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ABSTRACT: Mixed cationic and anionic redox cathode chemistry
is emerging as the conventional cationic redox centers of
transition-metal-based layered oxides are reaching their theoretical
capacity limit. However, these anionic redox reactions in transition
metal oxide-based cathodes attained by taking excess lithium ions
have resulted in stability issues due to weak metal−oxygen ligand
covalency. Here, we present an alternative approach of improving
metal−ligand covalency by introducing a less electronegative
chalcogen ligand (sulfur) in the cathode structural framework
where the metal d band penetrates into the ligand p band, thereby
utilizing reversible mixed anionic and cationic redox chemistry.
Through this design strategy, we report the possibility of
developing a new family of layered cathode materials when partially filled d orbital redox couples like Fe2+/3+ are introduced in
the Li-ion conducting phase (Li2SnS3). Further, the electron energy loss spectroscopy and X-ray absorption near-edge structure
analyses are used to qualitatively identify the charge contributors at the metal and ligand sites during Li+ extraction. The detailed
high-resolution transmission electron microscopy and high annular dark field-scanning transmission electron microscopy
investigations reveal the multi-redox induced structural modifications and its surface amorphization with nanopore formation during
cycling. Findings from this study will shed light on designing Ni and Co free chalcogen cathodes and various functional materials in
the chalcogen-based dual anionic and cationic redox cathode avenue.

■ INTRODUCTION

The first commercial Li-ion battery (LIB) was released in
1991, which comprised a LiCoO2 cathode, graphite anode, and
lithium-ion-containing electrolyte.1,2 Even after 30 years of
active research, the current Li-ion battery technology has
reached a plateau and needs to be improved in terms of energy
density and cyclability to meet growing energy needs. In
general, the conventional cathodes such as LiCoO2 (LCO),
LiFePO4 (LFP), LiNiMnCoO2 (NMC), and LiNiCoAlO2

(NCA) are based on the redox chemistries of transition
metals, and their capacity utilization is compensated solely by
transition metal ions (cationic redox offering specific capacity
in the range of 150−200 mAh/g).2 Further, the researchers
have been trying to extend the capacity as well as energy
density toward 250 mAh/g and 500 Wh/kg, respectively.3

With this motivation, in recent years, researchers have been
exploring the so-called “Li-rich anion redox” cathode
chemistry, wherein electrons stored on oxide anions are
reversibly utilized during redox reaction along with transition
metal redox.4 The combined redox of both anion and cation
causes significantly higher energy storage capability from these
Li-rich cathode materials.

In Li-rich anion redox cathodes, rigorous research was
carried out by many research groups to understand their
structural and electrochemical properties and eventually
commercialize them for next-generation LIBs. Among various
cathode materials , the layered cathodes such as
Li1.2Ni0.15Mn0.55Co0.1O2 and Li1.2Ni0.2Mn0.6O2 and disordered
rock salt cathodes such as Li1.3Ni0.27Nb0.43O2 and
Li1.3Mn0.4Nb0.6O2 are popular as they deliver a high capacity
of 250 mAh/g at room temperature.5,6 The attractive anion
redox chemistry was well investigated by Tarascon and his co-
workers in model anion redox cathodes and Li-rich NMC by
various research groups around the world.7−13 Even after
rigorous research in the field of anion redox chemistry, the
lithium-rich cathodes have not been commercialized yet due to
their unsolved fundamental issues of voltage fade, voltage
hysteresis, and irreversible oxygen release.14 Though several
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mitigation strategies have been introduced while under-
standing the redox mechanism through advanced character-
ization tools including X-ray absorption spectroscopy,15 hard
X-ray photoelectron spectroscopy,10,16 resonant inelastic X-ray
scattering,13,17,18 and nuclear magnetic resonance19,20 and
Raman spectroscopy,21,22 gaining fundamental knowledge is
being evolved continuously as the rationalized understanding
of its failure mechanism is not yet clear.
The anion redox phenomenon was well investigated in

practical Li-rich NMC material and Ru-, Ir-based model
compounds, and it was proven that the oxygen redox
stabilization is intrinsically improved by raising transition
metal and oxygen ligand covalency as the Ru exhibited higher
oxygen redox stabilization than Mn.7,23,24 The driving force for
improved anion redox reaction is metal−ligand covalency, and
the property could be improved to achieve efficient anion
redox stabilization in contrast to unstable oxygen anion redox
in oxide cathodes. To improve the metal−ligand covalency, the
strategy of replacing the oxide ligand with the chalcogen (S,
Se) ligand is emerging, where the less electronegative nature of
the chalcogen improves the ligand p band penetration into the
metal d band with a combination of appropriate metals and
chalcogen ligands. Back in the 1990s, the replacement of less
electronegative chalcogens in transition metal chalcogenide
compounds and their anion cation redox competition behavior
were well investigated by Rouxel et al.25−27 With this
promising chalcogen chemistry, Tarascon and his co-workers
revisited one of the early layered chalcogen structures and
identified its electrochemical performance and possibility of
utilizing this chemistry for next-generation cathodes.28 The
results exhibited superior performance in terms of voltage fade,
voltage hysteresis, and capacity fade. This work indicates a
proof of concept that the chalcogen anion redox in a Li-rich
cathode is possible, and it calls for materials researchers to
further design unexplored chalcogen anion redox compounds
elucidating the structure−property relationship. Even though
few research reports have revisited chalcogen cathodes, both
Li-rich and conventional chalcogen cathodes, the evolution of
chalcogen anion redox cathode chemistry is at its infancy.29−31

On the basis of their thermodynamic stability and synthesiz-
ability, design rules for developing available chalcogen anion
redox cathode compounds need to be investigated which could
potentially lead to achieving unexplored cathode materials and
taking advantage of their attractive properties.
With this motivation, the search of new cathode material

design in chalcogen materials was attempted and proved that
chalcogen-based Li-ion conducting phases could be utilized for
electrode materials design of mixed anionic and cationic redox
cathodes with partially filled d orbital redox couple
substitution. To prove this concept, here we introduce mixed
anionic and cationic redox activity in Li2SnS3, which is one of
the fast Li-ion conductors, by substituting the Fe redox couple
in the host cation Sn site that triggered the sulfur anionic redox
and led to Ni and Co free chalcogen-based mixed anionic and
cationic redox Li-ion cathode materials. This research focuses
on electronic structure, electrochemical behavior, and
lithiation-delithiation induced structural degradation of the
Fe redox couple substituted Li2SnS3 cathodes through
advanced spectroscopy and high-resolution microscopy inves-
tigations.

■ RESULTS AND DISCUSSION

Structural Evaluation. The targeted materials with various
quantities of Fe2+ substitutions were carried out using
conventional solid-state synthesis. The pristine material
Li2SnS3 appeared to be dark green crystals, and the color
changed to uniform brown-colored crystals after Fe sub-
stitution, which implies that the substitution occurred
homogeneously (Figure S1). In addition, the homogeneous
presence of iron after substitution is shown in Figure S2. The
Li2SnS3 was synthesized, and its structure−property relation-
ship was previously reported in the literature by Brant et al. in
2015.32 This Li-ion conducting compound (Li2SnS3) was
identified as a sodium chloride like structure type where each
Sn4+ and Li+ ion is octahedrally coordinated with S atoms. The
Sn4+ ions reside on the metal layer, and the Li ions reside on
the Li layer as well as the Sn metal layer in the layered
structural framework. The substitution of Fe2+ was carried out
in the Li1.33Sn0.67S2 (Li2SnS3) phase, and different Fe2+ levels
starting from 0.1 to 0.4 were synthesized according to this
design formula Li1.33−2y/3M0.67−y/3FeyS2 (M = tetravalent metal
ion, 0 ≤ y ≤ 0.4). Recently, the similar design formula was
successfully used to prepare a Li-rich chalcogen anion redox
compound by Tarascon and his co-workers, and the authors
demonstrated anion redox performance in Ti-based Li-rich
chalcogen cathodes for the first time.28 Other than Ni and Co
redox couples, Ti and Fe redox couples are common in battery
materials especially Li4Ti5O12 and LiFePO4.

33,34 The Ti is
commonly in the tetravalent state (Ti4+), which is a fully
emptied d orbital configuration (3d0), implying that the Ti will
not be oxidized further in the potential region of interest in this
study. Stabilizing Ti in a lower oxidation state needs synthesis
optimization that leads to additional challenges. With these
challenges, an alternative and cheap redox couple is the Fe
redox couple whose redox reactions are well investigated in
sulfide frameworks for Li-ion battery cathode materials.35 In
addition, triggering anionic redox in a chalcogen framework
needs a redox couple that is pinned on top of the chalcogen
anion p band, thereby covalent mixing of the redox couple d
band and chalcogen anion p band will lead to reversible
cationic and anionic redox reactions during Li extraction.36

With this fundamental necessity, the Fe redox is preferred as a
model redox couple to activate the anion redox phenomenon
in the Li1.33Sn0.67S2-based chalcogen framework for the first
time, and further, this research can be explored to develop Ni
and Co free mixed anionic and cationic redox cathode
chemistry for Li-ion battery applications. The X-ray powder
diffraction patterns of simulated Li1.33Sn0.67S2, pristine
Li1.33Sn0.67S2, and various Fe substituted compounds prepared
in this work are shown in Figure S3. From the diffraction
pattern, the simulated Li1.33Sn0.67S2 powder pattern

32 matches
with the pristine Li1.33Sn0.67S2 powder pattern which confirms
the Li1.33Sn0.67S2 phase formation. Hereafter, the Fe substituted
compounds are named as X Fe-Li1.33Sn0.67S2 (X: amount of
Fe2+ substitution). Further, the Li1.33Sn0.67S2 Li-ion conducting
phase was substituted with the Fe redox couple and the
powder patterns were not changed significantly up to 0.3 Fe
substitution, implying that the substitution mixed well with the
Li1.33Sn0.67S2 framework over a compositional range up to 0.3
Fe substitution. However, the substitution beyond 0.3 Fe is not
matching with the simulated, pristine, and other Fe substituted
compositions which confirms the Fe substitution threshold in
this layered structural framework. Also, the additional peak
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emerged around ∼26° which may be attributed to the impurity
peak of Li2S from the precursor. Further, the pristine and Fe
substituted compositions were electrochemically analyzed for
identifying Li+ storage properties.
Electrochemical Investigation. The electrochemical

lithiation (discharge)-delithiation (charge) behavior was
investigated in Fe redox couple substituted Sn-based chalcogen
cathodes (0.1−0.4 Fe in Li1.33Sn0.67S2 host). All the electrode
compositions were cycled in conventional 1 M LiPF6 in
EC:DMC electrolyte combination without any additives. The
galvanostatic charge-discharge profiles of these compounds are
shown in Figure 1 and Figure S4. The voltage profiles of the
pristine composition exhibited negligible lithiation-delithiation
behavior, indicating that the composition (Li1.33Sn0.67S2) is
inactive in the potential region (1.7−3 V vs Li/Li+) due to the
high oxidation state of the Sn cation in which the Sn4+ is fully
occupied with 4d10 orbital configurations. Therefore, the
pristine composition exhibited negligible lithiation and
delithiation behavior in the potential region (1.7−3 V vs Li/
Li+) used in this study. This behavior is evidenced with the
charge-discharge profiles of the pristine composition and
shown in the Supporting Information (Figure S4). Though the
pristine composition has a rich nature of sulfide ligand, the
sulfide anion redox was not activated as the stable Sn4+ d states
are not pinned to the sulfur 3p ligand band. Hence, it is
hypothesized that introducing a partially filled d orbital
transition metal into the pristine Li1.33Sn0.67S2 composition
would allow accessing anionic redox along with cationic redox
activity. As per Figure 1a−c, the Fe redox couple substituted
compositions exhibited reversible Li insertion-extraction
properties with sloppy voltage profiles. In all Fe substituted
compositions, the charge-discharge curves showed dissim-

ilarity; especially the first charge curve has plateau-like
behavior (∼2.8 V vs Li/Li+), in contrast to consequent
charge-discharge profiles. Besides, the first charge cycle
exhibited less capacity (less Li extraction) than the first
discharge capacity that may be attributed to the Li deficient
nature during the pristine state. Therefore, during the first
charge, the capacity is less due to the less extraction of Li from
the structure, but the maximum Li occupation in the structure
was electrochemically achieved during discharge which is why
the first discharge capacity is higher than the charge capacity. A
similar phenomenon was observed in various Li-based layered
chalcogenides and discussed by Goodenough and co-work-
ers.36 The dissimilarity in charge−discharge profile also proves
that the structural path during the first charge (delithiation) is
completely different from the discharge (lithiation) structural
path as the similar behavior was observed in previous
chalcogen-based research reports.29,30 Further, the consequent
cycles showed plateau-like charge behavior at slightly higher
potential and sloppy discharge profiles with an inflection point
around ∼2.2 V vs Li/Li+, indicating that the lithiation and
delithiation structural path is different during charge and
discharge. The different lithiation and delithiation structural
path mechanisms were already evidenced in various Li-ion
cathodes.37 The observed voltage profiles are comparatively
different than what is observed in the seminal Li-rich NMC
composition and Li-rich chalcogen cathodes.28 Moreover, the
inflection point around (∼2.2 V vs Li/Li+) may be attributed
to the lithiation-induced phase transformation as it exhibited
significant lithiation path changes in the voltage profile. All the
Fe substituted compositions were investigated, and the voltage
profiles for continuous charge-discharge cycles are shown in
the Figure 1a−c and Figure S4. In comparison to various Fe

Figure 1. Electrochemical performance of Sn-based chalcogen anion redox cathodes. Galvanostatic charge-discharge profiles of (a) 0.1Fe-
Li1.33Sn0.67S2, (b) 0.2Fe-Li1.33Sn0.67S2, and (c) 0.3Fe-Li1.33Sn0.67S2 at 10 mA/g current density. (d) Charge-discharge profile comparison of different
Fe substitutions at 10 mA/g current density.
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substituted compositional ranges, the composition with 0.2 Fe
substitution in Li1.33Sn0.67S2 (pristine) system exhibited
superior performance over other compositions (Figure 1d),
and the composition was further investigated for under-
standing its possible charge compensation mechanisms.
Fundamentally, substitution of partially filled Fe2+ d states in
the conduction band will affect the Fermi level and S 3p
character which leads to a significant change in voltage profiles
and capacity after different Fe2+ substitutions, and this
observation is consistent with the seminal Li-rich chalcogen
cathode work by Saha et al.28 Despite exhibiting reversible
capacity, the voltage profiles in almost all the compositions
nested to large voltage hysteresis, and the origin of the capacity
fade and voltage hysteresis will be associated with any possible
structural transformation and Li-ion kinetic limitations during
electrochemical reactions, respectively.
Electrochemical Kinetic Study. From the voltage

profiles, it is clearly seen that the charge-discharge profiles
exhibited huge hysteresis (0.511 V at 50% state of charge)
starting from the first cycle; a voltage hysteresis plot for the 1st
cycle to the 30th cycle is shown in Figure 2a. To understand
the hysteresis further, we attempted to analyze the effect of the
upper cut-off potential on the voltage hysteresis (Figure 2b).
Unfortunately, the results had no significant effect on the
voltage hysteresis, which implies that the hysteresis in the Sn-
based chalcogen system may be originated from the intrinsic
nature of the Li insertion extraction reactions in this 0.2 Fe

substituted combination. With this observation, to further
analyze the process of Li insertion extraction from the cathode,
the galvanostatic intermittent titration technique (GITT)
measurement was carried out in the current density of 5
mA/g for an interval of 30 min, followed by an open circuit
state for 1 h, to allow the cell voltage to relax to a steady state.
The GITT measurement is a quasi-steady state chronopo-
tentiometry measurement and reliable to evaluate the chemical
diffusion coefficient of the Li insertion extraction reactions.38

The GITT measurements on the composite electrodes for
complete two continuous cycles are shown in Figure 2c,d. The
overpotential term is used in this measurement which is the
difference between the potential with a current pulse and the
potential during the relaxed state at each interval. The first
charge process exhibited less overpotential with a gradual
increment, and the discharge process delivered a huge
overpotential with complete sloppy behavior like typical
charge-discharge voltage profiles. The less overpotential with
gradual increment is due to the smooth and kinetically faster Li
extraction (charge) process from the 0.2 Fe substituted
composite cathode compared to the Li insertion (discharge)
process. The Li insertion is kinetically much slower and limited
compared to the extraction (charge) process which was
evidenced by the huge overpotential observed around 2.5−2.1
V during the insertion (discharge) process. Similarly, the
second cycle showed less overpotential during charge and high
overpotential with a clear inflection point at 2.2 V during

Figure 2. Electrochemical kinetic study of the Sn-based chalcogen anion redox cathode (0.2Fe-Li1.33Sn0.67S2). (a) Voltage hysteresis profile of active
cathode material at 10 mA/g current density. (b) Voltage profile of the cathode at different upper cut-off potentials. GITT profiles of active cathode
material: (c) 1st cycle and (d) 2nd cycle GITT profiles with 30 min pulse and 1 h relaxation.
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discharge. From the second cycle onward, the discharge profile
regions were distinguished clearly with two different sloppy
lithium insertion (charge) regions, indicating that this
phenomenon may be due to the multiphase reaction regions
and structural reconstruction. From the GITT profiles, the
inflection point region displayed a high overpotential of ∼187
mV compared to other regions, indicating that the region is
crucial where the electrochemical insertion of Li+ ions is
limited due to poor kinetics such as slow Li-ion diffusion and
charge transfer resistance of Li insertion reactions.
To understand the extent of Li insertion and extraction, the

cycling test for all the compounds was carried out in a half-cell
configuration at the current density of 10 mA/g. Figure 3a
exhibits superior electrochemical performance for 0.2 Fe
substituted compounds compared to other compositions. In
terms of capacity fade, there is a gradual deterioration in all the
compounds cycled at a very low current density of 10 mA/g
for 50 continuous cycles. Further, a cycling test of the 0.2 Fe
substituted cathode was studied at 50 mA/g, exhibiting high
rate cycling stability of 76% retention after 80 cycles (Figure
3b). The capacity degradation is mainly due to the multi-redox
induced structural transformation, and this hypothesis was well
evidenced with microscopy analysis in the later sections.
Though the cycling stability of this compound is comparable to
that of existing chalcogen anion redox cathodes,28,29,39 we
expect that nanostructuring and surface coatings strategies
would enhance the cycle life further.14,40,41 Further, the high
loading of 10 mg/cm2 cells exhibited excellent electrochemical

performance at 10 mA/g current density, indicating that the Fe
substituted composition exhibited good electronic and ionic
conductivity in this chalcogen framework (Supporting
Information, Figure S5).

Anion and Cation Redox Participation. To understand
the redox processes in the chalcogen anion redox compound,
various characterization tools have been used to qualitatively
identify the redox participation of the elements present in the
cathode compound. Among the compositional ranges, the 0.2
Fe substituted Li1.33Sn0.67S2 exhibited superior electrochemical
performance than other compositions. Therefore, this
composition was used for analytical characterization through-
out this work. To identify the cation redox in the cathode,
initially, Fe L edge electron energy loss spectroscopy (EELS)
measurement was carried out at different state of charge
samples. The sample preparation for EELS measurements and
procedures are given in the Supporting Information. Figure 4a
shows the Fe L2,3 edge spectrum for the pristine state, charged
to 3 V, and discharged to 1.7 V samples. There are two peaks
observed, and the first peak corresponds to the Fe L3 peak,
while the second peak corresponds to the Fe L2 peak with an
initial electronic state of p state. The L3 peak is responsible for
the Fe 2p3/2 initial state to Fe 3d final state transition, while the
L2 peak is for the Fe 2p1/2 to Fe 3d transition.42 The large
energy separation is due to the spin orbit interaction of the 2p
core hole splitting the final state into two peaks in the range of
710−730 eV. Further, the Fe L edge energy was shifted to a
high energy loss value when the cathode was charged to a full

Figure 3. Electrochemical cycling stability of Sn-based chalcogen anion redox cathodes. (a) Cycling stability of different Fe substituted Li1.33Sn0.67S2
compounds. (b) Cycling stability of 0.2Fe-Li1.33Sn0.67S2 cathode at a high current density of 50 mA/g (initial few cycles at 10 mA/g).

Figure 4. EELS measurements of 0.2Fe-Li1.33Sn0.67S2 compound cycled at different states of charge: (a) Fe L edge and (b) S L edge measurements.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c06828
J. Am. Chem. Soc. 2021, 143, 15732−15744

15736

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c06828/suppl_file/ja1c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c06828/suppl_file/ja1c06828_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06828?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06828?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06828?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06828?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06828?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06828?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06828?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06828?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c06828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


state of charge of 3 V corresponding to the possible Fe2+/3+

redox reaction. Upon discharged to 1.7 V, the Fe L2,3 edge was
further shifted back to lower energy, indicating the reversible
Fe redox contribution to the observed electrochemical
performance of the active material. However, the energy shifts
were not completely recovered after discharge which may be
attributed to the lithiation induced structural transformation
which causes irreversibility with the redox reactions. Thus, the
redox contribution of the cation Fe redox is identified through
Fe L edge EELS measurements. From the electrochemical
performance (Figure 1), a specific capacity value of ∼150
mAh/g at 10 mA/g was obtained without doing any nanosizing
and engineering optimization. If we consider the Fe2+/3+ redox,
the maximum capacity out of the Fe2+/3+ redox is ∼35 mAh/g
capacity in the formula unit (Li1.33−2y/3Sn0.67−y/3FeyS2, y = 0.2
gives Li1.2Sn0.6Fe0.2S2). Conventionally, the Fe2+/3+ redox is
quite prevalent in sulfide43,44 and oxide structures,45 and the
high voltage Fe3+/4+ redox is not so common in cathodes.46

Thus, we believe that the capacity contribution obtained from
this sulfide framework could be of exploiting the Fe2+/3+ redox
in the potential region of 1.7−3 V vs Li/Li+. After confirming
the Fe redox participation through metal L edge EELS
measurements, the possible sulfur anion redox participation
was investigated in the same set of samples. The S L-edge
spectra with weak pre-edge and strong main edge peaks are
shown in Figure 4b. The observed weak pre-edge and sharp
rising edge peaks are attributed to the transition between the S
2p states to the unoccupied molecular orbital states.47 The pre-
edge feature is mainly dominated by the transition of electrons
from S 2p to S 3s states, with hybridization character of metal
3d orbitals. Further, the sharp edge corresponds to the 2p core
level transition to unoccupied molecular orbitals of S 3s, S 3d
4s, etc.47 From the S L edge features, these spectra could be
used to qualitatively understand the elemental redox
participation in various composition ranges. After completely
charged to 3 V, the main peaks rising edge was shifted to high
energy, corresponding to the improved covalency between
ligand p states and metal d states due to the partial oxidation of
the sulfide anion.48 This observation confirms the S ligand
redox participation in this cathode material.
After identifying the Fe and S redox participation, another

possible elemental activity of Sn was identified through
synchrotron hard X-ray Sn K edge X-ray absorption spectros-

copy (XAS) measurements (Figure 5). The Sn K edge
measurements were collected in various state of charge samples
including the pristine state, charged to 2.6, 2.7, 3.0 V, and
discharged to 1.7 V. Figure 5a shows the Sn K edge X-ray
absorption near-edge structure (XANES) spectra with different
state of charge samples along with Sn metal reference foil and
Li1.33Sn0.67S2. The Sn K edge data were processed (normal-
ization, calibration, and energy alignment) with the Athena
software package.49 All Sn K edge spectra were energy aligned
with respect to the first derivative peak of the Sn reference foil
at 29200.4 eV as described in Kraft et al.50 In the Fe
substituted composition, the Sn and Fe elements are present in
tetravalent Sn4+ and divalent Fe 2+ valence states, respectively.
The tetravalent Sn4+ state is a fully filled d10 orbital
configuration that is not electrochemically active in the
potential range of 1.7−3 V. Therefore, the Li extraction/
insertion reaction is believed to be compensated by the Fe2+/3+

redox and partial sulfur anion redox reaction which contributed
toward the specific capacity of ∼150 mAh/g at 10 mA/g
current density. This explanation was further evidenced with
the Sn K edge XANES spectra that the edge energy of Fe
subsituted cathodes did not show any shift of both high energy
and low energy during different states of charge. Also, Sn K
edge spectra of cathode compositions have higher edge energy
than the Sn reference foil, corresponding to the high oxidation
state of Sn4+ to Sn metal reference foil Sn0. Apart from the
energy shifts, the intensity of the near-edge region of the Sn K
edge lowers when completely charged to 3 V, which may be
attributed to the local bonding environmental changes at the
different states of charge. To visualize the Sn K edge energy
shift unambiguously, the first derivative of the rising edge of
the Sn K edge region is shown in Figure 5b. As shown in
Figure 5b, the rising edge energy shifts are negligible in the
different state of charge materials, indicating that the Sn4+ is
not contributed toward the Li insertion and extraction
reactions. The Sn reference foil rising edge region in the first
derivative spectrum has a significant energy difference which
confirms the Sn elemental state in 0.2Fe-Li1.33Sn0.67S2 is at its
high oxidation state.
On the basis of the electrochemical activity of elements in

the cathode, the rough estimation of the Fe and S contribution
can be extracted from the observed electrochemical perform-
ance. When all the Li ions are extracted, the 0.2 Fe substitution

Figure 5. Ex situ hard X-ray XANES measurements of 0.2 Fe substituted active cathode compound at different states of charge. (a) Sn K edge
XANES measurements of active electrode cycled at different states of charge. (b) First derivative of rising edge Sn K edge region of active material
cycled at different states of charge.
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(expected formula Li1.2Sn0.6Fe0.2S2) can deliver 208 mAh/g
capacity (based on 1.2 Li) irrespective of irreversibility.
However, the practical electrochemical capacity of 150 mAh/
g (∼0.9 Li) was observed without doing any nanosizing and
engineering optimizations. Therefore, the observed capacity is
compensated roughly by 0.2 Fe2+/3+ of ∼35 mAh/g and the
remaining of ∼115 mAh/g contributed by S anion redox. To
further confirm the sulfur anion redox contribution, the XPS
investigation was carried out on pristine and fully charged
samples (Supporting Information, Figure S6). From the XPS
spectra, the S2− lattice sulfide peaks were deconvoluted into
doublets in the range of 161−163 eV. The two peaks resulted
from the spin-orbit doublet S 2p1/2 and S 2p3/2. At higher
binding energy, a peak at ∼163.6 eV is due to the possible
sulfide redox state variation, and the same binding energy
values were previously assigned to short-chain polysulfide
species in sodium-based layered cathodes.31,51 We assign the
S2

n− to the feature emerged in the fully charged state, and the
feature was not observed in the same binding energy region at
the pristine state which confirms the possible sulfur redox state
variation at the high state of charge. The broad features at the
high binding energy around 170 eV are associated with the
surface oxygen traces of sulfites and sulfates. To further identify
the S redox mechanism, the ex situ Raman spectroscopy was
used and the Raman spectra for different states of charge
samples are shown in Figure S7. The Raman spectra clearly
exhibited an M-S vibration around the 300 cm−1 region and
the possible dimer regions at the ∼500 and ∼650 cm−1. The
observed feature was similar to reported literature,30,52 and
further analysis is needed to clearly identify the dimer
mechanism of this anion redox reaction. Despite the sulfide
cathode chemistry exhibiting a low voltage plateau than oxides,
sulfide candidates are excellent as they exhibit a sulfide anion
redox potential lower than the stability window of the
conventional organic electrolytes. Even after rigorous research
in the field of anion redox chemistry, the Li-rich oxide cathodes
have not been successful yet due to their unsolved fundamental
issues of voltage fade, voltage hysteresis, and irreversible

oxygen release, and the rational understanding of the failure
mechanism is still not clear.53 On the other hand, the Li-rich
sulfide anion redox cathode chemistry is emerging and
exhibited highly reversible anion redox chemistry due to
improved metal−ligand covalency compared to highly argued
oxygen anion redox cathode chemistry.29 In addition, the anion
and cation redox competition behavior in transition metal
chalcogenides was understood by many researchers, especially
a seminal work by Rouxel et al. in 1996.27 With this
fundamental advantage, this cathode chemistry could lead to
the acceleration of the research direction to understand the
mixed anionic and cationic redox chemistry in various metal
ligand environments.

Triggering Sulfide Anion Redox Mechanism. In this
work, substitution of the d orbital metal redox couple acts as a
redox center and further triggered the anion redox in a sulfide
framework. This triggering event in anion redox chemistry with
a cation redox was achieved due to the “redox couple pinning” of
Fe2+/3+ on top of the sulfide framework (Li1.33Sn0.67S2). This
redox couple pinning mechanism allows the partially filled d
states to move to the top of an anion p band when the d state
changes to high oxidation. As introducing the redox couple on
top of the anion p band, the redox couple d band penetrates
the anion p band which leads to covalent mixing of the redox
couple d-band and p-band orbitals. When the metal redox
center is sufficiently oxidized, the orbital mixing event has an
additional electron source from the anion (which is sulfide
anion here) during Li-ion extraction.53 With this fundamental
theory, once the Fe2+ substituted in Li1.33Sn0.67S2, the Fe redox
couple is pinned well on top of the sulfide anion 3p band and
facilitates the electron transfer reaction from the sulfide anion
after Fe2+ oxidation. This Fe2+/3+ redox couple pinning
character is an added advantage to be used in assessing
various 3d metal ligand-based sulfide anion redox cathode
materials for Li-ion batteries. With this understanding, when
the Fe substitution is relatively large, the Fe d state character
will dominate near the Fermi level, and the improved d
character may raise the Fermi level. Since the Fermi level has a

Figure 6. Structural evolution of active cathode cycled at different states of charge. HR-TEM and its associated SAED patterns of (a, e) pristine, (b,
f) 2nd cycle discharged state, (c, g) 2nd discharged state of surface with the amorphous region, and (d, h) cycled electrode with complete
amorphous region. (Yellow-colored circles and arrows indicate degraded spots and directions, respectively.)
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direct correlation to electrochemical potential, increasing Fe
substitution will influence the electrochemical lithiation-
delithiation potentials, and further, the improved d character
will limit the anion redox reaction which is why the high Fe
substitution exhibits less capacity than others (Figure 1d).
Possible Failure Mechanism through Microscopy

Investigation. Though the Sn-based chalcogen cathode
exhibited mixed cationic and anionic redox, voltage fade and
gradual capacity fade issues are nested to the cathode material
during electrochemical cycling. To date, the similar voltage and
capacity fade mechanisms in Li- and Mn-rich oxide cathode
materials were investigated with various spectroscopy and
microscopy probes by numerous research groups.14,54,55 Here,
by examining morphological changes associated with electro-
chemical reactions of this cathode, it is possible to determine
the mechanism of their degradation processes and origin of
capacity fade mechanisms induced by electrochemical
reactions. Therefore, to evaluate structural modifications of
the active materials after electrochemical reactions, a detailed
microscopy investigation was carried out using high-resolution
transmission electron microscopy (HR-TEM) and high

annular dark field-scanning transmission electron microscopy
(HAADF-STEM) investigations. In this detailed microscopy
investigation, the high-resolution HRTEM micrographs and
their associated selected area electron diffraction (SAED)
patterns are shown in Figure 6, while the Z-contrast HAADF-
STEM images are shown in Figure 7. The samples of active
cathode material at different cycled states were used for this
microscopy investigation. Extreme care was taken to avoid
possible air contamination by preparing the samples inside a
glovebox and transferring them to the standard TEM sample
holder inside the glovebox. The HR-TEM and SAED patterns
of pristine, 2nd discharged, and cycled conditions are shown in
Figure 6, while 1st charged, 1st discharged, and 2nd charged
conditions are shown in the Supporting Information (Figure
S8). From the HRTEM images, the pristine material before
electrochemical reactions showed a crystalline ordered nature
with lattice fringes of the layered structural framework (Figure
6a). The SAED pattern of this material further supported its
crystalline nature with clear electron diffraction spots (Figure
6e). Because of surface oxidation, minimal surface layers are
observed and highlighted in yellow markings. Further, the

Figure 7. HAADF-STEM investigation of the 0.2Fe-Li1.33Sn0.67S2composite electrode at different states of charge: (a) pristine, (b) 1st charged, (c)
1st discharged, (d, g) 2nd charged, (e, h) 2nd discharged, (f, i) cycled electrodes. The yellow-colored circles and arrow markings show clearly the
nanoscale degraded regions of the cathode materials after different state of cycling conditions. In panel (c), the honeycomb ordering was visualized
and marked as yellow circles. The yellow circles in the other figures exhibit the structural degradation induced as a result of extended cycling.
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cathode material after electrochemical reactions, especially 1st
charged, discharged, and 2nd charged states, transformed to a
disordered phase with crystalline domains. Interestingly, the
degradation of the layered structural framework was clearly
observed in the 2nd discharged state where the disordered
amorphous region and ordered crystalline region are
distinguished in the same particle (Figure 6b). This
observation was supported with the SAED pattern which
shows crystalline electron diffraction spots (Figure 6f).
Further, the TEM micrograph of surface regions was imaged
that showed clearly an amorphous region with no lattice
fringes or ordered crystalline domains. To understand the
extent of this amorphization, the cycled cathode material after
50 continuous charge-discharge cycles was investigated that
exhibited complete amorphous regions, and the associated
SAED patterns confirmed this observation by exhibiting an
amorphous halo (Figure 6d,h). Also, the SAED pattern of the
surface region also exhibited no electron diffraction spots due
to amorphization during initial electrochemical reactions
(Figure 6g). With these results, we confirm that the Li
insertion-extraction reactions significantly transformed the
crystal structure, and the active materials started losing
crystallinity from the surface region during electrochemical
reactions. This amorphization mechanism was triggered during
initial Li insertion-extraction reactions and continued during
extended cycling. Furthermore, this amorphization reaction
mechanism could be the reason for constant capacity fade and
voltage fade during cycling. We suspect that these significant
degradation phenomena must be associated with loss in
chemical constituents such as sulfur loss. Previously, the
degradation due to sulfur loss was observed in chalcogen-based
layered sulfide cathode material and correlated toward
electrochemical reactions.30 Therefore, to evidence this
relation between amorphization and sulfur loss, we attempted
S L edge measurements in the same set of samples (Figure S9).
Surprisingly, after the initial cycle (1st cycle), the 2nd cycle
and cycled samples exhibit less S L edge intensity compared to
the pristine and 1st cycle, which confirms the loss in S during
the electrochemical reactions. The normalization of S L edge
spectra on a different set of samples was performed with
reference to pristine S L edge spectra. In summary, the TEM
investigation evidences that the Li insertion-extraction
reactions significantly induced structural inhomogeneity

starting from the surface of the cathode materials, resulting
in highly localized amorphization due to sulfur loss-induced
degradation. In comparison to oxide cathodes, severe
degradation phenomena such as pore formation and crack
formation were evidenced as a result of oxygen loss in various
high voltage layered oxide cathodes previously.14,56−58

Similarly, we expect that the observed sulfur loss phenomena
also could be associated with morphology changes during
cycling. In general, pore regions and crack formation could be
clearly seen in dark field HAADF-STEM investigations because
this Z-contrast imaging technique is highly sensitive to
variations in the atomic number of atoms in the samples. In
the pore and less dense regions, the average atomic number is
low. Therefore, introducing this Z-contrast technique will
clearly elucidate possible sulfur loss-induced degradations such
as pore and crack formation at the active materials after
cycling. The structural evolution due to Li insertion-extraction
was visualized in a series of samples using HAADF-STEM
images (Figure 7). The bright spots in the images represent
high atomic number elements such as transition metals, and
the light elements such as Li, S, and O will not show up as
bright spots. From the detailed Z-contrast HAADF inves-
tigations in the cycled samples, the porosity formation and
severe structural distortions were identified after cycling.
Figure 7a shows the ordered pristine cathode composition,

which exhibits bright spots of metal elements, and the lattice
exhibits no distortions or cracks regions. However, after the 1st
cycle, the lattice showed severe structural distortions and
nanopore formation that are identified as yellow-colored circles
and arrows in the figure (Figure 7c−f). Interestingly, the
structural distortion was well identified in the discharged state
sample (1st discharged) in which the honeycomb ordering was
observed and the ordered crystalline domain lost crystallinity
after consequent cycling (Figure 7c). Upon further inves-
tigation, we found that the pores and structural distortions
were extreme, and the crystalline domains were degraded,
leading to a complete distorted structure after cycling. As
evidenced in Figure 7a−f, the degradation mechanism (pore
and crack formation) progressed from during initial cycles to
extended cycling conditions. The cycled electrode exhibited
severe degradation compared to initial cycles that is strongly
supporting our HRTEM observation of amorphization.
Further, to identity nanopore regions in a complete particle,

Figure 8. EIS investigation of 0.2Fe-Li1.33Sn0.67S2 composite electrode cycled at different states of charge. (a) Nyquist plots of the composite
electrode at different cycles; the EIS was recorded after the respective cycle was completed. (b) A typical EIS model was fitted to the experimental
Nyquist plot.
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low magnification images of 2nd charged, 2nd discharged, and
cycled samples are shown in Figure 7g,h where a lot of
nanopores throughout the particle were identified in the cycled
cathode. This once again confirms that the nanopore formation
is due to the sulfur loss degradation process and was
accelerated due to extended Li insertion-extraction reactions.
To date, this nanopore/nanovoid formation due to oxygen loss
in the Li-rich oxide anion redox cathode and their degradation
mechanisms are investigated with correlation to fundamental
issues of voltage fade, voltage hysteresis, and capacity fade
mechanisms.14,58 Since the sulfide anion is a significant charge
contributor during Li extraction, the sulfur loss induced
amorphization phenomenon is a nanoscale evolution and the
loss in sulfur is directly reflected in charge-discharge voltage
profiles and constant capacity fade of the cycled cathode
materials. On the basis of the detailed experimental evidence, it
is confirmed that the sulfur loss and amorphization reactions
are coupled degradation mechanisms rather than separate
degradation mechanisms.
After understanding structural and electrochemical inves-

tigations, to understand the resistance factors induced by the
insertion-extraction reactions at the electrode-electrolyte
interface, the EIS analysis was performed at the different
cycled conditions. Figure 8a shows the Nyquist plots of active
cathode material at different discharged cycles. The measure-
ment was carried out in the coin cell with Li foil as reference
and counter electrodes. The active materials coated on Al foil
is used as the working electrode. In this two-electrode system,
the EIS contribution is previously proved to be mainly from
positive electrodes.59 Therefore, we correlate the EIS results
with a major focus of the positive electrode while neglecting
minimal contribution from the Li metal foil counter electrode.
All the EIS measurements exhibit two semi-circle regions
except for the pristine cell. The high frequency semi-circle
region corresponds to the surface film formation on the
positive electrodes, and the second low frequency region
corresponds to the charge transfer resistance upon Li+

insertion-extraction. Furthermore, a sloppy line is called
Warburg diffusion (W) in the electrolyte bulk. With this
understanding, the EIS data were fitted with an equivalent
circuit model (Figure 8b) and the resistance values for all the
active materials at different cycles were tabulated in Table S1.
From the model, the Re corresponds to the solution resistance,
and also, this is considered as uncompensated resistance in
electrochemical cells. The Rs and Cs correspond to the surface
film resistance and capacitance of the active sulfide composite
cathode, respectively. Finally, the Li insertion and extraction
induced charge transfer resistance and double layer capacitance
will be accounted for Rct and Cdl parameters, respectively.
From the Figure 8a and Table S1, the Re values for all the
materials exhibited minimal difference for all the cycles,
implying that the electrolyte is stable during electrochemical
cycling. During 1st and 2nd cycles, the Rs and Rct values
increased proportionally to the initial cycle number, indicating
that the structural distortion during initial cycles caused
significant changes at the electrode and electrolyte interface.
This observation was supported by GITT analysis (Figure 2)
that the huge overpotential during lithium insertion (dis-
charge) of initial cycles is due to the kinetic limitation of Li
insertion reactions which was further reflected in the EIS
measurements. In addition, the structural transformations
during initial cycles were well evidenced with the microscopy
investigation previously. Further, the Rs values of cycled

electrodes exhibit negligible difference which is due to the
stable film formation after the initial cycles. In general, most of
the surface film formation will occur during initial cycling.
However, the Rct values decreased proportionally over
extended cycling, exhibiting a trend that the resistance factors
increased during initial cycles and decreased during extended
cycling. This phenomenon may be due to the sulfur loss
induced by extended cycling conditions in which the complete
amorphization and nanopore formation were also observed
through microscopy investigation. We assume that the anion
redox induced sulfur loss may reduce the Li insertion-
extraction abilities, thereby showing gradual capacity fade
during cycling that could be correlated to the decrease in the
charge transfer resistance in the EIS. These findings in the Sn-
based chalcogen layered framework as a mixed redox cathode
is new, and further studies will be carried out to explore this
family of cathode chemistry for dual anionic and cationic redox
cathode materials.

■ CONCLUSION

In summary, a new Sn-based chalcogen cathode was identified
and its Li+ insertion and extraction properties were understood
to follow a dual anionic and cationic redox mechanism. The
chalcogen anion redox was triggered by improving the metal−
ligand covalency approach where the partially filled d orbital
redox couple was introduced into the chalcogen-based Li2SnS3
structural framework. From the electrochemical investigation,
this chalcogen-based structural framework reversibly exhibited
Li+ insertion and extraction properties even in the high loading
conditions. The charge compensation was achieved by
exploiting Fe2+/3+ redox and S2−/S2

n− redox reactions. The
layered crystalline phase was identified by substituting the
Fe2+/3+ redox couple in a Li-ion conducting phase Li1.33Sn0.67S2
with different compositional regimes. Further, the EELS
spectra were used to identify possible Fe and S redox
contributions, and the electrochemical inactivity of Sn4+ in
the active material composition was identified using XANES
spectra. Furthermore, an in-depth HR-TEM and HAADF-
STEM analysis revealed the severe surface amorphization and
nanopore formations at the cathode particles due to sulfur loss
associated with the mixed anionic and cationic redox reactions.
This is the first time that the Sn-based chalcogen framework
with an Fe redox couple crystalline phase was explored for
potential application in Li-ion cathode materials. The
experimental insights provide a significant design approach
that will accelerate the search for prospective Ni and Co free
chalcogen-based cathodes in the pursuit of next-generation
energy storage materials.
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