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ABSTRACT: Lithium sulfide (Li2S) is a promising cathode
material for lithium−sulfur (Li/S) cells due to its high theoretical
specific capacity (1166 mAh g−1) and ability to pair with
nonmetallic lithium anodes to avoid potential safety issues.
However, when used as the cathode, a high charging voltage (∼4
V versus Li+/Li) is always necessary to activate Li2S in the first
charge process, and the voltage profile becomes similar to that of a
common sulfur electrode in the following charge processes. In this
report, we have prepared an electrode of nanosphere Li2S particles
and investigated its charging mechanism of the initial two charge processes by in situ and operando X-ray absorption
spectroscopy. The results indicate that Li2S is directly converted to elemental sulfur through a two-phase transformation in the
first charge process, while it is oxidized first to polysulfides and then to sulfur in the second charge process. The origin of the
different charging mechanisms and corresponding charge-voltage profiles of the first and second charge processes is found to be
related to the remaining polysulfides at the end of the first discharge process: they can not only facilitate the charge-transfer
process at the Li2S/electrolyte interface but also chemically react with Li2S and act as the polysulfide facilitator for the
electrochemical oxidation of Li2S in the following charge processes. Our present study provides a new fundamental
understanding of the charging mechanism of the Li2S electrode, which should be of help for the further development of high-
performance Li/S cells.

KEYWORDS: Lithium batteries, lithium sulfide, energy storage, in situ and operando, X-ray absorption spectroscopy

Lithium−sulfur (Li/S) cells have attracted remarkable
attention in recent years due to their potentially higher

capacity and specific energy compared to existing lithium-ion
batteries (LIBs).1−9 Assuming a complete conversion reaction
(16Li + S8 → 8Li2S), Li/S cells can deliver a theoretical specific
energy of 2600 Wh kg−1, which is five times higher than that of
LIBs. Moreover, as a byproduct of the petroleum refining
process, sulfur is naturally abundant, environmentally benign,
and inexpensive. Therefore, Li/S cells are considered as one of
the most-promising candidates for next-generation electrical
energy storage systems for electric vehicles and large-area
grids.1−7

Despite the advantages of high specific energy and low cost,
there are still challenges for the practical utilization of Li/S
cells.1,4,5,10−12 The first one is the poor electrical conductivity of
the reaction products (S8 in the charged state and Li2S in the
discharged state). The second one is the high solubility of
intermediate polysulfides (PSs) into organic electrolytes during
both charge and discharge processes, which causes the “shuttle
effect” and uncontrollable deposition of sulfur species on the
lithium metal electrode. The typical strategy to address the
challenges mentioned above is to encapsulate sulfur cathodes
with conducting materials such as carbons or conducting

polymers to improve the conductivity of cathode and trap the
intermediate PSs.1,5,13,14 Another challenge for Li/S cells is to
use lithium metal as the anode, which typically forms dendrites
in conventional organic solvent-based electrolytes and causes
shorting and safety concerns.15,16 In addition, the sulfur
electrode suffers a large volume change during cycling
(∼80%), resulting in the mechanical degradation of the
electrode.4,5

Given this, fully lithiated lithium sulfide (Li2S, theoretical
capacity: 1166 mAh g−1) has attracted attention because much-
safer anodes (e.g., silicon, aluminum, and tin) can be paired
with Li2S, which can avoid the dendrite problem and
circumvent safety concerns associated with metallic lith-
ium.1,4,5,17−25 Moreover, Li2S has a much higher melting
point than that of sulfur (1372 versus 115 °C), allowing for the
use of high-temperature heat treatment and material
modification methods to protect Li2S cathode and prevent
PSs from dissolving in electrolytes. In addition, the mechanical
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damage of the cathode during charge and discharge cycles can
be alleviated because Li2S already occupies the maximum
volume, and the empty space generated during the charge
process can accommodate the volume expansion of sulfur
during the discharge process.
Because Li2S is in its fully lithiated state, it needs to be

charged first to delithiate the Li2S and convert it to sulfur.
Specifically, a high charging voltage is always necessary to
activate Li2S in the very first charge process.1,4,5,17−21,26−28 For
example, Cui et al. demonstrated that commercial Li2S (a ∼10
μm particle) could be activated by charging to 4 V versus Li+/Li
in the initial charge, and each subsequent charge could be
performed at a lower voltage (3.5 V).29 In addition, a large
potential barrier at ∼3.5 V was observed in the initial charge
process, which was ascribed to the phase-nucleation process of
PSs.29 The height of the potential barrier was also dependent
on kinetic factors such as charge transfer between Li2S and
electrolyte and lithium-ion diffusivity in Li2S. For example,
through high-energy ball milling of commercial Li2S with
conductive carbon black, the potential barrier was reduced to
∼2.55 V due to the excellent contact between Li2S and carbon
black.19 However, a charging voltage of 4 V was still required to
fully convert Li2S into sulfur although a much lower charging
voltage (2.8 V) is required in the subsequent charge
processes.19 This raises the following question: what is the
origin of the high charging voltage for activating the Li2S
electrode in the first charge process? To answer this question, a
fundamental understanding of the charging mechanism of the
Li2S electrode is needed.
Considering the high sensitivity of Li2S to moisture, in situ

characterization methodologies are required to elucidate the
evolution of Li2S during the charge processes. Recently, in situ
and operando X-ray diffraction (XRD) has been employed to
characterize the phase evolution of Li2S in the first charge
process.29,30 However, XRD is only capable of detecting
crystalline solids but not amorphous species, which limits its

application. X-ray absorption spectroscopy (XAS) is element-
specific and capable of detecting species that are amorphous or
crystalline. In addition, different sulfur species (such as
elemental sulfur, Li2S, and different PSs) can be clearly
distinguished in S K-edge XAS spectra.31−37 In this work, we
have investigated the redox reactions of an electrode comosed
of nanosphere Li2S in real time by in situ and operando S K-
edge XAS. By combining morphology characterization, electro-
chemistry investigation, and in situ and operando XAS
techniques, we are able to reveal the distinct charging
mechanism of Li2S and determine the origin of the high
charging voltage in the first charge process.
Figure 1a shows the scanning electron microscopy (SEM)

image of the synthesized nanosphere Li2S particles with a
uniform size of ∼500 nm. The short diffusion length associated
with the much smaller dimension of the nanosphere Li2S
compared with the commercial Li2S can effectively reduce the
diffusion distance of ions and electrons during charging in the
solid state.17 The X-ray diffraction (XRD) pattern of the
prepared sample is displayed in Figure 1b. The XRD peaks
observed in the XRD pattern correspond to the cubic structure
of Li2S (Fm3m, PDF no. 65-2981), which indicates that Li2S
was successfully formed and no side reactions occurred. The
formation of LiOH was induced by the reaction of Li2S with
moisture during XRD measurement.
Cyclic voltammetry (CV) of the nanosphere Li2S electrode

was performed for 3 cycles at a slow scan rate of 0.025 mV/s
with the potential swept from open-circuit voltage (OCV) to
4.0 V followed by sweeping between 1.7 and 2.8 V, and the
corresponding results are shown in Figure 1c. The first anodic
scan demonstrates two broad oxidation peaks, which are related
to the energy barrier for the conversion of pristine Li2S to
sulfur.19,26 In the subsequent cathodic scan, two reduction
peaks centered at 2.3 and 2.1 V are observed, corresponding to
the stepwise reduction of elemental sulfur to polysulfide
intermediates and further to Li2S.

19,26 One oxidation peak at

Figure 1. (a,b) SEM image and XRD pattern of the as-prepared nanosphere Li2S particles. (c) Cyclic voltammograms of the Li2S electrode at a scan
rate of 0.025 mV/s. (d) Cycling performance and Coulombic efficiency of the Li2S electrode between 1.7 and 2.8 V at a 1C rate.
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2.32 V with a shoulder is developed in the second anodic scan,
which is associated with the conversion of Li2S to sulfur.1,26

The different oxidation peak positions between the first and
second anodic scans of the Li2S cathode strongly indicate the
different reaction mechanisms. The cycling performance and
Coulombic efficiency of the Li2S electrode are shown in Figure
1d. A charging capacity of 1083.7 mAh g−1 was delivered after
the first charge process, which is close to the theoretical value of
1166 mAh g−1. However, a capacity of only 800 mAh g−1 was
obtained after the first discharge process due to the loss of
active electrode material. After 100 cycles, the discharge
capacity decayed to 538 mAh g−1 and the Coulombic efficiency
gradually dropped to 90%, mainly due to the “shuttle effect” of
polysulfides.
To better understand the reaction mechanism of the

nanosphere Li2S electrode during the charge and discharge
processes, an in situ and operando XAS experiment was
conducted. The cells used to perform the in situ and operando
XAS study were adapted from CR2325 coin cells (Figure 2a): a
2 × 1 mm2 hole was drilled at the cathode side of the cell
housing using a high-precision laser system, and the hole was
sealed using a 20 μm thick Kapton film to allow X-ray beam
penetration. Owing to the inherent elemental sensitivity of
XAS, the signal from the Kapton film that is exposed to X-rays
does not contribute any feature to the S K-edge XAS spectra
collected through the X-ray window. As demonstrated in the
results below, the design implemented here allows direct X-ray
measurements under normal electrochemical operation.
Figure 2b shows the reference XAS spectra of α-S8, PSs, and

Li2S. The XAS spectrum of α-S8 shows a strong peak at 2472.2
eV, which is assigned to the high-intensity “white line” (1s to 3p
transition) of element sulfur.31,33 For PSs, in addition to the
main feature at 2472.2 eV, a pre-edge feature at 2470.5 eV
appears, which is attributed to the terminal S atoms, i.e., those
at the end of polysulfide dianion chains.31 In the following
analysis of the in situ and operando S K-edge XAS spectra, we
will identify the formation of PSs by the appearance of this pre-
edge feature. The XAS spectrum of Li2S exhibits two main
features at ∼2473.2 and ∼2475.7 eV, respectively, which is
consistent with previous reports.32,33 In contrast, the XAS
spectrum of the Li2S electrode in the coin cell with LiClO4 as
the lithium salt at OCV shows two additional features at 2476.2

and 2478.8 eV besides the main Li2S peaks, which are
attributed to Li2S−SO3 and Li2SO3, respectively.38,39 We
propose that the presence of these two species originates
from the surface oxidation of Li2S particles by contact with
LiClO4. To check the validity of our assumption, we also
measured the XAS spectra of the Li2S electrode assembled with
different lithium salts (i.e., LiNO3, LiFP6, and LiTFSI) (Figure
S2). Interestingly, these two species are observed in all the XAS
spectra (except the spectrum of LiTFSI, due to the overlap
between the positions of sulfone groups in LiTFSI and
Li2SO3).

39 Moreover, the intensities of these two features are
different when using different lithium salts, with the highest
intensities for LiClO4. This is consistent with the fact that
LiClO4 is the strongest oxidant among the four lithium salts.40

Overall, these experimental results clearly indicate that the
lithium salts can slightly oxidize Li2S to Li2S−SO3 and Li2SO3,
although the main species of the electrode is still Li2S.
Figure 3a shows the in situ and operando S K-edge XAS

spectra for the Li2S electrode during the first charge process at a
C/15 rate with a cutoff voltage of 4.0 V. Similar to previous
reports, the voltage profile (Figure 3d) shows a barrier (peak)
at 2.9 V followed by a long flat plateau at ∼2.7 V, following
which the voltage rises to 4.0 V.19,29 The total capacity
extracted in the first charge process is 1080 mAh g−1, indicating
that almost all of the Li2S has been converted to sulfur in the
activation process. The XAS spectral shape changes significantly
during the charging process. Specifically, the intensity of the
peak at 2473.2 eV is continuously increasing during charging
due to the conversion reaction from Li2S to sulfur. However, at
the very end of charge (uppermost spectrum in Figure 3b), the
peak position of sulfur is different from that of α-S8 shown in
Figure 2b, which may indicate the formation of a new
crystalline phase of sulfur (e.g., β-S8) or an amorphous phase
of sulfur.30,41 Also, no feature is observed at 2470.5 eV,
indicative of the absence of PS intermediates throughout the
first charging process. Note that a similar phenomenon was also
observed in the first charge of commercial Li2S by the same
method.33 However, in that report, the XAS spectral features
were not quantified and the reason for the requirement of a
high charging voltage in the first charge process was not
discussed.33 It is worth mentioning that the evolution of the
features at 2478.8 and 2482.2 eV is due to the oxidation of Li2S

Figure 2. (a) Schematic depiction of the in situ coin cell for simultaneous cycling and X-ray spectroscopic measurement. (b) Reference XAS spectra
of sulfur, PSs, and Li2S, and XAS spectrum of the Li2S electrode in the cell. The pre-edge feature at 2470.5 eV is identified as the fingerprint of PSs
and is due to the terminal sulfur. The new features at 2476.2 and 2478.8 eV for the Li2S electrode originate from the surface reaction of Li2S with the
electrolyte.
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to Li2SO3 and Li2SO4 by electrochemical reactions, which is
reversible during the charge and discharge processes (see
figures below).
More information is obtained from the stack plot of XAS

spectra at different charge stages, as shown in Figure 3b. The
plot shows the presence of an isosbestic point for the XAS

spectra (inset of Figure 3b).42,43 Such an isosbestic point
indicates the dominating two-phase transformation in the first
charge process, which is consistent with the charge voltage
profile. The quantitative analysis of the evolution of Li2S and
sulfur in the electrode at different charge stages is obtained by
constructing the simulated spectra for the intermediate states

Figure 3. Operando S K-edge XAS spectra of the nanosphere Li2S cathode for the first charge process. (a) S K-edge XAS spectra collected
simultaneously with electrochemical cycling at a C/15 rate. (b) Selected XAS spectra during the charge process. The inset shows the presence of an
isosbestic point. (c) Comparison of the experimental (solid lines) and two-phase fitting (dotted lines) of the XAS spectra. (d) Contents of sulfur and
Li2S calculated from two-phase fitting of the XAS spectra as a function of specific capacity. The values of the contents are obtained directly from the
fitting parameters of the two-phase fitting spectra. For example, the values marked by numbers 1 to 6 correspond to the fitting parameters of the
spectra shown in (c). The charge voltage profile during the operando XAS measurement is also plotted. (e) The fitting (black line) and theoretical

(red line) content of Li2S as a function of specific capacity. (f) The reaction rate of Li2S (|
d

d
mLi2S

t
|) as a function of specific capacity. The red line shows

the theoretical reaction rate of the whole Li2S electrode. (g) Schematic illustration of one-dimensional porous electrode model.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.7b02381
Nano Lett. 2017, 17, 5084−5091

5087

http://dx.doi.org/10.1021/acs.nanolett.7b02381


using linear combinations of the spectra of the initial and final
states. The fitting results (dotted lines in Figure 3c) show an
excellent agreement with the experimental data (solid lines in
Figure 3c), confirming the two-phase scenario of the
conversion of Li2S to sulfur in the first charge process.
The contents of Li2S and sulfur obtained directly from the

fitting parameters of the two-phase fitting spectra as a function
of charge capacity are displayed in Figure 3d, along with the
charge curve during the operando XAS measurement. The
content of Li2S decreases monotonously as a function of charge
capacity, which is contrary to that of sulfur. Based on the results
present above, we propose the following charge mechanism. In
contrast to the assumption that long-chain PSs are the main
oxidation products for commercial Li2S,

19,29 we propose that
sulfur is the final charged species of our nanosphere Li2S
formed through a two-phase transformation. Note that the
different final reaction products may be related to the different
sizes of commercial Li2S and our nanosphere Li2S. Because Li2S
is an ionic crystal, the strong bonding strength between Li+ and
S2− makes it difficult to extract Li+ from Li2S into the
electrolyte.17,29 Consequently, a high overpotential is necessary
to overcome the barrier of Li+ extraction. Note that the charge
rate and charge-transfer process at the surface of Li2S can also
influence the value of the overpotential, as demonstrated by
Yang et al.29 In the initial charge process, the lithium ions are
mainly extracted from the outer part of the nanosphere Li2S,
and the diffusion distance is relatively short. As the charging
process proceeds, the electrochemically generated sulfur
accumulates on top of unreacted Li2S and forms a core−
shell-like structure. Such structure can not only increase the
diffusion distance of lithium ions but also lead to a larger
charge-transfer resistance, as reflected by the gradual increase of

overpotential in the voltage profile (Figure 3d). At the end of
charge, all Li2S disappears and only the sulfur phase exists, and
therefore, the whole first charge is a solid → solid reaction.
Because there is no PS formed and, thus, no “shuttle effect”,
high specific capacity can always be achieved for the Li2S
electrode in the first charge process.1,4,5

Here, it is worth mentioning that ideally the content change
of Li2S should keep a linear relationship with the specific

capacity and the reaction rate of Li2S (|
d

d
mLi2S

t
|) should be

constant during the whole charge process (indicated by red
lines in Figure 3e and f), which is clearly not the case for the
experiment results. This discrepancy is related to the
nonuniform reaction distribution in the Li2S electrode.44−46

Due to the limited X-ray detection depth in the Li2S electrode,
the content change of Li2S calculated based on XAS results only
reflects the local change in the X-ray detected area, while the
specific capacity represents the conversion from Li2S to sulfur
of the whole electrode. To better understand the actual−ideal
discrepancy, it is useful to consider the Li2S electrode as an one-
dimensional porous electrode with uniform geometry and
polarization parameters, as shown in Figure 3g.46,47 At the
electrode−solution phase boundary (x = 0), all of the current is
carried by the electrolyte, while at the electrode−metal backing
phase boundary (x = d), all of the current is carried by a
conductive matrix.46 Because the total current density is
specified in our case (C/15), to maintain a constant current
density on the whole electrode, local current density and
reaction distribution in each depth of electrode (0 ≤ x ≤ d) are
different and determined by polarization, both electronic and
ionic conductivity of the two phases, and also the state of
charge.46,47 As a consequence, the content of Li2S in the

Figure 4. Operando S K-edge XAS spectra of the nanosphere Li2S electrode for the second charge process. (a) S K-edge XAS spectra collected
simultaneously with electrochemical cycling with a C/10 rate. (b) Selected XAS spectra during the charge process. The inset shows no isosbestic
point. (c) The content of Li2S as a function of specific capacity represented by the normalized intensity related to Li2S feature at 2475.7 eV. (d) The
ratio of main-edge peak area to pre-edge peak area based on fitting of the experimental spectra shown in (a). (e) The average chain length of PSs as a
function of specific capacity. The charge voltage profile during the operando XAS measurement is also shown.
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detected area does not change linearly with the amount of
charge passed by the whole Li2S electrode. In addition, the
reaction rate of Li2S in the detected area varies with time
(Figure 3f), which should result from the change in the local
state of charge during the electrochemical process.
Having clarified the reaction mechanism of the first charge

process, we now examine the details of the second charge
process. The specific capacity of the second charge at a C/10
rate is 803 mAh g−1 (69% of the theoretical capacity), with an
overpotential that is much lower than that of first charge.
Similar to the first charge, the in situ and operando S K-edge
XAS spectra (Figure 4a) of the second charge also demonstrate
a gradual increase of the feature at ∼2473 eV due to the
transformation from Li2S to sulfur. Interestingly, a new pre-
edge feature at 2470.5 eV known as the fingerprint of PSs is
observed even in the initial XAS spectrum, while no such
feature is observed in the whole first charge process. In
addition, no isosbestic point is present in the XAS spectra
(Figure 4b), suggesting that the second charge process is not a
two-phase reaction and the reaction mechanism is different for
the first and second charge process due to the absence and
presence of PSs.
To elucidate the role of PSs, the evolution of different sulfur

species upon the second charge process is discussed next. As
shown in Figure 4c, Li2S is consumed monotonically during
most of the charging process, which is consistent with previous
reports.30,32 In contrast, due to the overlap of the main XAS
features of sulfur and various PSs, it is technically difficult to
distinguish between them.33 Instead, we use the main-edge to
pre-edge peak area ratio as the proxy for the average chain
length of PSs at different charge stages (Figure 4d), given that
the cathode material is composed of PSs with a distribution of
lengths.34 By using the linear relationship between the spectral
features and average chain length of PSs (y = 0.5824x + 2.4133,
where x is average chain length and y is the ratio of main-edge
to pre-edge area),34 we can directly convert the area ratio into
the average chain length of PSs, as demonstrated in Figure 4e.
The value of x shows a weak function of capacity when the
capacity is lower than 420 mAh g−1 and then increases from 5.1
to 10.2 continuously afterward. The initial x value of 5.2 again
corroborates the presence of PSs at the very beginning of the
second charge (the x value should be 1 if there is no PSs).
Because of the presence of PSs in the electrolyte, extracting Li+

from Li2S to the electrolyte is much easier considering the fact
that the bonding environment of Li+ in Li2S is more similar to

that in PSs than in pure electrolyte, resulting in the decrease of
overpotential in the two-plateau charge voltage profile (Figure
4e).29 In addition, these PSs can also play a role of polysulfide
nuclei for the following electrochemical reaction.29 Notably, the
voltage profile of the second charge becomes similar to the
charge profile of common sulfur electrode, consistent with a
similar reaction mechanism for them.1,5

For the sulfur electrode, Cuisinier et al. have found that the
oxidation of Li2S formed in the first discharge proceeded in a
straightforward manner through the soluble intermediates of
S4

2− and S6
2− to solid sulfur by electrochemical reaction.32

Therefore, the average chain length of PSs should increase as a
function of capacity, inconsistent with our results. Actually, the
PSs can not only decrease the overpotential but also chemically
react with Li2S to form short-chain PSs (for example, 2Li2S +
3Li2S6 → 5Li2S4).

33,34 Due to the presence of both electro-
chemical and chemical reactions, the average chain length is
almost constant at the early stage of the second charge process.
With the consumption of Li2S, the electrochemical reaction is
dominant, leading to the increase of the average chain length to
10.2. In principle, the x value at the end of charge should be
infinity because all Li2S is oxidized to sulfur. The x value of 10.2
here may result from the incomplete conversion from Li2S or
PSs to sulfur or the imperfect fitting of the pre-edge and main-
edge features in XAS spectra.30,32,34 From the discussion above
we can conclude that, due to the presence of PSs at the very
beginning of the second charge, the overpotential in the voltage
profile gets smaller and the whole charge process is a solid →
liquid → solid reaction. The presence of PSs in the electrolyte
induces the “shuttle effect”, leading to capacity fading and lower
Coulombic efficiency.
However, the origin of these PSs in the initial second charge

process is still unclear. We have therefore similarly investigated
the first discharge process using in situ and operando XAS to
learn about the origin of the PSs, as shown in Figure 5a. The
main feature at ∼2473 eV is also strongly affected by discharge
due to the cleavage of S−S bonds. In addition, the fingerprint
feature of PSs at 2470.5 eV appears at the intermediate stages of
discharge. Figure 5b shows the intensity trend of Li2S and PSs
as a function of discharge capacity as well as the voltage profile
at a C/10 rate. The discharge voltage profile displays the typical
two-plateau behavior of the sulfur electrode, where a discharge
capacity of 548 mAh g−1 is obtained. It is believed that these
two plateaus correspond to the conversion of sulfur to long-
chain PSs (S8 → Li2S8 → Li2S6 → Li2S4) and long-chain PSs to

Figure 5. Operando S K-edge XAS spectra of the nanosphere Li2S cathode for the first discharge process. (a) S K-edge XAS spectra collected
simultaneously with electrochemical cycling at a C/10 rate. (b) The contents of Li2S and PSs as a function of specific capacity represented by the
normalized intensity related to Li2S feature at 2475.7 eV and the normalized intensity of the fingerprint feature of PSs at 2470.5 eV, respectively. (c)
The average chain length of PSs as a function of specific capacity. The discharge voltage profile during the operando XAS measurement is also
shown.
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short-chain polysulfides (Li2S4 → Li2S2 → Li2S), respec-
tively.1,4,5 As seen in Figure 5b, the relative fraction of terminal
sulfur atoms in PSs dramatically increases when transitioning
from the higher to lower voltage plateau and then gradually
decreases in the following process, in good agreement with the
conversion process of sulfur during discharge.1,4,5 In addition,
the Li2S species is formed only starting from the lower-voltage
plateau, which is consistent with other in situ and operando
reports.30,36

To gain the deeper insight into the sulfur reduction
mechanism, we have calculated the average chain length x of
PSs at different discharge stages using the method described
above (Figures 5c and S3). The value of x drops steeply from
28.9 to 4.7 in the higher discharge plateau and then becomes
nearly constant in the lower discharge plateau. The initial x
value of 28.9 in the discharge process again indicates that sulfur
is the main oxidation product in the first charge process. The
value of x at the end of the higher discharge plateau is 4.7,
which is a little larger than the theoretical value 4.1,5 This
observation may indicate the presence of some unreacted sulfur
at this stage.32 Moreover, the chemical reaction between sulfur
and short-chain PSs (e.g., S8 + 2Li2S4 → 2Li2S8) can also result
in an increase of the average chain length of PSs.34 At the end
of the lower discharge plateau, the average chain length is 4.9,
much larger than the theoretical value of 1 (supposing that Li2S
is the final reduction product) but very close to that of PSs at
the beginning of the second charge (i.e., 5.1). This result
indicates that, on the one hand, not all PSs are reduced to Li2S
in the final stage of the first discharge, and on the other hand,
the initial PSs in the second charge originate from the residual
PSs from the first discharge.
Based on the discussion above, the reaction mechanism of

the Li2S cathode in Li/S cells during the initial charge and
discharge processes can be summarized as shown in Figure 6. In
the first charge process, Li2S is directly oxidized to sulfur
through a two-phase solid−solid transformation. Because the
first charge process is a solid → solid reaction, a high
overpotential is necessary to extract Li+ from Li2S into the
electrolyte due to the strong bonding between Li+ and S2−. In
the subsequent discharge process, sulfur is reduced first to PSs
and then to Li2S through both electrochemical and chemical
reactions. However, only a part of the PSs is reduced to Li2S in
the final stage of first discharge process. For the second charge
process, due to the presence of PSs at the beginning of charge,
the charge-transfer process at the Li2S surface is fast, leading to
a lower overpotential in the voltage profile. In addition, the PSs
also chemically react with Li2S and facilitate the electrochemical

reaction of Li2S, which results in a different reaction mechanism
(solid → liquid → solid reaction) from that of the first charge
process. However, the accumulation of unreacted PSs along
with cycling can result in both lower sulfur utilization and the
“shuttle effect” as reported by many researchers: only 68.2% of
the initial discharge capacity is retained after 100 cycles
accompanied by a decreasing Coulombic efficiency (Figure 1d).
In conclusion, we have synthesized nanosphere Li2S particles

and used them as the positive electrode material of Li/S cells,
which show the high specific capacity and good cyclability.
Furthermore, we investigated the redox mechanism of this
electrode in real time throughout the initial two charge cycles
by in situ and operando XAS. In the first charge cycle, Li2S is
directly converted to elemental sulfur via a two-phase reaction
without the formation of polysulfides. Therefore, the first
charge process is a solid to solid reaction and a high charging
voltage is essential to fully extract Li+ from Li2S into the
electrolyte, considering the fact that Li2S is an ionic crystal. In
contrast, polysulfides are observed at the very beginning of the
second charge, which originate from the residual polysulfides
formed in the first discharge process. These polysulfides mainly
have three effects: (i) reducing the charge-transfer resistance at
the Li2S/electrolyte interface and thus leading to a lower
overpotential in the voltage profile; (ii) acting as polysulfide
facilitator for the electrochemical reaction of Li2S; and (iii)
chemically reacting with Li2S to form short-chain polysulfides.
As a consequence, in the second charge process Li2S is first
oxidized to polysulfides and then to sulfur through both
electrochemical and chemical reactions that correspond to a
solid → liquid → solid reaction. Our current study provides a
new fundamental understanding of the charge mechanism of
the Li2S electrode and highlights the double-sided role of
polysulfides in the electrochemical processes, which can
facilitate the further development of high-performance Li/S
cells with improved sulfur utilization and cycle life.
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