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ABSTRACT: Understanding and controlling the sulfur reduction species
(Li2Sx, 1 ≤ x ≤ 8) under realistic battery conditions are essential for the
development of advanced practical Li−S cells that can reach their full
theoretical capacity. However, it has been a great challenge to probe the
sulfur reduction intermediates and products because of the lack of methods.
This work employed various ex situ and in situ methods to study the
mechanism of the Li−S redox reactions and the properties of Li2Sx and Li2S.
Synchrotron high-energy X-ray diffraction analysis used to characterize dry
powder deposits from lithium polysulfide solution suggests that the new
crystallite phase may be lithium polysulfides. The formation of Li2S
crystallites with a polyhedral structure was observed in cells with both the
conventional (LiTFSI) electrolyte and polysulfide-based electrolyte. In
addition, an in situ transmission electron microscopy experiment observed
that the lithium diffusion to sulfur during discharge preferentially occurred at the sulfur surface and formed a solid Li2S crust.
This may be the reason for the capacity fade in Li−S cells (as also suggested by EIS experiment in Supporting Information). The
results can be a guide for future studies and control of the sulfur species and meanwhile a baseline for approaching the theoretical
capacity of the Li−S battery.
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1. INTRODUCTION

The rechargeable Li−S battery is based on the reversible redox
process between sulfur and lithium [S8 + 16Li+ + 16e− ↔
8Li2S]. Consequently, the sulfur cathode offers a superior
theoretical capacity (1672 mAh g−1) compared to conventional
Li-ion battery cathodes.1−8 Typically, Li−S cells in current
research use elemental sulfur as the cathode, an organic liquid
with lithium bis(trifluoromethanesulfonyl)-imide (LiTFSI)
dissolved in a mixture of 1,3-dioxolane (DOL) and 1,2-
dimethoxyethane ether (DME) solvents (1:1 ratio by volume)
as the electrolyte, and lithium metal as the anode.
Researchers from academia and industry alike consider Li−S

batteries promising and have dedicated considerable effort to
developing the system. One of the great practical challenges in
accessing the full theoretical capacity of sulfur is to solve the
problems of low Coulombic efficiency and rapid capacity fading
that are inherent to Li−S cells. These two problems are closely
related to the formation of the intermediate sulfur discharge
species, lithium polysulfides (Li2Sx) (x = 3−8), and also final

discharge product, Li2S. Having a very low electronic and ionic
conductivity, the Li2S that is formed during discharge on the
surface of the cathode may create an insulation barrier that
prevents the full reduction of sulfur. Lithium polysulfides, on
the other hand, have a complex chemistry and exist in different
species in organic solvents. The dissolution of Li2Sx from the S
cathode to electrolyte and its subsequent migration to the
anode causes shuttle reactions, a serious issue that leads to the
loss of active cathode materials and corrosion of the lithium
anode. Meanwhile, significant changes of the cathode
morphology can result from polysulfide dissolution and
possibly destroy the delicately designed structures of the sulfur
electrode. As the practical performance of the Li−S battery is
greatly impacted by the chemistry of sulfur reduced species,
understanding and controlling their complex chemistry is

Received: May 30, 2014
Accepted: November 26, 2014
Published: November 26, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 21938 dx.doi.org/10.1021/am504763p | ACS Appl. Mater. Interfaces 2014, 6, 21938−21945

www.acsami.org


essential to approaching the full theoretical capacity of Li−S
cells.
To solve the issues related to the formation, dissolution, and

migration of lithium polysulfides in Li−S cells, researchers have
pursued different approaches.9−32 Great efforts have been
devoted to confining sulfur in carbons, aiming to prevent the
dissolution of lithium polysulfides.9−26 It was also tried to
protect the anode by either adopting electrolyte additives, using
new solvents or passivating the lithium metal surface.27−32 In
our previous work, it was found that adopting a polysulfide-
based electrolyte could mitigate the dissolution of Li2Sx from
the cathode to the electrolyte.33 Meanwhile, this electrolyte also
paves the way for using Li2S cells by eliminating the potential
barrier in the initial charge of Li2S when using the LiTFSI
electrolyte.34 However, the mechanism of the sulfur reduction
chemistry is not clear yet owing to the difficulty in
characterizing the intermediate species Li2Sx and the final
product Li2S during the electrochemical reactions, as these
species were considered to be poorly crystallized and, therefore,

do not provide much information when subjected to conven-
tional X-ray analysis techniques.
Understanding the Li2Sx electrochemistry and chemistry can

facilitate the control of the sulfur species in practical Li−S
batteries. In this work, we focused on probing the mechanism
of the Li−S redox reactions and the chemistry of Li2Sx and Li2S.
Synchrotron high-energy X-ray diffraction analysis was used to
characterize synthesized dry lithium polysulfide powder that
was found to be crystalline. There have been several excellent
studies investigating the properties of lithium polysulfide
solutions,26,27,35−46 but the study of solid lithium polysulfide
is scarce. We also analyzed the morphological and structural
changes of the sulfur electrode at different depths of discharge,
and Li2S crystallites with polyhedral architecture were observed
in both the conventional LiTFSI electrolyte and the polysulfide-
based electrolyte. In addition, an in situ transmission electron
microscopy (TEM) experiment detected Li2S covering the
sulfur surface during discharge. This technique enables the
observation of the Li−S redox process in a similar environment
to a real Li−S cell. In the Supporting Information, electro-

Figure 1. Performance of Li−S cell containing 1 M LiTFSI in DME/DOL (v/v = 1/1) electrolyte: (a) charge−discharge voltage profiles, (b)
capacity and Coulombic efficiency vs cycle number at C/10, and (c) CV curves. Performance of Li−S cell containing polysulfide electrolyte: (d)
charge−discharge voltage profiles, (e) capacity and Coulombic efficiency vs cycle number at C/10, and (f) CV curves.
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chemical impedance spectra (EIS) of Li−S half cells were
obtained to study the electrochemical behavior at the
electrode/electrolyte interfaces. The EIS results showed that
the formation of Li2S led to a large increase of resistance in the
medium to low frequency range in the cell.

2. EXPERIMENTAL SECTION
Lithium disulfide, sulfur, and lithium nitrate powders, as well as
dimethoxyethane (DME) solvent, were purchased from Sigma-Aldrich.
Lithium polysulfide (Li2Sx, x = 4−9) solutions and powders were
prepared by weighing an appropriate amount of Li2S and S and stirring
them together in DME at 50 °C until no precipitates were left. The
ratios of Li2S and S added to the solution were 1:3, 1:5, 1:7, and 1:8.
Even though the resulting solution contains lithium polysulfides with
various molecular entities, we are using the designations Li2S4, Li2S6,
Li2S8, and Li2S9 to represent the different ratios of Li2S and S added
initially to the solvent. Thus, this terminology does not necessarily
mean that the solution contains only one chemical species. All
experimental works were done inside an argon-filled glovebox with
oxygen and water levels less than 1 ppm.
Dry powder deposits were prepared by slowly drying the polysulfide

solutions in an argon-filled glovebox at room temperature. This
process usually takes a few weeks because when the solution becomes
highly viscous after the solvent evaporates, it takes time for the sample
to dry completely.
The polysulfide electrolyte was prepared by mixing stoichiometric

Li2S and S (molar ratio Li2S:S = 1:8) and stirring them together in
DME at 50 °C. Subsequently, LiNO3 was added to the solution until it
dissolved completely, forming a dark red polysulfide electrolyte
solution (0.2 M Li2S9 and 0.5 M LiNO3 in DME).
Electrochemical performance was evaluated in tests with CR2032-

type coin cells (1.6 cm2). A slurry of sulfur powder (60 wt %),
acetylene carbon (30 wt %), and pol(vinylidene fluoride) binder (10
wt %) was mixed in a mortar by hand and coated onto an aluminum
foil. An electrode was prepared in a glovebox filled with argon
atmosphere, and was dried at 60 °C in a vacuum oven overnight. The
loading of sulfur in the electrode was around 0.8 mg cm−2. Two
electrolytes were prepared: (1) 1 M LiTFSI dissolved in a mixture of
DOL and DME solvents (1:1 ratio by volume) and (2) a polysulfide
electrolyte consisting of 0.2 M Li2S9 and 0.5 M LiNO3 dissolved in
DME. The cells were assembled with lithium metal as the anode. The
amount of electrolyte used in each cell was 0.02 mL. The Li2S9 content
in the polysulfide electrolyte contained in each cell was around 1.2 mg.
The coin cells were tested in the galvanostatic mode at room
temperature within a voltage range 1.6−2.6 V using a Maccor
multichannel battery cycler. The current density for charge and
discharge was 160 mA g−1 (corresponding to a charge/discharge rate
of roughly 0.1 C).
Synchrotron X-ray (115 keV, λ = 0.108 Å) powder diffractions were

obtained at beamline 11-ID-C at the Advanced Photon Source of
Argonne National Laboratory. Fit2D software was applied to convert
the 2-D diffraction patterns to 1-D diffraction patterns. The obtained
XRD patterns were converted to those corresponding to the Cu Kα
wavelength (λ = 1.54 Å). The morphologies of the electrodes were
investigated by scanning electron microscopy (SEM) using a Hitachi
S-4700-II microscope in the Electron Microscopy Center of Argonne
National Laboratory. An in situ microscopic characterization was
performed on JEOL 3010−300 keV high-resolution transmission
electron microscopy (HR-TEM) with a single-tilt STM holder
(Nanofactory). A constant voltage bias (−3.0 V) was applied to the
cell in the in situ TEM experiment. A constant voltage bias was applied
to the terminal during the in situ analysis. The electrochemical
impedance spectroscopy (EIS) of the cells was measured on a
Solartron analytical 1470E cell test system coupled with 1400 FRA
impedance analyzer.

3. RESULTS AND DISCUSSION

The performance of a Li−S cell is greatly determined by the
chemistry of the sulfur species. In a typical Li−S cell, the
conventional electrolyte (LiTFSI in DME-DOL) and a sulfur
electrode prepared by simply mixing the sulfur and acetylene
black powders were adopted. The cell shows high initial
capacity but quick capacity fade over cycling and low
Coulombic efficiency because of the dissolution of lithium
polysulfide species, shuttle reactions, and other contributing
factors, such as the formation of an insulating Li2S layer. Figure
1a shows the voltage profiles of the cell, which consist of two
plateaus in the discharge and charge, in agreement with
previous results.1,3,39 In a typical Li−S cell, lithium polysulfides
(Li2Sx, where x = 4−8) with long chains are generated at a high
voltage plateau (2.3−2.4 V), and further reduction of these
polysulfides to Li2S2 and/or Li2S occurs at a lower voltage
plateau (∼2.1 V). We observed more capacity in the charge
than in the discharge starting from the second cycle, indicating
the occurrence of a shuttle reaction (Figure 1a). After 50 cycles,
the cell capacity had faded dramatically, from about 1000 to
560 mAh/g for discharge and 1500 to 650 mAh/g for charge,
which translates to a Coulombic efficiency of approximately
70% (Figure 1b). Such capacity fade and low Coulombic
efficiency are common features for Li−S electrodes that do not
confine sulfur within porous carbon or use modified electro-
lytes, as the dissolution of lithium polysulfide intermediates into
the electrolyte promotes active sulfur loss and shuttle
reactions.3,8,38,39 Cyclic voltammetry (CV) testing was also
performed on a cell with the same configuration at a scan rate
of 0.028 mV/s. As shown in Figure 1c, the cell displays two
cathodic peaks (at 2.06 and 2.35 V) and two anodic peaks (at
2.28 and 2.39 V). The results match well the charge and
discharge voltage profiles of the cell.
The performance of Li−S cells can be greatly improved by

controlling the chemical equilibria of the lithium polysulfide
species in Li−S cells. While much effort has been devoted to
confining sulfur in the electrode,9−18 we aimed to mitigate the
dissolution of Li2Sx and shuttle reactions by leveling the
concentration gradient of the polysulfide species at the
cathode/electrolyte interface. We employed a polysulfide-
based electrolyte (0.2 M Li2S9 and 0.5 M LiNO3 dissolved in
DME) as an alternative to the conventional LiTFSI electrolyte.
A similar sulfur electrode as in the previous cell was prepared
by simply mixing acetylene black and sulfur powders. As shown
in Figure 1d,e, a stable discharge capacity of 1450 mAh/g
(calculated on the basis of the sulfur content in the cathode)
was delivered by the cell using this electrolyte.33 No obvious
capacity fade occurred during the first 50 cycles, and the
Coulombic efficiency was about 98%, as shown in Figure 1e.
The CV curves (Figure 1f), compared to the curves of the cell
using the LiTFSI electrolyte, indicated a larger polarization due
to the lower conductivity of the polysulfide-based electrolyte
(Supporting Information Figure S5).33 Although the poly-
sulfide-based electrolyte has a lower ionic conductivity, the cell
still has a superior performance over that with the LiTFSI
electrolyte. We believe that the predissolved polysulfide speices
in the electrolyte should have assisted in balancing the
concentration gradient of the polysulfides at the sulfur/
electrolyte interface, the consequence of which would be
decreased polysulfide dissolution and increased sulfur utiliza-
tion. This demonstrates that controlling the chemical equilibria
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of sulfur species can greatly influence the Coulombic efficiency,
cycling stability, and charge−discharge capacity of Li−S cells.
It should be noted that the polysulfide electrolyte also

contributes to the overall battery capacity. As shown in our
previous work,33 the polysulfide electrolyte itself demonstrated
an increasing capacity that stabilized at around 350 mAh g−1

after 15 cycles. This small value suggests that a significant
amount of lithium polysulfides remained in the electrolyte
being electrochemically inactive and ionic conductive. This
feature enables the use of lithium polysulfides as an electrolyte
salt.
To study the morphologies of the sulfur electrodes at

different stages of the electrochemical process during which
Li2Sx was produced, sulfur electrodes were salvaged from cells
at different depths of discharge (DOD) during the first cycle
with the presence of LiTFSI electrolyte and studied by SEM
(Figure 2). The pristine sulfur electrode (0% DOD) was
uniform, indicating a good mixing of sulfur and carbon. At the
early stages of discharge (DOD = 20% and 40%), the voids and
large porosities indicated that sulfur was partially converted to
lithium polysulfides in the electrolyte. When preparing the
sulfur electrodes, we choose not to encapsulate sulfur into
porous carbons in order to observe the morphology change
during charge/discharge because of the dissolution and
redeposition of lithium polysulfide and also the recrystallization
of the Li2S. The morphological changes of the sulfur electrodes
during the discharge process suggest that the sulfur electrode
lost a large amount of its active material during reduction. At
80% DOD, the sulfur electrode became highly porous, and an
obvious swelling of the electrode was seen. Interestingly,
crystallite with polyhedral shapes were observed on the
electrode surface at 100% DOD. A zoom-in of one of the
spheres shows that it is composed of flakes. It is very possible
that while the formation of Li2S in the electrode makes the
active particle swell, the reduction and reprecipitation of
dissolved Li2Sx formed Li2S with an architecture of polyhedral
particles by nucleating and growing at the electrode/electrolyte
interface. Lin et al. also observed, through in-operando
transmission X-ray microscopy, that the polysulfide redeposi-
tion is nucleation-limited that led to aggregation and dimen-

sional variations of active particles.44 When the cell was
subsequently charged to 100%, the morphology of the
electrode was similar to that of the pristine electrode. The
disappearance of microsized polyhedral particles demonstrates
the transformation of Li2S back to sulfur.
Figure 3 shows the surface morphologies of a sulfur electrode

after the initial discharge and subsequent charge using the

Li2S9−LiNO3 electrolyte. Similar to the cell using LiTFSI
electrolyte, polyhedral particles were also formed on the surface
of the completely discharged electrode, but in a larger quantity
(as shown in Figure 3a,c). This finding can be explained in that
the Li2S9−LiNO3 electrolyte contains more dissolved lithium
polysulfides that recrystallize into polyhedral particles during
reduction. The area of the electrode surface without spheres
was also much denser than that of the LiTFSI electrolyte cell.
This finding suggests that the preexisting porosities in the fresh
electrode were filled by discharge products. As the dissolved
Li2Sx reprecipitates at the electrode/electrolyte interface of the
spheres, the Li2S formed in the electrode was reduced from
undissolved sulfur species. The denser electrode indicates the

Figure 2. Surface morphology of sulfur electrode at different depths of discharge and charge, tested using the LiTFSI electrolyte.

Figure 3. Surface morphology of sulfur electrode after initial discharge
(a−c) and charge (d), tested using the polysulfide-based electrolyte.
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resilience of the sulfur electrode to dissolution when the
polysulfide electrolyte was present (Figure 3b). Figure 3d
shows the surface morphology of the electrode with polysulfide
electrolyte after the subsequent charge process. The morphol-
ogy is similar to that of the pristine sulfur electrode, as shown in
Figure 2.
Previously, the crystalline structure of the sulfur reduction

intermediates, lithium polysulfides, had remained impervious to
X-ray analysis in the laboratory because they are dissolved in
organic solvents. As there is no standard X-ray diffraction
pattern for Li2Sx, we tried to probe the structure of solid lithium
polysulfides. We recovered dry powders (Li2S4, Li2S6, Li2S8, and
Li2S9) from lithium polysulfide solutions according to the
method detailed in the Experimental Section and analyzed
them by synchrotron X-ray diffraction at the Advanced Photon
Source. The deposited Li2Sx powders exhibited similar X-ray
diffraction patterns, as shown in Figure 4a, which clearly
demonstrates that the powders were crystalline. They contained
sulfur, as indicated by the similarity of the patterns for S and
Li2Sx powders, but also a new phase or phases, as marked by
asterisks. X-ray diffraction analysis on discharged sulfur
electrode also shows peaks identical to those of the new
phase/phases of the powders deposited from Li2Sx solutions (as
shown in Figure 4b). Cycled Li−S cells were opened at
different depths of discharge, and the cathode materials were
scratched from the current collector and collected for ex-situ
synchrotron X-ray diffraction analysis. Figure 4b,c shows the
XRD patterns of a Li−S cell using the LiTFSI- and polysulfide-
based electrolytes, respectively. At 10% DOD for the electrode
tested using the LiTFSI electrolyte, the sulfur peaks
disappeared as all the sulfur transformed into high-order
polysulfides (Li2Sx, x = 6−8). At this stage it did not exhibit any
X-ray diffraction peak due to the amorphous nature of the
interim reduction species of sulfur. At 50% DOD, peaks
appeared around 20° and 32.5° (2θ) which are identical to
those noted by asterisks of the powder deposited from lithium
polysulfide solution. When the discharge was completed (100%
DOD), Li2S diffraction curves appeared. The remaining minor
polysulfide peaks were possibly due to the incomplete
reduction to Li2S. This result demonstrates that the sulfur
was not fully utilized in the discharge in the cell using the
LiTFSI electrolyte.
Although at this stage it is hard to identify the new phase in

the powder deposited from the lithium polysulfide solution
with a detailed structure, the results point to the possibility that
this new phase is Li2Sx. This information is helpful for further
analysis and determination of the structure of the intermediate
species at different electrochemical stages in Li−S batteries.
For the electrode with the polysulfide electrolyte, Figure 4c

shows no polysulfide peak during the discharge, possibly
because the produced polysulfides in this electrochemical
environment did not crystallize. However, broader diffraction
peaks of Li2S were detected at the end of discharge, showing
that the crystallization of Li2S in the cell was not similar to that
in the previous cell with the LiTFSI electrolyte. It should be
noted that it is very difficult to isolate the polysulfide species in
an in situ X-ray experiment, as the electrochemical sulfur
system is very dynamic in the presence of dissolved polysulfides
and electrolyte.
To obtain a real-time observation of the morphological and

structural evolution of sulfur under real battery conditions, we
performed an in situ TEM experiment in the absence of liquid
electrolyte. In the experiment, a special TEM sample holder

was designed to precisely control the position of a single sulfur
particle and a lithium needle anode. The tip of the lithium
needle was oxidized to form a thin layer of lithium oxide, which
functions as a solid-state electrolyte film. A small sulfur particle
was placed in the TEM sample holder in contact with the Li/
Li2O needle (as shown in Figure 5a). A negative 3 V was
applied to the cell for discharge, and the system was held under
a diffusion-controlled discharge process.
The discharge of the Li−S microcell took place rapidly. As

observed in Figure 5b, lithium reacted with sulfur at the
interface as soon as the anode was connected with sulfur, as
indicated by the contrast change at the sulfur surface. After 10 s,
a thin layer with a lighter contrast formed on the sulfur surface
in contact with the Li/Li2O anode. The change of the sulfur
surface was recorded every 10 seconds, and the new layer
spread over the outmost surface of sulfur without getting deep
into the bulk of the sulfur particle.

Figure 4. (a) XRD patterns of sulfur, as-prepared lithium polysulfide,
and lithium sulfide. Ex situ XRD patterns of the electrode material
scratched from the sulfur electrode at different depths of discharge: (b)
with the LiTFSI electrolyte and (c) with the polysulfide electrolyte.
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Selected area electron diffraction (SAED) patterns of the
sulfur area suggest that the new layer formed was cubic Li2S (as
shown in Figure 5c). We cannot confirm whether lithium
polysulfides formed prior to Li2S, or whether sulfur reduced
directly to Li2S in this cell. However, considering the Li−S8
chemistry, it is more likely to be the former situation, similar to
that in a cell with a liquid electrolyte. The result demonstrates
that lithium diffusion preferentially occurred at the surface of
the sulfur particle and formed a solid Li2S crust on the bulk.
The Li−S reaction demonstrated in Figure 5b also shows that
the Li−S reaction in the cell is through surface diffusion. The
insulating character of the formed Li2S layer makes the radial
diffusion of Li+-ions through the interface into the bulk more
difficult compared to that along the contour of the particle.
This is in accordance with the EIS results shown in Supporting
Information Figures S1−S4, which illustrate that the formation
of Li2S led to a large increase of resistance in the medium to
low frequency range in the cell. While in cells with liquid
electrolyte the formation and dissolution of the sulfur reduction
intermediates (Li2Sx) favor fast kinetics toward the reaction of
bulk S with Li, the surface layer of Li2S which also acts as a
surface barrier must have slowed down the reaction of S with
Li. This may lead to incomplete sulfur reduction during
discharge in some cells, especially under comparatively high
current density. For example, XRD analyses show sulfur was
not fully reduced in the sulfur/acetylene black electrode with
the LiTFSI electrolyte. The result suggests that because of the
surface-diffusion characteristic of Li−S reaction, the use of
nanoscale sulfur particles with a high specific surface area may
help improve the sulfur utilization during discharge. The
method of encapsulating sulfur into porous carbon as adopted
in many studies breaks down the sulfur particle size and
increases the sulfur surface areas, and thus usually resulted in
high capacities.9−18

4. CONCLUSION

In summary, the performance of a Li−S cell is greatly
influenced by the complex chemistry of the sulfur species,
and can be significantly improved by controlling the chemical
equilibria of the lithium polysulfide species in the sulfur cells.
When leveling the concentration gradient of the polysulfide
species at the cathode/electrolyte interface by using a
polysulfide-based electrolyte, the electrode of a simple mixture
of sulfur and acetylene black powders demonstrated a very
stable cyclic capacity. Understanding and controlling the
reduced sulfur species are essential in approaching the full
theoretical capacity of Li−S cells. Therefore, various ex situ and
in situ characterization methods were employed to probe the
mechanism of the Li−S redox reactions and the properties of
Li2Sx and Li2S. It was found that the dissolved Li2Sx in the
electrolyte produced Li2S crystallites in the form of polyhedral
particles at the electrolyte/electrode interface, suggesting that
the reduction of these lithium polysulfides was through
homogeneous nucleation. Dry powder deposited from lithium
polysulfide solution was found to have a crystalline structure, as
suggested by synchrotron X-ray diffraction patterns. Identical
peaks were also found in discharged sulfur electrode. The
results point to the possibility that the new phase in the powder
deposits was Li2Sx crystallites, although its detailed structure
could not be identified at this stage. The XRD results also
showed that the sulfur electrode using the LiTFSI electrolyte
was not fully reduced, in agreement with the lower obtained
capacity. An in situ TEM analysis during the discharge process
of a Li−S cell demonstrates that lithium diffusion preferentially
occurred at the surface of the sulfur particle and formed a solid
Li2S crust on the bulk. The insulating character of the formed
Li2S layer makes the radial diffusion of Li+-ions through the
interface into the bulk more difficult compared to that along the
contour of the particle.

Figure 5. (a) Schematic of the Li−S cell setup for in situ TEM study, (b) TEM images of the Li−S cell during discharge (1−60 s), (c) SAED
patterns of the sulfur area and the new layer.
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