit voltage and 
the capacity after rest of the cells, they identified the disap-
pearance of the high discharge plateau, which refers to long-
chain polysulfide conversion.[273] Through the observation of 
self-discharge, they further demonstrated the effectiveness of 
Nafion-coated separators and LiNO3 additives in suppressing 
self-discharge.

5.2. Li+ Diffusion

Beyond the shuttling inhibition, another crucial aspect of 
separator characterization is the Li+-diffusion coefficient. Nor-
mally, commercial polyolefin separators such as polypropylene 
(PP) membranes with large slit pores have a relatively high 
Li+-diffusion coefficient, thereby enabling fast Li+ transport 
under a high C-rate. However, they also provide polysulfides 
with a migration highway. PP separators with surface modifi-
cation, such as a Nafion or GO coating,[259,272] and other novel 
separators, like sulfonated copolymer separators,[264] have been 
proposed to suppress the shuttling effect by variation in the 
pore size and surface functionalities to localize polysulfide dif-
fusion at the cathode side. In addition, carbonaceous interlayers 
applied to block polysulfide flux and reuse leaked-out sulfur 
species always add to the thickness of the separator. Under 
such circumstances, the Li+-diffusion coefficient might be rela-
tively small due to either an intrinsic low permeability of the 
coating layers or an increased diffusion distance. Consequently, 
batteries with these separators might suffer from uninteresting 
limitations of low working current. Hence, it is quite important 
to measure the Li+-diffusion coefficient for these separators or 
interlayers.

Manthiram and co-workers have pioneered investigation of the 
interlayer. For example, they have shown a single-walled carbon-
nanotube interlayer that protects both the cathode and anode 
without introducing extra diffusion impedance.[274–282] Helms 
and co-workers have found some interesting phenomenon in 
polymers of intrinsic microporosity: upon cycling, the effective 
diffusion coefficient increases, invoking new understanding of 
ion selectivity and durability of chemical reactive membranes.[283]

Li+ transport in the cathode layer and modified separator 
may account for a respectable portion of the overall polariza-
tion as well, but is seldom studied. Direct measurement of the 
absolute value of the Li+-diffusion coefficient is not possible, 
but comparison of the relative magnitude could be realized by 
carrying out CV at several sweep rates. At relatively slow sweep 
rates (usually <1 mV s−1), the electrochemical reaction is lim-
ited by semi-infinite linear diffusion, and the peak current is 
dictated by the Li+-diffusion coefficient as follows (Randles–
Sevcik equation, Equation (7)): 

i Az D c v2.69 10p
5 1.5

Li
0.5

Li
0.5= × � (7)

where DLi is the diffusion coefficient of Li+, z is the number 
of transferred electron, A is the active surface area, cLi is the 
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concentration of Li+, and v is the sweep rate.[188] The linear 
dependence of ip on v0.5 confirms Li+ diffusion to be rate-
limiting, as shown in Figure 17D.[272] It is therefore possible 
to study the influence of cathode design, separator modifica-
tion, and interlayer on the transport of Li+. By reducing the 
size of the sulfur particles or introducing niobium pentaoxide 
nanoparticles, Li+ transport can be enhanced.[284,285] It was also 
proved that introducing a thin layer of GO will not induce a 
significant drop in the Li+-diffusion coefficient.[272]

Tao et al. systematically compared the adsorption and diffu-
sion of Li2Sn on various nonconductive metal oxides.[188] When 
polysulfides are immobilized on insulating metal oxides, an 
extra step of surface diffusion is needed before they can be 
further reduced. This work proposed that a balance between 
adsorption and diffusion is necessary for sulfur-cathode 
design. The large binding energy and the small diffusion bar-
rier are expected to play a synergistic role in promoting the 
performance of cathode materials. Alumina (Al2O3), with the 
biggest obstacles for Li+ transport, and calcia (CaO), with the 
smallest binding energy, are not suitable as the cathode host. 
However, considering the large size of polysulfide anions, 
Li2Sn clusters may not be swift enough to reach the conduc-
tive surface via diffusion. Instead, anchored polysulfides might 
undergo disproportionation on the oxide surface, and the 
kinetics are expected be slow since the single-electron-transfer 
step is substituted by complex chemical reactions. Diffusion 
and direct electrochemical reduction might only occur near the 
triple-phase boundary of carbon, oxide, and the electrolyte. To 
enlarge the triple-phase boundary, a delicate synthetic proce-
dure is inevitable so as to evenly disperse ultrafine nanopar-
ticles into the carbon scaffold.[188,208,286] Integrating with the 
former discussion about polysulfide redox and Li2S deposition, 
we can speculate that conductive polar materials should endow 
a sulfur cathode with a better performance than the insulating 
host when they possess comparable binding strength toward 
polysulfides.

In addition, it is also worth noting that wettability and elec-
trolyte uptake matter in batteries. With contact-angle experi-
ments, Su and co-workers have shown improved electrolyte wet-
tability of the cathodes induced by the incorporation of MnO2 
nanospheres, through which the Li+ transport was enhanced at 
the cathode–electrolyte interface.[287] Thereby, the redox kinetics 
were improved. This is also quite important in separator char-
acterization. Normally a separator that wets easily with the elec-
trolyte can facilitate electrolyte filling in the cell assembly and 
also better retain the electrolyte to help increase the cycle life.

As we design functional separator, interlayer, or cathode host 
materials for Li–S batteries, a balance between blocking poly-
sulfides and transporting Li+ should always be borne in mind. 
Compromise might be inevitable sometimes, but the ultimate 
goal should always be pursuing high ion-selectivity while main-
taining a high enough permeability to Li+.

6. Conclusions and Perspectives

The frontiers of fundamental science and engineering design 
for Li–S batteries have both been pushed forward significantly 
in the past decades, bringing them closer to commercialization. 

Consensus has been reached on some basic, yet critical ques-
tions about Li–S systems: 

•	 �S8Li2SnLi2S (solid–liquid–solid) multistage transformation 
undoubtedly occurs during the cycling of Li–S batteries in the 
most conventional configuration;

•	 �The discharge/charge of Li–S batteries involves many interde-
pendent and concurrently happening reactions, and various 
polysulfides in the form of dianions or radicals always coexist 
in a dynamic equilibrium;

•	 �The high discharge plateau and slope region are likely to be 
dominated by electrochemical reduction, while the low plateau 
may be limited by sluggish chemical dissociation reactions, at 
least in ether-based electrolytes;

•	 �The choice of electrolyte and cathode materials have profound 
influence on the reaction pathways and performance of the 
cell as a whole;

•	 �The charging process of Li–S batteries is far from solely being 
the reverse of discharge, and is little studied in the previous lit-
erature.

Such understandings have already inspired researchers to 
conceive many creative strategies to attempt to boost the perfor-
mance of sulfur cathodes. We have highlighted some emerging 
concepts for cathode, electrolyte, and separator design in this 
review, including: 

•	 �Highly solvating vs nonsolvating electrolytes;[54,127,129,132]

•	 �Soluble RMs vs immobile conductive polar host 
materials.[118,122,224,225]

Further work is still undergoing to elucidate the detailed 
mechanism of the existing strategies, as well as to search for 
novel routes.

Accompanied by the tremendous progress in materials selec-
tion, electrolyte optimization, interface stabilization, and cell 
configuration, methods for studying Li–S batteries have also 
witnessed revolutionary changes in recent years, which are 
summarized as follows:

In situ or in operando spectroscopic characterization: 

•	 �Advantages: a number of powerful in situ or in operando 
spectroscopic tools and specially modified cell structures en-
able researchers to monitor the variety, quantity, temporal 
evolution, and spatial distribution of sulfur species in a work-
ing Li–S battery.[32,35,39,44,60,61] Understanding of the reaction 
mechanism in Li–S batteries is greatly promoted owing to 
these efforts.

•	 �Disadvantages: Complex experimental procedures, impracti-
cal cell design, and difficult data analysis are major obstacles 
for the application of in situ characterization methods. More-
over, synchrotron-based XRD and XANES, despite their high 
resolution and capability to recognize sulfur in different envi-
ronments, cannot be popularized because of the limited num-
ber of synchrotron light sources around the world.

Therefore, a plausible mechanism has been proposed from 
the majority of the work on Li–S by integrating ex situ charac-
terization and electrochemical tests.
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Ex situ spectroscopic characterization or post-mortem analysis: 

•	 �Advantages: Ex situ XPS and Raman spectroscopy, as well 
as post-mortem SEM and TEM characterization are preva-
lently seen in the literature, and have successfully captured 
the surface chemistry and morphology of cell components at 
different stages of the electrochemical course.[46,225,230] Nor-
mally, there is no special demand for the re-design of the 
electrochemical cell and high-quality infrastructures.

•	 �Disadvantages: Unfortunately, these methods normally 
require disassembling the cell, washing the electrodes, and 
transferring to the destination, possibly causing serious con-
tamination, significant deviation from working conditions, 
and misleading phenomena.

Electrochemical protocols: 

•	 �Advantages: In the past two years, several novel electro-
chemical protocols have been developed, and typical cases 
include polysulfide symmetric cells,[118,224,225] potentiostatic 
nucleation,[119,122,215] and shuttle-current measurement.[215,269] 
These facile experiments have helped decipher several para-
mount processes individually in Li–S batteries: i) liquid-phase 
polysulfide redox, ii) Li2S precipitation, and iii) polysulfide 
shuttling.

•	 �Disadvantages: Electrochemical methods are incapable of cap-
turing the exact reaction pathways but rather measure critical 
parameters of known processes.

All these tools and their applications are summarized in 
Table 4.

The vast space for improving the energy and power density 
of Li–S batteries is still waiting to be explored. Society has been 
aware that knowledge and engineering of both the anode and 
cathode are indispensable to achieve the goal of stably outputting 
a higher energy density than LIBs. Realizing that the high E/S 
ratio (usually >10:1) used for most work in this area precludes 
the energy density from exceeding 300 W h kg−1,[220,288] more 
efforts on the cathode side should be devoted to lowering the 
amount of electrolyte. A low E/S ratio, such as 5:1, means a 
sulfur concentration of 6.25 m supposing full dissolution, which 
inevitably causes incomplete utilization of sulfur and precipita-
tion of inactive Li2S. High-DN solvents may offer a chance for 
realizing such a low E/S ratio without sacrificing the capacity and 
cycling stability of the cathode. Moreover, a higher areal loading 
of sulfur in the cathode is an inevitable trend to lower the weight 
ratio of inactive materials, and to achieve higher energy density. 
Efforts in building high-energy-density Li–S batteries have been 
systematically reviewed in some recent papers.[14]

We would not make much comment on lithium anodes 
here, since they are not the focus of this contribution. However, 
we suggest that difficulties in constructing durable, chemically 
stable, and mechanically robust surface layers have become 
a bottleneck for all battery systems utilizing lithium metal as 
the anode. Recent advancements in an artificial SEI and solid 
electrolytes shed new light on the development of a robust Li+-
permselective interface.[289–294] Such a polysulfide-inhibiting 
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Table 4.  Spectroscopic and electrochemical techniques for studying Li–S batteries.

Technique Applications

Spectroscopic

In situ XRD Study the relative amount of crystalline phases during cell operation

6Li/7Li NMR Determine the relative amount of dissolved vs solid lithium (poly)sulfides

XANES Quantitatively determine the fraction of several sulfur containing species in the total sulfur; Study the interaction between host materials  

and polysulfides

UV–Vis Determine the absolute amount of dissolved polysulfides, S3
•− and S8

Raman spectroscopy Qualitatively detection of part of the polysulfides;

Study the interaction between host materials and polysulfides

LC-MS Determine the absolute amount of all polysulfide dianions

EPR/ESR Study the radical species, especially S3
•−

XPS Study the composition of SEI;

Study the detailed interaction between host materials and polysulfides

IR spectroscopy Study the interaction between host materials and polysulfides

Electrochemical

CV Study the electron transfer process during charge and discharge;

Determine the overall Li+ diffusion coefficient

EIS Deconvolute the impedance from different processes, including charge transfer resistance, interfacial resistance and electrolyte resistance;

Help determine Li+ transference number;

Symmetric cell Study liquid-phase polysulfide redox kinetics

Potentiostatic nucleation Study Li2S nucleation–growth mechanism kinetic parameters

Shuttle Current Measure the magnitude of shuttle phenomenon at different cell voltage

Visualized experiment Study polysulfide leakage from the electrode, and diffusion through the separator in macroscopic scale
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membrane would be of great promise in an electrolyte environ-
ment with high sulfur content.

In conclusion, numerous problems remain to be solved in 
both the scientific and the engineering aspects of Li–S bat-
teries. A holistic consideration must be taken when optimizing 
any single component in the cell. Industrialization can only be 
realized with integrated improvement of all parts of a Li–S cell, 
together with a deeper insight into the underlying mechanisms. 
Likewise, fundamental understanding into the electrochemistry 
of this complex system can only be accomplished by combining 
multiple complementary characterization and analytical tools. 
Even though challenging, taking advantage of the latest com-
putational and experimental techniques, we still hold plenty of 
confidence of a splendid future for Li–S batteries.
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