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ABSTRACT: All-solid-state lithium—sulfur batteries employing sulfur
electrodes and a solid electrolyte at room temperature are still a great
challenge owing to the low conductivities of sulfur cathodes. In this
work, we report room temperature all-solid-state lithium—sulfur batteries
using thin sulfur layer-embedded FeS, (FeS,@S) microsphere
composites as active materials in the FeS,@S—Li;,GeP,S,,-Super P
cathode electrode. Setting the cut-off voltage between 1.5 and 2.8 V,
only lithiation—delithiation reactions between L,FeS, and FeS, and
direct reaction between Li,S and S will occur, which avoids large volume
change of FeS, caused by the conversion reaction, leading to the
structure integrity of FeS,@S. The resultant batteries exhibit excellent
rate and cyclic performances, delivering specific capacities of 1120.9,
937.2, 639.7, 517.2, 361.5, and 307.0 mA h g_l for the FeS,@S
composite cathode, corresponding to the normalized capacities of
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16435.5, 1252.9, 782.5, 700.2, 478.4, and 363.6 mA h g_1 for sulfur at 30, 50, 100, 500, 1000, and S000 mA g_l, respectively. Besides,
they can retain the normalized capacity of 430.7 mA h g™* for sulfur at 1000 mA g™' after 200 cycles at room temperature.

KEYWORDS: all-solid-state lithium—sulfur battery, stable interface, electronic/ionic conduction, sulfur-embedded FeS,,

electrochemical performance

1. INTRODUCTION

Lithium—sulfur batteries have attracted substantial attention
during the past few years. Sulfur shows intrinsic advantage as a
cathode for lithium batteries because of its abundance in
nature, nontoxicity, lower cost, high theoretical capacity, and
energy density as well as easier ability of manufacturing."”
However, its implementation for large-scale applications,
including electric vehicles and stationary uses is still
challenging because of (1) dissolution of lithium polysulfide
(Li,S,) species into organic electrolytes, leading to rapid
capacity fading and low Coulombic efficiency, (2) electronic
insulating nature of elemental sulfur and lithium sulfide, and
(3) huge volume changes of sulfur, causing short cycle life and
low reversible capacity of the lithium—sulfur battery.” Although
great efforts have been devoted to ameliorate the polysulfide
shuttling effects,”” the polysulfides are still gradually dissolved
in the liquid electrolyte during the cycling process, causing
capacity decay, corrosion of the lithium negative electrode, and
redox shuttling. Moreover, the safety problem is still an
inherent issue in the implementation of liquid electrolyte-based
lithium—sulfur batteries.

All-solid-state lithium—sulfur batteries can improve the
cyclic performances and safety by eliminating the polysulfide
shuttle.*” However, high strain/stress and interface resistance
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due to the large volume changes during lithiation/delithiation
processes cause poor electrochemical performances. Moreover,
the insulating nature of the sulfur cathode also reduces the
reaction kinetics. Therefore, to enhance electronic/ionic
conduction and accommodate the huge volume change of
sulfur throughout the lithiation/delithiation process, develop-
ing functional sulfur composite materials is needed.

In order to improve the electronic conductivity and further
decrease the interfacial resistance, several sulfur composites
incorporated with electrically conducting materials, such as
carbon nanofibers,® reduced graphene oxide,” and graphite,w
were synthesized by gas-phase mixing or mechanical milling.
These cells have shown good performances at high temper-
atures, but economical and eco-friendly batteries have to be
operated at lower temperatures (T < 60 °C)." "' It is generally
accepted that the lithium-ion transport at the interface is the
rate-determining step of the electrochemical reaction.'”'
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Figure 1. (a) XRD patterns of FeS, and FeS,@S, (b) TGA curves of FeS, and FeS,@S, and high-resolution XPS spectra of the as-synthesized FeS,

and FeS,@S in (c) Fe region and (d) S region.

Improving lithium-ion conduction and contact areas could
achieve better electrochemical performances. Recently, tran-
sition metal disulfides, such as CoS,,"” WSZ,IG and TiS,,"” have
been investigated as conductive fillers and polysulfide captures
in traditional lithium—sulfur batteries owing to their superior
interactions between the metal cation and the polysulfide
anion, and high specific surface areas. In addition, transition
metal sulfides exhibit excellent electrochemical performances
because of the better interfacial compatibility and stability with
sulfide solid electrolytes.

Iron pyrite (FeS,) is a typical member of transition metal
disulfides with the merits of abundance in nature, environ-
mental benignity, and raw material cost effectiveness. Mean-
while, FeS, shows great potential as a cathode for lithium-ion
batteries because of its superior electronic/ionic conduction,
high theoretical specific capacity, and moderate voltage
plateau.'® FeS, can serve as not only a polysulfide species
immobilizer in a sulfur composite electrode but also as buffer
to relieve the large volume expansion of an active material.'”*’
Hence, iron pyrite as the host for the sulfur cathode is likely to
enhance reversible capacity and cyclic performances. There is a
report of using FeS,—sulfur cathodes prepared with the simple
ball-milling process for all-solid-state batteries. However, the
performance of that cathode is still much limited to 20 cycles
mainly because of the insufficient contact between S and FeS,.
Engineering FeS,—sulfur electrode to ensure a great interfacial
contact between FeS, and S is therefore important to improve
the performance of this cathode.”’

Herein, pure FeS, and FeS,@S microsphere composite
electrode materials were synthesized using a liquid-phase
strategy. Furthermore, the electrochemical performances of
both FeS, and FeS,@S microsphere cathode materials were
investigated in all-solid-state lithium—sulfur batteries at room
temperature. Reversible capacities of 632.4 and 922.5 mA h g™
are delivered for FeS, and FeS,@S, respectively after 20 cycles
at 30 mA g, corresponding to the sulfur contribution of
15929 mA h g_l. Even at 1000 mA g_l, it still maintains a
normalized discharge capacity of 430.7 mA h g~' for sulfur

after 200 cycles. The high reversible capacity and excellent
cyclic performances of the FeS,@S cathode can be ascribed to
its superior ionic/electronic conduction, smaller volume
change, and elimination of the polysulfide shuttle.

2. RESULTS AND DISCUSSION

X-ray diffraction (XRD) patterns of the as-synthesized FeS,
and FeS,@S composite samples are illustrated in Figure la.
Clearly, the sharp characteristic diffraction peaks of FeS, can
be indexed to cubic iron pyrite (JCPDS card no. 42-1340). No
diffraction peaks resulting from impurities were detected,
indicating that highly pure and well-developed FeS, is obtained
by a facile liquid-phase method. For the FeS,@$S sample, with
the exception of distinguishable diffraction peaks from pyrite
FeS,, all other strong diffraction peaks stem from elemental
sulfur, which is in accordance with orthorhombic elemental
sulfur (JCPDS card no. 83-2283), confirming the presence of
sulfur in FeS,. The S and Fe contents in the FeS,@S sample
were determined using inductively coupled plasma optical
emission spectrometry (ICP—OES), and the results show that
the FeS,@S composite contains 70.1 wt % FeS, and 29.9 wt %
active sulfur. Thermogravimetric analysis (TGA) was con-
ducted to further determine the sulfur content for the FeS,@S
composite, as shown in Figure 1b. The sulfur content was
estimated to be 30.2 wt %, which is consistent with ICP—OES
results. Clearly, the temperature for sulfur evaporation in
FeS,@S is between 100 and 350 °C.***

X-ray photoelectron spectroscopy (XPS) was performed to
further identify the chemical composition of the as-synthesized
FeS, and FeS,@S samples. Figure 1c shows the high-resolution
XPS spectrum of Fe 2p for both FeS, and FeS,@S. For FeS,,
the dominating peaks located at 720.3 and 707.1 eV,
correspondin§ to Fe 2p;, and Fe 2p;,, of the Fe" state,
respectively.”** The Fe 2p spectra of FeS,@S also contain the
major peaks of Fe 2p,,, spectra located at 726.4 eV and Fe
2ps), spectra at 712.4 eV, which are attributed to the Fe®*
state.”® The chemical shift of Fe 2p can be ascribed to the
electrostatic interaction between Fe®" and elemental S in the
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Figure 2.

SEM, TEM, and HRTEM images and the corresponding SAED patterns (insets) of the synthesized (a—c) FeS, and (d—f) FeS,@S.
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Figure 3. CV of (a) FeS, and (b) FeS,@S$ electrodes between 1.5 and 2.8 V at a scan rate of 0.2 mV s™" for the first three cycles. Discharge—charge

profiles for (c) FeS, and (d) FeS,@S$ electrodes at 30 mA g™".

FeS,@S sample. Figure 1d reveals fitting analysis of S 2p
spectra of FeS, and FeS,@S samples, showing spectra
corresponding to the various species of sulfur. As can be
seen, the peaks located at 163.5 and 162.8 eV are attributed to
S 2p,/, and S 2p,,, of S,*” ions in both FeS, and FeS,@$S
samples, respectively, whereas the peaks at 165.1 and 164.0 eV
can be assigned to S, or S, in FeS,@S samples, which
correspond to the presence of elemental S and the interaction
between FeS, and S in FeS,@$S samples, respectively.”’

The morphologies of the as-synthesized FeS, and FeS,@$S
samples were observed by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM), as
shown in Figure 2. The homogeneous FeS, microspheres with
a diameter of about 1 ym show a 50 nm-thick shell consisting
of numerous outgrown spine-like nanoparticles (Figure 2a,b).
After incorporating sulfur in FeS,, the dense FeS,@S samples
still maintain the microsphere morphology with no obvious
size change. However, these nanoparticles at the surface of

FeS,@S samples disappear, illustrating that elemental sulfur
has been successfully confined in the shell of FeS, micro-
spheres with a thickness of about S0 nm (Figure 2d,e),
indicating that FeS, may be used as a suitable host for sulfur.
High-resolution TEM (HRTEM) and selected area electron
diffraction (SAED) were conducted to further reveal the
microstructures of as-synthesized FeS, and FeS,@S samples
(Figure 2c,f). The HRTEM image of a typical edge-view of
FeS, microspheres (Figure 2c) illustrates a clear lattice fringe
spacing of 0.31 and 0.27 nm, corresponding to the (111) and
(200) lattice planes of pyrite FeS,, respectively, which are
consistent with XRD results, indicating a well-developed
crystal structure of the obtained FeS, microspheres. The
corresponding SAED patterns consist of several diffraction
rings which can be indexed to (111), (200), (211), and (220)
from inside out, further confirming the well-developed
structure of FeS, microspheres. Compared to FeS, micro-
spheres, the HRTEM image of FeS,@S microspheres shows
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Figure 4. Electrochemical performances of FeS, and FeS,@S$ electrodes as cathodes in all-solid-state lithium—sulfur cells. (a) Cycling performance
of FeS, and FeS,@S and the capacity contribution of S at 30 mA g~' under room temperature. (b) Sulfur contribution at 50, 100, 500, 1000, and
5000 mA g~". (c) Cyclic performances of the FeS,@S composite and FeS, electrodes and the sulfur contribution in all-solid-state lithium—sulfur

batteries at 1000 mA g~' for 200 cycles at room temperature.

both lattice spaces for both sulfur and FeS, (Figure 2f). The
interplanar spacing of 0.570 and 0.481 nm agrees well with the
(022) and (202) lattice planes of sulfur, respectively, while the
lattice spacing of 0.272 and 0.243 nm corresponds to the (200)
and (210) lattice planes of FeS,, respectively. The correspond-
ing SAED pattern further proves the coexistence of both sulfur
and FeS, in FeS,@S microspheres.

The electrochemical performances of the as-synthesized
FeS, and FeS,@S composite electrodes were investigated in
both solid and liquid electrolyte-based lithium—sulfur cells at
room temperature. The commonly accepted reaction mecha-
nism for FeS, within 0.5-3.0 V can be expressed as
follows™*~*

FeS, + 2Li* + 2e” — Li,FeS, (1)
Li,FeS, + 2Li* + 2¢” — 2Li,S + Fe (2)
2Li,S + Fe — Li,FeS, + 2Li" + 2e” (3)
Li,FeS, < Li,_ FeS, + xLi* + xe~ (0.5 <x<08)
(4)

Li,_.FeS, < FeS + (2 — )S + (2 — »)Li"
+ (2 — x)e” (s)

The cyclic voltammograms of the as-synthesized materials
were recorded at a scan rate of 0.2 mV s™. Figure S1 displays
cyclic voltammetry (CV) curves of FeS, within 0.5-3.0 V,
showing two reduction peaks at around 1.6 and 1.2 V in the
initial cathodic scan, which are associated with reaction 1 FeS,
+ 2Li* +2e~ — Li,FeS, (1.6 V) and reaction 2 Li,FeS, + 2Li"
+2e” = 2Li,S + Fe (1.2 V), respectively. However, these peaks
vanish in the following cycles, indicating different reaction
kinetics and pathways between the first and the following ones.
In the delithiation cycles, oxidation peaks at 1.9 V is related to
the formation of Li,FeS, with reaction 3 2Li,S + Fe — Li,FeS,
+ 2Li" + 2e7, and the peak at 2.5 V is attributed to reaction 4
Li,FeS, — Li,_,FeS, + xLi" + xe™ and reaction S Li,_,FeS, —
FeS, + (2 —y)S + (2 — x)Li* + (2 — x)e™. After the first cycle,
the appearance of an obvious reduction peak at 2.0 V is caused

by the formation of Li,FeS,, and a peak at 1.4 V is attributable
to reaction 2 Li,FeS, + 2Li* + 2e~ — 2Li,S + Fe, further
confirming an irreversible phase change occurred after the first
cycle. When cycled between 1.5 and 2.8 V (Figure 3a), only
one reduction peak at around 1.6 V is observed, confirming
that reaction 2 is absent and the corresponding oxidation peak
related to reaction 3 also vanished. For the FeS,@S electrode
(Figure 3b), the curve for the first cycle is similar to that for
the FeS, electrode. However, in the following cycles, the
reactions related to FeS, and S both occur. Because the voltage

y
of oxidation—reduction peaks for FeS, is close to that of S, in

the following lithiation—delithiation pyrocess, the pair of peaks
at 2.0 and 2.5 V is related to the reversible reaction of FeS, +
(2 = y)S + 2Li" + 2e” < Li,FeS, and the reduction—oxidation
of sulfur.

By comparison, coin cells employing FeS,@$S cathodes were
also investigated using a liquid organic electrolyte. Figure S2
shows the CV curves of the FeS,@S cathode at a cut-off
voltage of 1.5—2.8 V. As can be observed for the initial cycle, a
reduction peak corresponding to the lithiation of FeS, was seen
at 1.6 V** and two reduction peaks at approximately 2.05 and
2.28 V, respectively, which are ascribed to the transitions of
sulfur to a long-chain polysulfide and a long-chain to low-order
polysulfide.”* The CV curve of FeS,@$ displays only one sharp
oxidation peak in the first and subsequent cycles at 2.5 V,
which is ascribed to the delithiation process of Li,FeS, to FeS,
and sulfur and conversion of Li,S to Li,S, and finally to S.*

The galvanostatic discharge—charge profiles of the FeS, and
FeS,@S composite in all-solid-state lithium—sulfur cells at 30
mA g~ under room temperature are shown in Figure 3c,d.
Only one voltage plateau at 1.7 V is observed in the first
discharge curve, while this plateau shifts to 2.1 V in the
following cycles (Figure 3c,d), which is consistent to the
reduction peak in the CV curves. No discharge plateau of
elemental S was detected in FeS,@S electrodes, which could
be ascribed to the electrostatic interaction between Fe?* and
elemental S in the FeS,@S sample. A more obvious charge
plateau at 2.4 V and an increased discharge capacity are
observed for the FeS,@S electrode (Figure 3d) compared to
that for the FeS, electrode (Figure 3c), further confirming that
FeS, and S will react simultaneously during charge—discharge
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processes. Besides, only one discharge plateau at around 2.1 V
after the first cycle is present for the FeS,@S electrode in the
all-solid-state lithium—sulfur battery, which is different from
that in the liquid electrolyte-based lithium—sulfur battery,
where the discharge curves show two discharge plateaus at 2.35
and 2.05 V and two charge plateaus at 2.25 and 2.4 V.*® Figure
S3 shows discharge—charge profiles of the FeS,@S cathode
using liquid electrolytes within cut-off potentials of 1.5—2.8V
at S0 mA g'. The discharge and charge profiles are related to
FeS, and sulfur cathodes, which are consistent with previous
studies,”” ™%’ indicating the viability of the FeS,@$ cathode in
the conventional lithium—sulfur cell. This difference strongly
supports the hybrid reaction mechanism of Li—FeS, and Li—S
during the discharge—charge process for the FeS,@S electrode
in the all-solid-state lithium—sulfur battery. In addition, the
discharge—charge curves of the FeS, electrode in a solid cell
between 0.5 and 3.0 V show two discharge plateaus at 2.2 and
1.4 V and two charge plateaus at 1.8 and 2.4 V after the first
cycle (Figure S4), further confirming two electron storage
occurred for FeS, when cycling within 1.5-2.8 V.

In order to demonstrate the sulfur reactivity at room
temperature, sulfur contribution to the capacity was inves-
tigated in an all-solid-state battery. Cyclic performances of FeS,
and FeS,@S composite electrodes are compared (Figure 4a).
The results reveal that the FeS,@S composite electrode
delivered a high initial discharge capacity of 1120.9 mA h g7/,
corresponding to the normalized discharge capacity of 1645.5
mA h g! for sulfur with an extraordinary high initial
Coulombic efficiency of 98.5% under 30 mA g~'. After cycling
for 20 cycles, FeS, and FeS,@S composite electrodes maintain
discharge capacities of 632.4 and 922.5 mA h g™, respectively,
equivalent to the normalized capacity of 1592.9 mA h g™ for
the sulfur. The high rate capability of FeS, and FeS,@S$
composite electrodes was further investigated at 50, 100, 500,
1000, and 5000 mA g_l. The results show that discharge
capacities of 800.6, 577.9, 438.0, 310.9, and 282.5 mA h g™* for
FeS, (Figure S5) and 937.2, 639.7, 517.2, 361.5, and 307.0 mA
h g™' for FeS,@S (Figure S6) are delivered, corresponding to
the normalized capacities of 1252.9, 782.5, 700.2, 478.4, and
363.6 mA h g for sulfur (Figure 4b). FeS, and FeS,@$S
composite electrodes also exhibit excellent cycling stability
under different current densities within 20 cycles (Figure S7).

The cyclic performances of the FeS,@S composite, FeS,
electrodes, and the sulfur contribution were also investigated
(Figure 4c). The normalized capacity of 430.7 mA h g~' for
sulfur was obtained at 1000 mA g~' after 200 cycles.
Accordingly, the discharge capacity remains at 249.5 and
171.1 mA h g for FeS,@S and FeS, electrodes, respectively.
By comparison, the FeS,@S composite electrode in liquid
organic electrolytes suffers from rapid capacity decay with low
Coulombic efficiency because of polysulfide dissolution and
shuttle reaction, which will reduce the active material
utilization (Figure S8). The extraordinary electrochemical
performance for the FeS,@S composite electrode might be
caused by the following factors: First, eliminating the
conversion reaction of FeS, by choosing a cut-off voltage of
1.5—2.8 V can decrease volume expansion of FeS,, which will
provide a stable host for sulfur, thus preventing the
pulverization of the cathode material. Second, the strong
interaction between highly electrical conductive FeS, and S can
maintain the solid—solid interfacial contact even though
volume expansion of sulfur occurred during cycling, which
will improve the cycling stability. Moreover, a different

reaction mechanism for sulfur by using solid electrolytes can
prevent the production and shuttle reaction of polysulfide
species, which will improve the mass utilization and reversible
capacity. The electrochemical performance of the as-prepared
FeS,@S cathode is one of the best among the reported all-
solid-state lithium—sulfur batteries based on FeS,@S and S@C
cathodes (Table S1).%232407%9

3. CONCLUSIONS

In summary, FeS, and FeS,@S composites are synthesized
with a liquid-phase approach, showing uniform distribution of
microsized spheres consisting of tightly aggregated nano-
particles. Both FeS, and FeS,@S microspheres were employed
as cathode materials in all-solid-state lithium—sulfur batteries
at room temperature. FeS,@S composites show specific
capacities of 1120.9, 937.2, 639.7, 517.2, 361.5, and 307.0
mA h g™' at 30, S0, 100, 500, 1000, and 5000 mA g~
respectively, corresponding to the normalized capacity of
1645.5, 1252.9, 782.5, 7002, 478.4, and 363.6 mA h g~" for
sulfur in all-solid-state lithium—sulfur cells. The cells maintain
the normalized specific capacity of about 430.7 mA h g™ for
sulfur after 200 cycles at 1000 mA g '. The successful
demonstration of the high power rate and excellent cycling
stability for the FeS,@S composite in room-temperature all-
solid-state lithium—sulfur batteries could be reasonably
attributed to the stable FeS, host for sulfur, enabling high
capacity contribution of sulfur and efficient contact between
FeS,@S and the highly ionic conductive Li ,GeP,S,, solid
electrolyte, resulting in the formation of a stable interface with
smooth fast electron and ion conductions across the composite
positive electrode and sulfide solid electrolyte. Clearly, the
environmentally benign, low-cost pyrite showed a competitive
sulfur host electrode material for all-solid-state lithium—sulfur
batteries at room temperature.
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