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H I G H L I G H T S

• Lithium polysulfide electrochemical reactions are restricted by its solubility.

• Li2S4 as cathode is not limited by the electrolyte.

• Theoretical specific energy of Li2S4 batteries is given.
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A B S T R A C T

Lithium sulfur (Li-S) batteries are promising candidates to replace lithium ion batteries as the next-generation
energy storage devices. However, the operation of conventional Li-S batteries at low electrolyte/sulfur ratios is
rather challenging with many obstacles to be addressed. In this work we use solid-state Li2S4 as the cathode
active material to construct a new type of Li-Li2S4 battery. With the aid of electrochemical impedance spectrum,
we find that the use of Li2S4(S) in the cathode alleviates the issue of surface coverage encountered under the lean
electrolyte condition. We also find that the discharge capacity is not determined by the solubility of Li2S4 on the
lower plateau of discharge. Consequently, the Li-Li2S4 cell with a high sulfur content of 84% and a low E/S ratio
of 4.4 ml g−1 delivered a much higher discharge capacity compared to a conventional Li-S cell. In addition,
improved cycle retention was achieved when controlling the Li-Li2S4 cell cycling between Li2S4 and Li2S. We
believe that the reported results open a new direction of cathode development for high energy density Li-S
batteries.

1. Introduction

Rechargeable lithium-sulfur (Li-S) batteries with a theoretical spe-
cific energy of 2500Wh kg−1 (3–5 folds higher than that of Li-ion
batteries), are promising candidates to replace Li-ion batteries in many
applications [1]. Even though Li-S batteries possess a high theoretical
specific energy, several major technical challenges must be overcome to
achieve their potential. Many of these challenges are closely related to
the formation of soluble lithium polysulfide (LiPS) intermediates. For
instance, the irreversible redistribution of LiPS inside the battery leads
to degradation of sulfur cathodes and passivation of Li metal anode. The

uncontrolled relocation of LiPS further leads to severe active material
loss during long-term cycles.

Ultimately, the most critical question to answer in the case of Li-S
batteries is whether their high theoretical energy density can be prac-
tically delivered. The practical specific energy depends strongly on the
electrolyte/sulfur (E/S in ml g−1) ratio of these batteries. To increase
the energy density of rechargeable Li-S batteries, the E/S ratio should
be decreased as much as possible [2–5]. However, when the E/S ratio is
decreased, multiple issues arise that degrade battery performance in-
cluding discharge capacity, cycle life, and rate capability [6–12]. For
instance, Fan et al. [11,13] found that the viscosity of the electrolyte
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increases and the reaction rates decrease when the concentration of
LiPS is increasing, which results in significantly slower electrodeposi-
tion with island nucleation and growth rates up to 75% less than those
at low concentrations. In a recent study, our group found that, once the
electrolyte becomes saturated with liquid phase high-order LiPS, the
solid phase LiPS becomes electrochemically unable for further reduc-
tion at normal discharge rates [14,15]. Therefore, the finite solubility of
high-order LiPS can potentially lower the specific energy of Li-S bat-
teries to less than 500Wh kg−1, making them commercially less at-
tractive. These deficiencies need to be addressed urgently in order to be
able to operate Li-S batteries at low E/S ratios.

In this work we use solid-state lower-order LiPS, i.e. Li2S4(S), as the
cathode active material to construct a new type of Li-Li2S4 battery,
which circumvents many of the above deficiencies of conventional Li-S
batteries. Li2S4 is located at the end of liquid–liquid phase transition
chain (Li2S8-Li2S6-Li2S4). Unlike the reduction of Li2S8 and Li2S6, the
reduction of Li2S4 involves a single liquid-solid phase transition (sim-
plified as Li2S4 to Li2S) in which the reaction product no longer exists in
liquid phase. In this sense, the active material in the electrolyte is
progressively consumed, allowing for a continuous dissolution of
Li2S4(S) into the electrolyte. Therefore, by replacing the elemental sulfur
with Li2S4(S) in the cathode, we avoid the solubility limitation en-
countered on the upper plateau of the discharge in Li-S batteries in
which the active material is elemental sulfur. In addition, the cycle-
ability of Li-Li2S4 cell is also enhanced because it uses a lower cut-off
recharge voltage during cycling to avoid the liquid-solid transformation
at the end of charge. We believe this work opens a new direction of
cathode development for high energy density Li-S batteries.

2. Experimental

Sulfur,1,2-dimethoxyethane (DME), 1,3-dioxolane (DOL), bis(tri-
fluoromethane)sulfonimide (LiTFSI), and LiNO3 were purchased from
Sigma-Aldrich. Lithium sulfide was purchased from Alfa Aesar.
Anhydrous ethanol was purchased from VWR.

The synthesized carbon nanotube (CNT) foams contained CNTs
(General Nano) with an average diameter of 10 nm and a length of
2mm, which were assembled in a freestanding three-dimensional
conductive network using the method presented in previous papers
[14,16]. The obtained foams had a thickness of 100 μm and a density of
125mg cm−3.

The C/Li2S4(S) cathodes were made by loading CNT foam with solid-
state Li2S4. To prepare the Li2S4 catholyte, we mixed Li2S and S pow-
ders in a stoichiometric ratio of 1:3 in DME and DOL (1:1 v:v) solution.
The Li2S4 catholyte was obtained by vigorous magnetic stirring at 45 °C
until the two powders were fully dissolved. CNT foams were soaked in
the Li2S4 catholyte with controlled volume and then dried overnight
inside an argon-filled glovebox (MBraun) to evaporate the solvent and
obtain C/Li2S4(S) cathodes with desired loading. The C/S cathodes were
made by infiltrating sulfur into the CNT foams via the melt diffusion
method. Sulfur powder was placed on the surface of the CNT foam
uniformly and then heated and melted into the CNT foam with a hot
plate at 158 °C. The C/Li2S cathodes were prepared by a solution based
method [17]. Li2S powder was dissolved in anhydrous ethanol in a
glovebox environment to obtain a 0.5M Li2S solution. The CNT foam
was first soaked in the solution and then dried overnight until a max-
imum sulfide loading was achieved.

The electrolyte used during the coin cell assembly was composed of
0.5 M LiTFSI and 0.5M LiNO3 in DME:DOL (1:1 v:v). The as-prepared
cathode was assembled with a piece of Celgard 2400 separator and a Li
foil anode (MTI) into a CR2032-type coin cell. 35 μl of electrolyte was
added in each cell. The E/S ratios of the cells were computed as the
ratio of electrolyte volume in mL to the weight of sulfur element in g in
the cathode. In the case of the Li-Li2S4 cathode, the weight of sulfur was
calculated as ×

×

× + ×
MLi S

32 4
32 4 7 2 2 4, where MLi S2 4 is the weight of loaded

Li2S4 in the cathode.
The galvanostatic cycling measurements were performed on a

Neware multichannel battery cycler at a current density of
0.4 mA cm−2 at room temperature. The electrochemical impedance
spectrum (EIS) of the cells was recorded over a frequency range from 1-
105 Hz using a Gamry Instruments (Reference 3000) with an AC voltage
amplitude of 10mV at the open circuit potential. The resulting spec-
trum was analyzed by using Gamry Echem Analyst software.

To characterize the morphology of the cathodes before and after
cycling, we performed scanning electron microscopy (SEM) and elec-
tron dispersive X-ray spectroscopy (EDS) using a JEOL microscope
(JSM7401F) at a beam voltage of 10 kV and 20 kV, respectively. To
characterize the cathodes after full discharge, the disassembled cath-
odes were washed with DOL solution five times to remove the soluble
polysulfides and Li salt after cycling and, then, left in the glove box
overnight to evaporate the remaining solvent. The UV-vis spectroscopy
of Li2S4 solution was measured in a sealed quartz glass cuvette (VWR)
with a path length of 10mm using a UV-vis-NIR spectrophotometer
(Varian Cary 5000) in a range of wavelengths spanning from 300 to
800 nm. The X-ray photoelectron spectroscopy (XPS) spectrum of Li2S4
was obtained using a PHI-5000C ESCA system (Perkin Elmer) with
MgKα radiation (1253.6 ev).

3. Results and discussion

The discharge capacity of conventional Li-S batteries is highly de-
pendent on the E/S ratio as reported in many papers [2,11,18,19].
Fig. 1 plots the voltage profiles of Li-S cells with C/S cathodes at dif-
ferent E/S ratios. Here a fixed electrolyte volume (35 μl) was added in
each cell to ensure identical electrolyte wetting conditions and the
sulfur loading was varied to obtain different E/S ratios. As expected, all
the measured voltage profiles present two discharge plateaus: an upper
plateau representing the reduction from sulfur to Li2S4 and a lower
plateau representing the conversion from Li2S4 to Li2S. The Q2/Q1 ratio
of the lower plateau capacity (Q2) to the upper plateau capacity (Q1)
exhibits a sharp drop when decreasing the E/S ratio. When the E/S ratio
is relatively high (e.g., 17.5 ml g−1), both Q1 and Q2/Q1 are close to the
theoretical values of 418 mAh g−1 and 3, respectively, indicating that
most sulfur is fully reduced to Li2S4 and that most Li2S4 can be further
reduced to Li2S. Ratio Q2/Q1 decreases to as low as 0.4 when the E/S
ratio decreases to 4.4 ml g−1. A similar phenomenon was also observed
by other groups [19,20].

Fig. 1. Discharge profiles of Li-S cells with C/S cathodes and the corresponding
Q2/Q1 ratios.
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There are multiple reasons that can account for this phenomenon, as
illustrated in Fig. 2a. These reasons are in general attributed to the
premature formation of insoluble solid products and surface passivation
in the cathode. First, the solubility limit of LiPS can be easily reached at
low E/S ratios resulting in a fast formation of solid LiPS. As shown both
experimentally [14,15] and theoretically [21], the precipitated high-
order LiPS exhibits ultralow redox activities, becoming a “dead” re-
sidual in the battery. Second, as apparent from Fig. 1, not all the solid
sulfur is fully dissolved and reduced in the electrolyte at the end of the
upper plateau, which suggests that part of the cathode surface might
remain electrochemically inactive on the lower plateau. Finally, as it
was recently reported in the literature, locally distributed solid sulfur
precipitation through disproportionation reactions can cause an in-
crease of the interfacial resistance under lean electrolyte conditions
[22], resulting again in a decrease of the specific capacity. Conse-
quently, the residual LiPS(S) and sulfur in the cathode will occupy a
significant fraction of active surface, for which reason the cathode will
become passivated quickly once the solid products start depositing.

To address the capacity limitation caused by the finite LiPS solu-
bility on the upper plateau and enhance the utilization of active ma-
terial, we propose a new type of Li-Li2S4 battery, which uses solid-state
Li2S4 as the active material in the cathode. The proposed cell config-
uration avoids the negative effects associated with high-order LiPS. For
instance, since the electrolyte contains mostly dissolved Li2S4 mole-
cules, which are expected to have a larger mobility than the higher-

order LiPS molecules (because of the reduced size of Li2S4 molecules),
the active material is expected to diffuse easier to the cathode surface
and participate in electrochemical reactions. The Li2S4(S) dissolves
continuously in the electrolyte during the discharge of the battery (see
Fig. 2b) and the battery does not suffer from the negative effects at-
tributed to the additional precipitation of Li2S4, like in the case of
conventional Li-S batteries.

In Figs. S1 and S2 in Supplementary Material we present the results
of UV-vis spectrum of Li2S4 solution and XPS spectrum of solid-state
Li2S4, respectively. The UV-vis spectrum shows a large absorption peak
at 420 nm, which is attributed to −s42 [23]. The XPS spectrum shows two
pairs of S doublets, correspond to terminal sulfur atoms (ST) and the
bridging sulfur atoms (SB) in the chain structure of Li2S4, respectively.
The quantitative analysis shows that the atom ratio of terminal/brid-
ging sulfur is ca. 1.06, which is close to the theoretical value of 1 for
Li2S4 molecule [24,25]. The above result confirms that the major spe-
cies in the synthesized polysulfide is indeed Li2S4.

Fig. 3 presents the SEM images of the CNT foam before and after S/
Li2S4 infiltration. As seen in Fig. 3a, in the pristine CNT foam, the CNTs
are randomly entangled together and the cathode has a high porosity.
The morphologies of the C/S (see Fig. 3b) and C/Li2S4(S) cathode (see
Fig. 3c) are relatively similar to each other and the active materials are
evenly distributed and form a relatively uniform coating on the surface
of CNTs. The cathodes still possess a sufficient number of nanopores
and mesopores to allow for the electrolyte penetration during cell

Fig. 2. Comparative illustration of the discharge processes in (a) Li-S and (b) Li-Li2S4 cells.
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operation. The EDS mapping results shown in Fig. 3d indicate that
sulfur is indeed distributed more or less uniformly inside the cathode.

The CNT foam used is our work has many characteristics suitable to
function as a sulfur host. First, the excellent electron transport prop-
erties of individual CNTs and the effective crosslinks between CNTs
result in a high electrical conductivity of the cathode. The high surface
area given by the high density of nano-scale pores provides abundant
active sites for electrochemical reactions. The large void volume can
accommodate the volume expansion during the lithiation process and
the freestanding architecture eliminates the stability issues related to
binder decomposition during cell operation. Finally, the three-dimen-
sional and freestanding CNT network promotes efficient access to
electrolyte, which is particularly important at low E/S ratios.

The Li-S and Li-Li2S4 cells with the same initial sulfur content of
84% and E/S ratio of 4.4 ml g−1 are discharged under a current density
of 0.4 mA cm−2, which is repeatedly interrupted at different states of
discharge to measure the EIS curves (see Fig. 4a). The above sulfur
content and E/S ratio is adequate for practical applications [26–28]. In
addition, the E/S ratio used in our cells is well below the value imposed
by the solubility limit of Li2S4 (ca. 16ml g−1). The small portion of
discharge capacity in the upper plateau is attributed to the dis-
proportionation reactions of LiPS [29–31]. More importantly, despite
having a much smaller capacity on the upper plateau and accordingly a
lower theoretical capacity (1254 mAh g−1 vs. 1672 mAh g−1), in the
first cycle the Li-Li2S4 cell still has a much higher discharge capacity
than the Li-S cell (536 mAh g−1 vs. 392 mAh g−1).

Fig. 4b–c presents the EIS curves of the Li-S cell and Li-Li2S4 cell at
selected states of discharge. These spectra are fitted to the two
equivalent circuits introduced by Kolosnitsyn et al. [32], represented in
the inset of Fig. 4d. The two circuits (circuits I and II) correspond to
fully charged/discharged cells (points A, D in Li-S cell and point D in Li-
Li2S4 cell) and to partially charged/discharged cells (points B-C in Li-S
cell and point B-D in Li-Li2S4 cell), respectively. In the equivalent cir-
cuits, R0 represents the ohmic resistance contribution resulting from the
electrolyte resistance, current collectors, and cell connections, R1 re-
presents the combined interfacial resistance on cathode and anode, and
R2 represents the charge transfer resistance [32–36]. At different state

of discharge, the variation of R0 is normally associated with electrolyte
properties such as chemical composition or viscosity, while R2 is closely
related to cathode surface coverage condition by the solid products.

The fitting results are presented in Fig. 4d at different depths of
discharge. The larger values of R1 and R2 at point A can be attributed to
the more insulating nature of elemental sulfur than Li2S4(S). The value
of R0 is higher in the case of the Li-Li2S4 cell because the Li2S4(S) dis-
solves quickly and saturates the electrolyte, increasing the electrolyte
viscosity, upon cell assembly. At point B, where the cell was discharged
to 2.1 V, the concentration of LiPS in Li-S cell reaches a maxima
[32,35–37] and, as a result, R0 increases from 5.9Ω to 17.5Ω and re-
mains relatively constant afterwards. It is also likely that the accumu-
lation of LiPS precipitates in the separator can contribute to this re-
sistance change. The pileup of LiPS at this state of discharge not only
increases the internal resistance but also blocks the subsequent reaction
pathway. On the contrary, R0 does not change much in the case of the
Li-Li2S4 cell the electrolyte is saturated with Li2S4, which has a constant
and relatively low solubility. Therefore, the viscosity of the electrolyte
in the Li-Li2S4 cell remains lower to favor the subsequent electro-
chemical reactions. In addition, R1 and R2 decrease in both Li-S and Li-
Li2S4 cell due to the dissolution of sulfur and Li2S4(S), respectively.

At point C, resistance R2 shows distinct trends in the two cells: R2

starts to increase in the Li-S cell, indicating that the active surface is
gradually covered with insulating Li2S and it decreases in the Li-Li2S4
cell, probably due to the further consumption of Li2S4(S). At point D, R2

exhibits a dramatic increase due to the accumulation of Li2S, which
fully covers the active surface and terminates the reduction reaction
prematurely in both cells. Interestingly, although the Li-S cell delivers a
lower discharge capacity, it possesses a much higher R2 (398.4Ω vs.
88.2Ω) compared with the Li-Li2S4 cell. In addition, a sharper voltage
drop is observed at the end of discharge in the Li-S cell. The above
results indicate that the effective surface area for the reduction reaction
is smaller in the Li-S cell that in the Li-Li2S4 cell, while charge transfer is
improved during the electrochemical deposition of Li2S, increasing the
duration of the discharge in the Li-Li2S4 cell.

The long-term cycle performance of the Li-Li2S4 cell is compared
with that of the Li-S cell in Fig. 5. In order to restrict the Li-Li2S4 cell to

Fig. 3. Morphology of the CNT cathode before and after S/Li2S4 infiltration: (a) SEM image of the pristine CNT foam. (b) SEM image of the C/S cathode. (c) SEM
image of the C/Li2S4(S) cathode. (d) EDX mapping of the SEM images shown in (b) and (c).
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cycle within the lower plateau, a lower cut-off voltage for recharge
(2.35 V vs. 2.8 V) was selected. The voltage profiles of the Li-Li2S4 cell
are compared with those of the Li-S cell in Fig. 5a–b. It is worth men-
tioning that the obtained Q2 for Li-Li2S4 cell is higher than the value
imposed by the solubility limitation (ca. 401.3 mAh g−1), which again
indicates that, in the case of Li-Li2S4 battery, the solubility of Li2S4 does
not represent an intrinsic limitation due to the continuous dissolution of
Li2S4(S) in the electrolyte. It is important to note that, in the following
cycles, the Q2/Q1 ratio shows a slightly increasing trend (see Fig. 5b),
which suggests that a small fraction of high-order LiPS was in fact
formed at the selected cut-off voltage.

In addition to the lower initial capacity, conventional Li-S cell suf-
fers from a significant capacity loss during the 2nd cycle, which reduces
their rechargeable capacity drastically. This phenomenon was also ob-
served and reported in the literature with high and medium E/S ratios
by other research groups [38–40]. The capacity loss in our Li-S cells is
due to the incomplete conversion during the charge process, which is
suggested by the decrease of capacity Q1 from the 1st to the 2nd cycle in
Fig. 5a and by the extremely high initial Coulombic efficiency of 170%
(note that we define the Coulombic efficiency as the ratio of the specific
discharge capacity to the specific charge capacity in the same cycle; for
instance, the specific discharge and charge capacity are 378.1 and
222.3 mAh g−1, respectively, which results in an initial Coulombic
efficiency of 170%). On the contrary, the Li-Li2S4 cell proposed in this
work does not suffer from a significant decay of the capacity during the
initial cycles since it does not involve the liquid-to-solid phase trans-
formation at the end of charge. Instead, our Li-Li2S4 cells exhibit some
fluctuations of the discharge capacity during the initial cycles, which
can be related to the redistribution of Li2S4 and Li2S in the conductive

matrix. It maintains a relatively stable discharge capacity during the
following cycles, although a gradual capacity fade over cycles is still
observable. Despite a reduced LiPS dissolution, the progressive changes
in the morphology of the cathode structure due to the continuous dis-
solution and crystallization processes as well as the gradual formation
of high-order LiPS may still lead to the slow capacity decay of the cell.
We also observe some fluctuation of the discharge capacity after 50
cycles, which is most likely due to the random pore blocking and un-
blocking that can take place under low E/S ratio conditions. In addition,
we also compared the rate performance of Li-S and Li-Li2S4 cell for
current densities ranging from 0.4 mA cm−2 to 1.6 mA cm−2 and the
result is plotted in Fig. 5d. As seen in the figure, the Li-Li2S4 cell delivers
significantly higher capacities at all the current densities than the Li-S
cell, and the capacity can recover to 649.4 mAh g−1 when the current
density returns to 0.4mA cm−2. We also notice that the Li-Li2S4 cell
exhibits a larger capacity drop at large current densities. It is because
that the majority of discharge capacity comes from the lower plateau,
which involves the solid deposition process. When the discharge cur-
rent increases, the active surface is being covered faster by the solid
product. In the case of Li-S cell, the majority of discharge capacity is
contributed from the upper plateau, which refers to the electrochemical
reduction in liquid phase with a relatively higher reaction kinetics.

The SEM images in Fig. 6 show the morphologies of C/S and C/
Li2S4(S) cathodes in the fully discharged state after 50 cycles. Note that
since the cathodes were washed with DOL solution five times to remove
the soluble polysulfides and Li salt, the precipitate seen in the SEM
image is solely Li2S. Distinguishable morphology differences between
the two cathodes were observed after 50 cycles. In the case of the C/S
cathode, large Li2S particles can be observed on the CNT surface and

Fig. 4. Discharge profiles at a current density of 0.4 mA cm−1 and EIS measurements of the Li-S and Li-Li2S4 cells: (a) discharge profiles of the Li-S and Li-Li2S4 cells;
(b) EIS spectra of the Li-S cell; (c) EIS spectra of the Li-Li2S4 cell (the experimental values of the EIS are denoted with symbols); (d) fitting result of EIS spectra of the
Li-S and Li-Li2S4 cells.
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the overall deposition is rather non-uniform. In the case of the C/
Li2S4(S) cathode, the volume fraction of the Li2S deposit is higher,
corresponding to a higher discharge capacity. Moreover, despite a
higher volume fraction of Li2S, a more uniform deposition of Li2S film
was observed. Since the deposition and accumulation of nonconductive
and insoluble Li2S films is known to cause structural deterioration of
cathodes, a better regulation of Li2S growth on the cathode surface
would facilitate the electronic and ionic pathway for stable cycling
especially at low E/S ratios. In Fig. S3 in Supplementary Material we
also provide the SEM image of C/S cathode from a Li-S cell with a lower
sulfur content (56%) and a higher E/S ratio (17.5ml g−1). Apparently,
the growth of Li2S is significantly more uniform in this cathode com-
pared to both the cathodes presented in Fig. 6. Therefore, improving the
electrodeposition kinetics and promoting a uniform deposition of Li2S
remains a critical challenge for stable cycling of Li-S batteries at low E/

S ratios.
Finally, we compare the performance of our Li2S4 cathode to the

performance of a cathode made with commercial Li2S. It was found that
the sulfur content cannot exceed 75% using the solution-based method
[17] and, even with this relatively low loading, the Li-Li2S cell still
suffers from a high initial overpotential, low Coulombic efficiency, and
fast cycle decay (see Fig. S4 in Supplementary Material) due to the slow
kinetics and the high activation energy caused by the electrically and
ionically-insulating nature of Li2S. The size reduction of Li2S particle
and the better distribution of Li2S in the cathode are essential to en-
hance the utilization rate of active material for sulfide cathode. In
comparison with S and Li2S, the utilization of Li2S4 is kinetically more
favorable due to its dissolution nature.

To further demonstrate the advantage of the Li-Li2S4 batteries, the
theoretical specific energy of Li-Li2S4 batteries is compared with that of

Fig. 5. Electrochemical performance of the Li-S and Li-Li2S4 cells: (a) the discharge profiles of the Li-S cell in different cycles at a current density of 0.4 mA cm−2; (b)
the discharge profiles of the Li-Li2S4 cell in different cycles at a current density of 0.4 mA cm−2; (c) the cycling performance of the Li-S and Li-Li2S4 cells at a current
density of 0.4 mA cm−2. (d) the rate performance of the Li-S and Li-Li2S4 cells for current densities ranging from 0.4mA cm−2 to 1.6 mA cm−2.

Fig. 6. SEM image of (a) C/S cathode and (b) C/Li2S4(S) cathode in the fully discharged state after 50 cycles.
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conventional Li-S batteries at various E/S ratios in Fig. 7. The theore-
tical specific energies are computed by assuming that the density of the
electrolyte is 1.1 gml−1 [41] and the solubilities of Li2S8, Li2S6, and
Li2S4 in our electrolyte are [S]= 6M, 5M, and 2M [21], respectively.
These finite solubilities result in the following values of the E/S ratio
required for full dissolution of Li2S8, Li2S6, and Li2S4: 5.2 ml g−1,
6.3 ml g−1, 15.6 ml g−1, respectively. In addition, we also assume that
the reduction of S to Li2S includes the sequential reduction processes
from S to Li2S8, Li2S8 to Li2S6, Li2S6 to Li2S4, and Li2S4 to Li2S and, at
sufficiently high discharge rates, the precipitated high-order LiPS does
not have enough redox activity to be further reduced and utilized. This
phenomenon is observed in a coin cell configuration with the CNT
foams as cathode material [14], however, it is expected that at suffi-
ciently high discharge currents, the same effect can also be applied to a
pouch cell configuration with different electron conductive materials as
cathodes. Finally, we assume that the average discharge voltage is
2.15 V for the Li-S cell and 2.1 V for the Li-Li2S4 cell. The detailed
process of calculation can be found in the Supplementary Material. It
can be seen that, at relatively high E/S ratios, e.g.,> 6.3ml g−1, the
conventional Li-S batteries have higher specific energy due to their
higher theoretical specific capacity. However, when the E/S ratio is
reduced, the maximum sulfur utilization rate decreases as the con-
centration of higher-order LiPS exceeds the solubility limit and the
precipitated LiPS becomes electrochemically inactive for subsequent
reactions (see Fig. 2a). Specifically, Li2S6 starts depositing when the E/S
ratio is less than 6.3ml g−1, while Li2S8 precipitates when the E/S ratio
is less than 5.2ml g−1. In contrast, as we have demonstrated in this
study, the utilization of Li2S4 is theoretically 100% and is not hindered
by its solubility limit even at lower E/S ratios. When the E/S ratio is
decreased below 4.7ml g−1, the higher sulfur utilization eventually
compensates the lower theoretical specific capacity for Li-Li2S4 bat-
teries. For most practical applications, the operation of batteries at low
E/S ratios is a prerequisite and, therefore, the proposed Li-Li2S4 system
is promising for better utilization of active material.

In this work, we have successfully improved the energy density of
Li-S batteries by rationally selecting an alternative cathode active ma-
terial. Using Li2S4(S) as the active material and cycling the batteries to
form only Li2S4 and Li2S alleviates the negative effects related to the
surface coverage when operating the cells under low E/S ratio condi-
tions. Nevertheless, it is worth mentioning that although the perfor-
mance of Li-Li2S4 cells is better that of conventional Li-S cells under the
harsh test condition, the obtained discharge capacity in this study is
below its theoretical value of 1254 mAh g−1. Therefore, cell

components and parameters such as cathode pore structure, sulfur/
carbon ratio, electrolyte volume and composition, and cycle scheme can
be further optimized to improve the cell performance. In addition, since
the active material in Li-Li2S4 batteries is a soluble polysulfide, the
various recently reported strategies to effectively reduce the diffusion of
LiPS molecules towards the anode remain beneficial for improving the
cycle performance of these batteries [42–47].

4. Conclusions

In this work we propose to use solid-state Li2S4 as the cathode active
material to construct a new type of Li-Li2S4 battery. By replacing ele-
mental sulfur with Li2S4, we avoid the negative effects related to the
solubility limit previously encountered on the upper plateau of dis-
charge curves of conventional Li-S batteries. We found that, on the
lower plateau of discharge, the discharge capacity is not limited by the
solubility of Li2S4 and we are able to obtain a much higher discharge
capacity in cells with a sulfur content as high as 84% and an E/S ratio as
low as 4.4ml g−1. In addition, we are able to improve the cycle re-
tention of the proposed Li-Li2S4 cell by narrowing the cycling voltage
window to reduce the capacity loss during the initial cycles. The re-
ported results of Li2S4 cathode open a new direction of cathode de-
velopment for high energy density Li-S batteries.
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