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ABSTRACT: Due to the inevitable chemical reactions between
the nucleophilic lithium polysulfides and electrophilic carbonate
solvents, conventional S cathodes are incompatible in carbonate-
based electrolytes. Alternative ether-based electrolytes are
confronted with another concern of the dissolution of long-
chain Li,S, (4 < x < 8) intermediates. Herein, originally
designed strategy to stabilize S cathodes in these two electrolytes
was proposed by introducing central Fe linkers to switch the
lithiation/delithiation route from the formation of long-chain
Li,S, intermediates to LiFeS, intermediates. Based on this,
amorphous FeS,/C (a-FeS,/C, x = 2, 4, 6) composites,
synthesized by comelting ferrocene and sulfur, were demon-
strated as effective cathodes for Li—S batteries. a-FeS,/C cathode
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delivers a remarkably high capacity of 931 mAh g™ at 0.1 A g™' and a stable cycling performance of over 500 cycles in a
carbonate electrolyte without any compatibility problem. Good cyclability with high capacity is also demonstrated in a LiNO;-

free ether electrolyte.

B INTRODUCTION

Lithium—sulfur (Li—S) batteries are a promising next-
generation system with high theoretical specific capacity
(1675 mAh g™") and energy density (2600 Whkg™)." However,
sulfur cathodes still face many challenges, especially the
chemical unstability of lithium polysulfide intermediates
(Li,S,, x = 4-8) in liquid electrolytes. In ether-based
electrolytes, the long-chain polysulfides can be dissolved in the
electrolyte and chemically reduced on the lithium anode
surface.”™* Such reactions would lead to both passivations of
the lithium anode by forming an insulating surface layer (mainly
composed of Li,S, and Li,S) and generation of low-order
polysulfides that shuttle back to the cathode to be recharged to
higher-order polysulfides, resulting in the so-called shuttling
effects in Li—S batteries. In carbonate-based electrolytes, the
inevitable chemical reactions between the nucleophilic Li,S,
intermediates and electrophilic solvents can trigger continuous
decomposition. The widely used carbonate-based electrolytes in
lithium-ion batteries are generally incompatible in Li—S
batteries.”””

Although sulfur cathodes with various host materials are able
to show reduced polysulfide dissolutions and deliver feasible
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performance in the ether-based electrolyte, Li—S batteries bare
no tolerance of any polysulfide dissolution in the carbonate-
based electrolyte due to their irreversible chemical reaction. To
date, only a few sulfur-based composite cathodes have been
proved successful in carbonate-based electrolytes, such as
pyrolyzed polyacrylonitrile sulfur composites,”’ sulfur mole-
cules confined in microporous carbon composites,'* Se,S ,/C
composites," "' and molecular layer-deposited alucone- coated
S/C electrodes.'® The common feature of those cathodes is the
tailored sulfur cathode structure to alter the reaction route to
solid-state electrochemical conversion; thus, severe side
reactions could be avoided to a great extent in carbonate-
based electrolytes.

More recently, emergl amorphous transition metal
polysulfide cathodes (NbS,,'* MoS,,">'® and TiS,'”) have also
been proved feasible and show unique electrochemical property
in the carbonate-based electrolytes. For example, amorphous
niobium polysulfides (a-NbS, (x = 3—5)) exhibited reversible

Received: November 30, 2018
Revised:  February 25, 2019
Published: February 27, 2019

DOI: 10.1021/acs.chemmater.8b04987
Chem. Mater. XXXX, XXX, XXX—XXX


pubs.acs.org/cm
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.8b04987
http://dx.doi.org/10.1021/acs.chemmater.8b04987

Chemistry of Materials

(a) S——
Fe(CsH;), Nacl 5' ﬁ?ﬁ
; S o
m.p. 172°C Mixture of Sg —200 < Mi ut:e of NaCl wash
and Fe(CgHy), 24h ;. and FeS,[(Cg:x:

(c)

Sg
m.p.112.8°C \(t'g»
(b

L*“\h~ifﬂi
a-FeS/C

s, I s

Intensity(a.u.)

Intensity (a.u.)

(111

'8

et g, L
AP S

A
r..'.: ".;’. ".n f(
s

Intensity (a.u.)

T

1 20 30 40 70

20 (degree)

50 60

s =] }
200 400 600 800 1000 1200 1400 1600 1800 800
Raman shift cm™)

1200 1400
Raman shift (cm™)

1000 1600 1800

Figure 1. Synthetic route of a-FeS, materials and characterization. (a) Schematic illustration of the preparation of a-FeS,/C composites. (b) X-ray
diffraction (XRD) patterns of commercial Sg, Fe(CsHs),, and the as-prepared a-FeS,/C samples. (c, d) Raman spectra of commercial Sg, Fe(CsHj),,

and the as-prepared a-FeS,/C samples.
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Figure 2. Structure analysis of a-FeS,/C composites. (a) S 2p XPS spectra of the a-FeS,/C composites and commercial Sg. (b) Normalized Fe K-edge
X-ray absorption spectra (XAS) of a-FeS,/C in comparison with commercial FeS,, Fe,Sg, FeS, and metallic Fe. (c) Normalized S K-edge ex situ X-ray
absorption near-edge structure (XANES) spectra of a-FeS,/C sample in comparison with commercial FeS,, FeS, Fe,Sg, and Sg. (d) Fourier transform
of the Fe K-edge extended X-ray absorption fine structure (EXAFS) spectra (R space) of a-FeS,/C and commercial FeS,. (e) Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) images of the a-FeS,/C composite, and the scanning transmission electron
microscopy (STEM) image of the a-FeS,/C sample and corresponding energy-dispersive X-ray spectroscopy (EDX) elemental maps.

lithiation/delithiation process in a carbonate-based electrolyte,
with an average discharge voltage of about 2 V and an initial
discharge capacity of up to 596 mAh g™".'* The authors pointed
out that amorphization was an effective approach to increase the
capacities of niobium polysulfides. Amorphous molybdenum
polysulfide chalcogels (MoS; ), prepared through the oxidation
of (NH,),MoS, by iodine, were also reported with good
performance in a carbonate-based electrolyte, delivering an
initial discharge capacity of approximately 600 mAh g~'."* It is
demonstrated that those amorphous transition metal poly-
sulfides exhibit sulfur-like electrochemical behaviors and

transition metal function as “linkers” to prevent the formation
of unstable long-chain polysulfide.

Herein, for the first time, the switched lithiation/delithiation
route for sulfur cathodes in liquid electrolytes by introducing
central Fe linkers to exclude long-chain lithium polysulfide
formation is presented. The proposed amorphous FeS,/C (a-
FeS,/C, x = 2, 4, 6) cathodes could not only operate effectively
in a LiNOj-free ether-based electrolyte but also operate in a
common carbonate-based electrolyte. Synchrotron-based X-ray
absorption near-edge spectroscopy coupled with other charac-
terization techniques proved that (1) no free Sg molecule exists
in the a-FeS,/C composites and (2) the anchoring effects
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provided by the central Fe atoms during the lithiation/
delithiation process guarantee the formation of LiFeS,
intermediates rather than unstable long-chain Li,S, intermedi-
ates. This study clearly showed that a structure-oriented
electrochemical reaction mechanism/route for the sulfur
cathode expands the possibilities of sulfur-based cathodes in
carbonate electrolytes.

B RESULTS AND DISCUSSION

To synthesize the amorphous FeS,/C (a-FeS,/C) composites,
ferrocene (Fe(CsHs),), with a melting point of 172—174 °C,
was mixed with commercial sulfur followed by heating at 200 °C
for 24 h in a confined space sealed by NaCl (Figure 1a). During
the heating process, Fe(C;H;), reacted with sulfur to form
amorphous FeS, within the molten system. Here, x denotes the
molar ratio of Fe to S (x = 2, 4, 6) and corresponds to the
reaction stoichiometry. Meanwhile, amorphous carbon was
obtained from the chemical decomposition of Fe(CsHj), in the
confined spaces. Corresponding compositions of the a-FeS,/C
samples were characterized by elemental analysis and
inductively coupled plasma atomic emission spectroscopy
analysis, as shown in Table S1, which showed a similar molar
ratio of Fe to S as the raw materials. The carbon content in the a-
FeS,/C composites was about ~28—33 wt %, decreasing with
increasing x.

X-ray diffraction (XRD) analysis (Figures 1b and S1)
confirms the amorphous/disordered structure, and there are
four Raman peaks for the a-FeS,/C composites (Figure 1c,d),
which is quite different from that of traditional crystalline FeS,"*
(XRD pattern in Figure S2, Raman spectra in Figure S3). The
Raman peak at 1360 cm™ is attributed to D mode vibration of
graphite crystallites at the edges, and the peak at 1580 cm™
corresponded to G mode of carbon, which involved the
stretching motion of sp>-bonded carbon atoms in a two-
dimensional hexagonal lattice.'” The shift of G mode (~20
cm™') suggested a specific structure of carbon through the
formation of the C—S,, chains, which is similar to the reported
carbyne polysulfide.”® This shift was related to the synthesis
approach, where the carbon was derived from ferrocene
consisting of two cyclopentadienyl rings.”””' The peak at
1485 cm™! possibly resulted from the partial hydrogenation of
the amorphous carbon,”” which is consistent with the elemental
analysis results. The origin of the peak at 1707 cm™" is unclear,
but the four Raman peaks are presumably characteristic peaks of
the unique amorphous carbon formed from the reaction at a
relatively low temperature. Briefly, the absence of Fe(CsHj), or
S characteristic peaks confirmed the complete reaction between
Fe(CiHy), and sulfur. The different vibrational information
compared with FeS, also indicates the different chemical bonds
and symmetry between a-FeS,/C composites and FeS,.
Differential scanning calorimetry (DSC, Figure S4) analysis
further confirms the amorphous structure. Different from the
obvious endothermic peaks of commercial Sg and crystalline
FeS, (Figure S4a,b), no endothermic peaks were observed for
the a-FeS,/C and a-FeS,/C samples (Figure S4c,d), suggesting
good thermal stability, and there is no free sulfur in the samples,
whereas for the a-FeS¢/C sample, there is a small endothermic
peak at 200 °C, demonstrating the phase transformation at that
temperature.

X-ray photoelectron spectroscopy (XPS) was employed to
analyze the chemical state of elements for the a-FeS,/C
composites. As shown in Figure 2a, the S 2p spectra of a-
FeS,/C were composed of three sets of doublet peaks (S 2p;/,

and S 2p,,,), with S 2p;/, peaks located at 163.4, 163.8, and
168.5 eV, respectively. The presence of the S 2p;, peak at 168.5
eV indicated the formation of sulfur—oxygen bond (surface
sulfate, SO,*”) due to partial surface oxidation of the samples
(Figure S5).** As for the other two S 2p; , peaks, although there
is a slight energy shift among the a-FeS,/C samples, the binding
energies were substantially lower than 164.0 eV of the elemental
Sg. This demonstrated the different electronic state of sulfur in
the a-FeS,/C samples compared to that of elemental Sg.
Furthermore, the high-energy shift of the a-FeS,/C and a-FeS¢/
C samples compared to that of the a-FeS,/C sample should be
originated from the less degree of electron bond polarization of
sulfur along with the higher sulfur content in the sample.
Although the S 2p;,, peak at 163.4 eV has been reported as
bridge sulfur in a long chain linked by central inorganic atoms in
amorphous transition metal polysulfides,””** S 2p;, peaks
located at 163.4—163.8 eV were attributed to the C—S bond in
sulfur-based composites in other studies.”"** Since the binding
energies of these two interactions were too close to be
differentiated, the two S 2p;/, peaks at 163.4 and 163.8 eV are
generally assigned to sulfur interaction with iron or carbon in the
a-FeS,/C samples.

Typical synchrotron radiation-based X-ray absorption spec-
troscopy (XAS) of a-FeS,/C sample was conducted under
protection, as shown in Figure 2b—d. The absorption peak of Fe
K-edge arose from the transition of Fe 1s core electrons to the
unoccupied 4p states. The absorption peak of Fe K-edge of a-
FeS,/C shifted to a lower energy than that of FeS, and was
different from any other typical Fe—S compounds (FeS,, Fe,S;,
FeS, and Fe). Moreover, the long-range X-ray absorption region
of the a-FeS,/C sample exhibited a relatively flat curve, which
was consistent with its amorphous structure. The local
structures (R space) of Fe atom for the FeS, and a-FeS,/C
samples were characterized by Fourier transform (FT) of
extended X-ray absorption fine structure (EXAFS) (the
amplitude of the FT of the EXAFS (y(k)k*)) and are compared
in Figure 2d. The R space of the commercial FeS, showed
characteristic peaks at approximately 1.86 and 3.40 A (it is not
phase-corrected; so, the bond length is smaller than the real
crystalline value, Figure $6).%° The peaks observed at 1.86 A was
attributable to the Fe—S bond (2.269 A, Figure S6), whereas the
peak observed at 3.40 A was mainly related to the Fe—Fe bond
(3.838 A, Figure S6). These results are consistent with the
previous reports.”” The a-FeS,/C sample contained Fe—S
referred to the peak of 1.67 A, whereas the features were quite
different from that in the crystalline FeS,. Moreover, the peak
intensity for the Fe—Fe bonds in the R space was significantly
diminished in the a-FeS,/C spectrum. This is expected since the
EXAFS shows no long-range order. Consequently, the local
structures of Fe were different between a-FeS,/C and FeS,.
Unlike the crystalline FeS,, some polysulfide bonds had been
formed around the central Fe atoms in the a-FeS,/C, with longer
and irregular interatomic distance leading to the dispersion of
the Fe atoms. At the same time, the S K-edge (Figure 2c)
absorption of a-FeS,/C exhibited a white line peak in between
those of FeS, and S, suggesting that the chemical state of the S
element in a-FeS,/C sample was between those in FeS, and §
with large unoccupied densities of states of p character. The low
oxidation states of S should result from stronger Fe—S
interaction locally. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images in Figure 2e
show that the a-FeS,/C product is predominantly composed of
nanosized flocky spheres. The scanning transmission electron
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Figure 3. Electrochemical performance in carbonate electrolytes (1 M LiPF¢ in EC/DEC (1:1,v/v)). (a—d) Charge/discharge curves of the a-FeS,/C
and crystalline FeS, electrodes in 1.0—3.0 V versus Li/Li* at 0.1 A g". (e) Cycling performance of the a-FeS,/C electrodes at 0.1 A g~". (f) Rate
capabilities of the a-FeS,/C electrodes at the current densities from 0.1 to 2 A g™". (g) Long-term cycling performance of the a-FeS,/C electrode at 0.1

A g for 500 cycles.

microscopy (STEM) image and corresponding energy-dis-
persive X-ray spectroscopy (EDX) elemental maps for the a-
FeS,/C sample (Figure 2e) confirm the even distribution of S,
Fe, and carbon within the sample.

Figure 3 shows the electrochemical performance of the a-
FeS,/C electrodes in a carbonate-based electrolyte of 1 M LiPF,
in ethylene carbonate/diethyl carbonate (EC/DEC) (1:1, v/v).
Figure 3a—c depicts the discharge/charge curves of the a-FeS,/
C cells at 0.1 A g71 for the first five cycles. All three a-FeS,/C
electrodes presented analogous discharge/charge curves of
similar shape and voltage but possessed increasing capacities
with increasing sulfur content. The a-FeS,/C, a-FeS,/C, and a-
FeS4/C electrodes delivered an initial discharge capacity of
1236, 1474, and 1526 mAh g™, respectively. However, as
indicated by the obvious discharge plateau at around 2.45 V
(Figure 3c), part of the initial discharge capacity of the a-FeS/C
electrode was actually contributed from the irreversible side
reactions between long-chain polysulfides and the carbonate
electrolyte. The irreversibility problem is also common for
traditional sulfur cathodes in carbonate electrolyte,"* but the
problem appeared to be resolved using the a-FeS,/C or a-FeS,/
C electrode, as indicated by the absence of the extra discharge
plateau. The resulting charge capacities of a-FeS,/C, a-FeS,/C,
and a-FeS4/C electrodes were 803, 931, and 944 mAh gfl,
respectively.

The subsequent discharge/charge curves were stabilized and
became very similar for the three a-FeS,/C electrodes, with an
average discharge plateau at about 1.8 V and a small shoulder at
roughly 1.3 V, arising from the stepwise reduction of the
polysulfide cathode.”® The charge curves exhibited a minor
plateau at ~1.65 V and a major plateau at ~2.25 V. The
galvanostatic intermittent titration technique analysis provided
equilibrium discharge/charge curves of the same shape but with
smaller polarizations (Figure S7). In contrast, the crystalline

FeS, presented a distinctive two-step discharge curve (Figure
3d) with more than half of the capacity delivered below 1.5 V.
The stabilized discharge capacity of the crystalline FeS,
electrode (~650 mAh g™') was also substantially smaller than
that of the a-FeS,/C electrode (~800 mAh g™') with a similar
chemical formula. The relatively sloping and smooth discharge/
charge profiles of the a-FeS,/C electrode indicated continuous
Li" storage sites within the a-FeS,/C electrodes.””’

Figure 3e compares the cycling stability of the three a-FeS,/C
electrodes at 0.1 A g~'. Except for the initial few cycles, the a-
FeS,/C electrode maintained the highest capacities over 100
cycles. The discharge capacities of the a-FeS,/C, a-FeS,/C, and
a-FeSy/C electrodes were 696, 735, and 671 mAh g_l,
respectively, at the 100th cycle. It is not surprising that the a-
FeS¢/C electrode faded more quickly than the other two
because of the occurring side reactions with the carbonate
electrolyte discussed earlier, as well as the possible structural
change caused by the multielectron electrochemical reactions."*
Even after 500 cycles, the a-FeS,/C electrode still maintained a
high discharge capacity of 644 mAh g' (Figure 3g).
Additionally, all of the a-FeS,/C electrodes exhibited acceptable
rate performance, as shown in Figure 3f Consistent with
previous discussions, a higher sulfur content of the a-FeS,/C
electrode leads to a higher capacity overall. This trend was more
obvious at low current rates and vanished at high current rates.
When returning to the low current rate of 0.1 A g™' after the
high-rate cycling, the a-FeS,/C electrodes almost recovered the
capacities before high-rate testing, indicating that the high-rate
performance was limited by kinetics rather than structural
deformation. Nevertheless, the reversible capacities or the
capacity retentions of the three a-FeS,/C electrodes have well
exceeded most reported metal polysulfide materials'*~"” and
crystalline FeS, cathodes (Tables S2 and S3). The homoge-
neous distribution of iron, sulfur, and carbon in the a-FeS,/C
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Figure 4. Postmortem characterization of the a-FeS,/C electrode in carbonate electrolyte. (a) Typical discharge/charge curve of the a-FeS,/C
electrode at 0.1 A g™". (b) Ex situ XPS spectra of S 2p for a-FeS,/C cathodes at different discharged or recharged states. The cells were discharged to
2.0,1.3,and 1.0 V or recharged to 1.7,2.3,and 3.0 V. (c, d) Evolution of S K-edge and Fe K-edge XANES spectra of a-FeS,/C electrode during the first

lithiation/delithiation process and the full delithiation state after cycles.

electrodes should be helpful to ensure the effective confinement
of sulfur. EDX maps of the a-FeS,/C electrode after 100 cycles
still showed even distributions of the three constituents with no
obvious agglomeration of sulfur (Figure S8).

To investigate the electrochemical reaction mechanism, the a-
FeS,/C cathode discharged and charged to various states in
carbonate electrolyte was analyzed by XPS (Figure 4a). During
the discharge process (Figure 4b), the emerging S 2p;, peaks at
169.2 and 167.1 eV indicated the formation of sulfur oxidation
groups (RSO6,R’ and RSO;, respectively)’' as the solid
electrolyte interface (SEI) components on the surface of the a-
FeS,/C cathode. The increasing peak intensities of the sulfur
oxidation groups with deeper state of discharge suggested the
thickening of SEI during discharge. Basically, the results are
consistent with previous reports about other types of sulfur
cathodes in the carbonate-based electrolyte, indicating that the
formation of SEI layer on the surface of cathodes is also
important for the quasi-solid electrochemical reaction.'”'**" In
addition, the other sulfur peaks could be split into other two S
2p;), peaks at 163.7 and 162.3 eV. The former peak showed
decreasing intensity upon discharging, whereas the latter peak
behaved oppositely, indicating the reduction of sulfur as the

active material in the composite. Since the S 2p level of S* state
is known to span the energy range of 160—162.7 eV,*>*3 the §
2p3/, peak at 162.3 eV was most reasonably attributed to the
reduced sulfur components in the discharged state. However, no
signal was observed at around 160.5 eV for Li,S** even when the
electrode was discharged to 1.0 V (Figure 4b). The remaining S
2p;/, peak at 163.7 eV also suggested an incomplete reduction of
sulfur. The S 2p;/, peak at a higher binding energy (green peaks
in Figure 4b) increased upon charging, suggesting that most of
the reduced sulfur were reoxidized upon delithiation of the
cathode. The XPS spectra evolution of the iron component
during discharge/charge was also studied (Figure S9). Basically,
the Fe 2p XPS spectra of the a-FeS,/C cathode at all discharged
or charged states are very similar apart from the weak signal
obtained at full discharge, which might be influenced by the SEI
formation on the cathode surface. Moreover, these Fe 2p XPS
spectra are different from that of the initial state of a-FeS,/C
cathode before cycling (Figure SSb), indicating the variation of
the chemical state compared to that before electrochemical
reaction, and no signal due to Fe( is observed.

Ex situ X-ray absorption near-edge structure (XANES)
spectra of Fe K-edge and S K-edge for the a-FeS,/C cathode
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Figure S. Electrochemical performance of the a-FeS,/C electrodes in ether electrolyte. (a—c) Charge/discharge curves of the a-FeS,/C electrodes in
the potential region of 3.0—1.0 V versus Li/Li" at 0.1 A g™". The electrolyte here was 1 M LiTFSI in DOL/DME (1:1, v/v) free of LINO;. (d—f)
Charge/discharge curves of the a-FeS,/C electrodes in the potential region of 2.8—1.8 V versus Li/Li* at 0.1 A g~". The electrolyte here was 1 M
LiTFSI in DOL/DME (1:1, v/v) with 1 wt % LiNOs. (g) Cycling performance of the a-FeS,/C electrodes in the potential region of 3.0—1.0 V versus
Li/Li* at 0.1 A g™*. The electrolyte here was 1 M LiTFSI in DOL/DME (1:1, v/v) free of LiNOs,

were also measured under protection at different states (Figure
4c,d). Throughout the discharge/charge cycle, the white line
peaks of the S K-edge XANES spectra for the a-FeS,/C cathode
were located between those of Li,S and Sg (Figure 4c). The peak
gradually shifted toward higher energy during discharging and
recovered to the original position upon recharging, and highly
reversible redox reactions of S were observed. Notably,
characteristic peaks of Li,S, (at ~2468 and 2469.5 eV'¥10)
were absent from the discharge/charge process, demonstrating
that the electrochemical process of a-FeS,/C was free of soluble
Li,S, intermediates and thus stable against carbonate electrolyte.
Fe K-edge XANES spectra evidenced that the iron component
was also reduced during discharge and oxidized during charge
(Figure 4d), whereas no metallic Fe generated among the whole
lithiation/delithiation process. After 10 or 50 cycles, the spectra

of a-FeS,/C at fully charged state remained highly similar to that
measured for the first cycle. Good reversibility of a-FeS,/C
cathode was inferred.

Based on the XPS and XANES results, the electrochemical
reaction of the a-FeS,/C cathode did not involve the formation
of any metallic Fe and Li,S, intermediates. Reasonable reaction
route combines both intercalation/deintercalation and con-
version reaction simultaneously, as similar to the reported
amorphous TiS, cathodes.'” During the lithiation process, the
coordination number of Fe decreased with the increasing Li
content, whereas the Fe component still maintained the —Fe—
S— chains in the amorphous LiFeS, intermediates.”” Thus,
central Fe atoms within the a-FeS,/C composites would anchor
S atoms during cycling, with the formation of solid LiFeS,
intermediates rather than soluble Li,S, species.
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The electrochemical properties of the a-FeS,/C electrodes
were further generalized in the ether-based electrolytes with or
without the LINO; additive. Because of the serious polysulfide
dissolution problems and the resulting shuttling effects for
common sulfur cathodes, LINO; is often used as a consuming
additive to passivate the lithium anode surface and control the
polysulfide shuttling effects. However, the side reactions
between LiNO; and cathodes below ~1.8 V have limited its
feasible electrochemical window and thus have to sacrifice the
undervoltage capacities. Herein, taking the advantage of the a-
FeS,/C cathodes to abstain from polysulfide intermediates, cells
using a LiNOs-free electrolyte of 1 M LiTFSI in dioxolane/
dimethoxyethane (DOL/DME; 1:1, v/v) were tested. The
corresponding discharge/charge curves at 0.1 A g~ between 1.0
and 3.0 V are shown in Figure Sa—c. The performance of the a-
FeS,/C electrodes was very similar to that in the carbonate-
based electrolyte (Figure 3a—c), except for the polysulfide
(Li,S,, 4 < x < 8) plateau at around 2.35 V in the a-FeS,/C cell
rather than a side-reaction plateau at about 2.45 V (Figure Sc
versus Figure 3c). When the electrolyte was added with 1 wt %
LiNO;, the operating voltage window was adjusted to 1.8—2.8 V
to avoid unfavorable reactions of LINO;. As demonstrated in
Figure Sd—f, the a-FeS,/C electrodes exhibited typical
discharge/charge curves that were exactly corresponding to
the portion in the same voltage range of the LINO;-free cells.
The LiNOj; additive obviously helped to reduce shuttling effects
(particularly, the suppression of overcharge) in the a-FeS4/C
cell but at a cost of significant capacity reduction due to the
restricted voltage range. On the other hand, the LiNO; additive
was completely unnecessary for the a-FeS,/C and a-FeS,/C cells
because their electrochemical mechanisms were free of
polysulfide intermediates in the first place.

The cycling stabilities of the a-FeS,/C electrodes in the
LiNOj-free ether-based electrolyte are shown in Figure Sg.
Similar to the performance in the carbonate-based electrolyte,
the higher the sulfur content of the a-FeS,/C electrode, the
higher is the initial reversible capacity. The first-cycle discharge/
charge capacities of the a-FeS,/C, a-FeS,/C, and a-FeS4/C
electrodes were 1016/770, 1107/906, and 1223/990 mAh g_l,
respectively. Although the a-FeS¢/C electrode had the highest
initial reversible capacities, the stable a-FeS,/C electrode readily
showed the comparable capacity to the faded a-FeS¢/C
electrode after about 50 cycles. After 100 cycles, the discharge
capacities of the a-FeS,/C, a-FeS,/C, and a-FeS/C electrodes
were 610, 721, and 704 mAh g_l, respectively. In addition, the
coulombic efficiency of the two stable electrodes, a-FeS,/C and
a-FeS,/C, was close to 100%, whereas the lower coulombic
efficiency (referring to a larger charge capacity than discharge
capacity) of the a-FeSs/C electrode indicated the presence of
polysulfide shuttling effects (Figure S10).

After disassembling the cycled cells (Figure S11), the obvious
dissolution of lithium polysulfides in the a-FeSs/C cell was
confirmed by the apparent yellow color on the separator and
lithium metal anode, as well as the serious corrosion of the
lithium metal anode. In contrast, neither the obvious coloration
of the separator nor lithium metal corrosion was observed in the
a-FeS,/C and a-FeS,/C cells. The ultraviolet—visible spectra of
the three a-FeS,/C electrodes after 30 cycles also proved similar
results (Figure S12). The a-FeS;/C electrode showed a
significantly high intensity of polysulfide (S,*”, 4 < n < 6)
peaks,”* whereas the corresponding peaks were relatively weak
for the other two electrodes.

B CONCLUSIONS

In summary, we demonstrate a highly efficient approach to
achieve excellent cyclability of sulfur cathode in both carbonate
and LiNOj-free ether-based electrolytes by simply introducing
central Fe linkers to exclude long-chain lithium polysulfide
formation. The proposed novel amorphous FeS,/C (a-FeS,/C,
x =2, 4, 6) composites could be obtained by a facile synthesis
approach of comelting reaction between ferrocene and excess
sulfur at 200 °C. Multiple characterization methods (including
XRD, DSC, XPS, and XANES) demonstrated that there is
almost no free sulfur in the a-FeS,/C composites, especially the
a-FeS,/C and a-FeS,/C composites. Evidently, the a-FeS,/C
electrodes undergo a unique electrochemical reaction mecha-
nism, involving continuous lithiation/delithiation pathways with
varying lithium content in the form of the Li FeS, intermediates

rather than the unstable long-chain lithium i)olysulﬁdes.
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