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ABSTRACT: The detailed understanding of kinetic and phase dynamics
taking place in lithium-ion batteries (LIBs) is crucial for optimizing their
properties. It was previously reported that Fe,;_,S/C nanocomposites
display a superior performance as anode materials in LIBs. However, the
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underlying lithium storage mechanism was not entirely understood during = 37

the 1st cycle. In this work, in operando synchrotron techniques are used to E s

track lithium storage mechanisms during the 1st (de)-lithiation processin ¢ 2

the Fe; ,S/C nanocomposite. The combination of in operando techniques >

enables the uncovering of the phase fraction alternations and crystal S 1-

structural variations on different length-scales. Additionally, the inves- §

tigation of kinetic processes, morphological changes, and internal & 0L . : : .

resistance dynamics is discussed. These results reveal that the phase 0 5
transition of Fe,_,S — Li,Fe,_,S, — Fe® + Li,S occurs during the Ist

lithiation process. The redox reaction of Fe** + 2e” = Fe” and the Fe K-

edge X-ray absorption spectroscopy (XAS) transformation process are confirmed by in operando XAS. During the 1st de-lithiation
process, Fe® and Li,S convert to Li, ,Fe,_,S, and Li" is extracted from Li,S to form Li,_,S. The phase transition from Li,S to Li,_,S
is not detected in previous reports. After the 1st de-lithiation process, amorphous lithiated iron sulfide nanoparticles are embedded
within the remaining Li,S matrix.
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1. INTRODUCTION electronic conductivity of FeS-based materials negatively
hinders Li*-ion transfer, leading to an inferior electrochemical
performance. To solve these issues, some solutions, such as
downsizing the metal sulfide particles and combining them
with elastic and conductive carbonaceous materials, have been
explored."”"® Metal sulfide particles with nanometer-scale
significantly improve the reaction efficiency and alleviate the
structural strain during the electrochemical process.'* A carbon
matrix can support the host materials by improving the
electronic conductivity and buffering volume changes."”™"*
These strategies are appealing approaches to enhance the rate
performance and cycling stability. A deep study of Li*-ion
storage mechanism and electrochemical performance is vital to
further practical applications. However, the mechanism of
lithium storage into FeS-based electrode materials during

To meet the ever-rising demands of durable, high energy
density secondary batteries, many strategies are dedicated to
optimize electrode materials’ properties of lithium-ion batteries
(LIBs).' ™ Metal sulfides (CoS,, SnS,, FeS, Sb;S,, MoS,, etc.)
attracted attention because of their high specific capacity, low
cost, and natural abundance.*”” Among them, FeS-based
electrode materials have advantages such as a high theoretical
capacity of 609 mA h g™' and abundant resources.” However, a
FeS-based anode material suffers from rapid capacity fading
and is caused by the huge volume expansion and the severe
side reactions during electrochemical reactions. More delete-
riously, the formation of the insulating polysulfide Li,S, (2 < x
< 8) impairs further electrochemical reactions.”'® Owing to
these shortcomings, at the present state of technology, such
types of conversion-type materials cannot be used for real
applications, but research on the elucidation of the Li*-ion Received: August 28, 2020
insertion/extraction mechanism and optimization of the Accepted: November 4, 2020
properties is crucial to make these materials more promising. Published: November 16, 2020
According to previous reports, the theoretical volume changes

of the FeS electrode can reach 200% during continuous

lithiation and de-lithiation processes.11 Additionally, the low
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Figure 1. X-ray radiation diffraction of the pristine Fe,_,S/C (a) and the pristine Fe,_,S/C material in the LP30 electrolyte for 1 h (b).

lithiation and de-lithiation processes is still under debate.
McMillan et al. claimed that the intermediate Li,FeS, does not
exist by using Fe Mossbauer spectroscopy’.19 Some previous
research works reported that the reduction of Fe,_,S forms the
intermediate product of Li,FeS,.”°"** However, there is no
evidence that the intermediate Li,FeS, is existing. Therefore, a
fundamental question remains: what is the product of the
conversion of a FeS-based material during the first lithiation
and de-lithiation processes? Furthermore, according to the
state-of-the-art literature, there is a lack of reports about the
structural evolution and tracking of the local environment
changes by using X-ray absorption spectroscopy (XAS) for the
FeS-based electrode.

The purpose of this work is to answer these unsolved
questions. This study focuses on the fundamental under-
standing of the crystalline structure changes by observing
phase transitions based on in operando synchrotron radiation
diffraction. Meanwhile, this work aims to track the changes of
the local environment and electronic transitions at the Fe K-
edge XAS through in operando XAS during the 1st lithiation
process. The surface morphology variation of the cycled
electrodes is observed by ex situ scanning electron microscopy
(ex situ SEM). Electrochemical impedance spectroscopy (EIS)
is used to investigate the charge-transfer resistance and solid
electrochemical interphase resistance of the Fe,_ ,S/C
electrode during the Ist lithiation/de-lithiation processes.

2. RESULTS AND DISCUSSION

2.1. Structural and Morphological Characterization.
Figure la shows the crystal structure of the pristine Fe,_.S/C
material. The Rietveld refinement demonstrates that the
pristine Fe;_.S/C material consists of a FeS phase, two phases
of Fe,Sy, and a Fe;C phase. In detail, the FeS phase (29%) has
a space group of P62¢; the Fe,Sg phase has a space group of
C2/c, with part stoichiometric (40%) and nonstoichiometric
(28%); and the Fe;C phase (3%) has a space group of Pnma.
The pristine material is labeled Fe,_,S/C for simplicity. The x
in Fe,_,S/C (0 < x < 0.125) varies from 0 (the FeS phase,
29%, space group of P62c) to 0.125 [the Fe,Sg phase,
stoichiometric (40%) and nonstoichiometric (28%), space
group of C2/c]. The composition of Fe,_,S/C is non-
stoichiometric because of ordered vacancies inside the Fe
lattice.”*° The presence of the Fe;C phase is beneficial for
the capacity increase, as already highlighted in our previous
work.”® Many strategies have been used to prepare a single-
phase iron sulfide material for exploring the lithium storage
mechanism.”*~>* However unfortunately, the obtained sample
always contains multiphases. There are some challenges to
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prepare single-phase iron sulfide compared with iron oxides,
which are summarized as follows: (1) iron sulfides have a
complicated stoichiometry because of the instability of ferric
ions and sulfide ions; (2) ferric ions can easily combine with
oxygen, and the obtained products could contain iron oxide or
iron hydroxide impurities; and (3) the phase diagram of iron
sulfides is very complicated. FeS is formed at high reaction
temperature (320 °C) and Fe,Sg; formation appears at low
reaction temperature (260 °C).”?

The pristine material was immersed in the LP30 commercial
electrolyte for 1 h to observe the effect of the pristine Fe, ,S/C
contact with the LP30 commercial electrolyte. No optical
changes in the material or the electrolyte were observed.
Nevertheless, for the investigation of nonvisible spontaneous
processes, the resulting structural changes of Fe, ,S/C are
analyzed (Figure 1b) and compared to the pristine material
(Figure 1la). The phase fraction of Fe;_,S/C changes after
immersion in LP30. The FeyS,, (P2, 63%) and FeS (P62,
34%) phases are confirmed from the Rietveld refinement. The
iron sulfide group consists of troilite (FeS) and pyrrhotites
with continuously variable compositions. In detail, Fe,Sy (4C)
has a monoclinic structure with a magnetic property; other
pyrrhotites [FeoS;y (SC) and Fey;S;, (6C)] have a hexagonal
structure with a nonmagnetic property.”’ >’ Fe,Sg (4C) is
recognized as charge-neutral when written as Fe,’'Fes**S,
which has 29% of Fe**. In comparison, FegS,, (SC) is written
as Fe,*"Fe,*'S,;, which contains 22% of Fe**. Additionally,
according to literature reports,””*® Fe,Sg (4C) has 12.5% of
vacancies and FeyS;, (SC) has less vacancies (10%). The
different amounts of Fe** and vacancies of pyrrhotites coexist
in the pristine Fe,_,S/C. The electrolyte (LP30) could
stimulate the phase transition from Fe,Sg (4C) to FeyS;, (5C).

The composition of the Fe;_ S material strongly depends on
the synthesis conditions. The high-temperature treatment
initiates the phase transition into pyrrhotite. It is not excluded
that part of the material can also be present in the amorphous
state. In our synthesized material, most of the mass belongs to
the Fe,Sg composition. The electrolyte medium provides Li*
ions, which can be absorbed by the material via diffusion on
the Fe,Sg surface. Finally, the phase transition can be shifted as
Fe,Sg — FeoS ), to compensate overcharge with Li* ions on the
surface. This process is opposite to the pyritization process,
described in ref 31. For a more detailed phase transition
mechanism, more advanced characterization techniques [X-ray
photoelectron spectroscopy (XPS), transmission electron
microscopy (TEM), and SEM/EDX] are required. Haines et
al. group theoretically investigated the structural instability
between troilite (FeS) and pyrrhotite (Fe;_,S). They found

https://dx.doi.org/10.1021/acsami.0c15500
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that Fe,Sy (4C) and Fey,S;, (SC) phases coexist at room
temperature and easily transform into each other.*” In the
following electrochemical characterization part of this paper,
the active material is labeled as Fe;_,S/C-LP30-1h (which
contains FeyS;, and FeS phases). Table S1 and S2 display the
detailed information about the cell parameters and the Rietveld
refinements (Chi2, R,, R, etc.) of each phase.

As observed from SEM images in Figure 2a, the pristine
Fe,_,S/C has Fe,_,S nanoparticles (50—60 nm), which are

Figure 2. (a) SEM image and (b) high-magnification SEM image; (c)
STEM and (d) HR-TEM image; and (e) STEM—EDS of the pristine
Fe,_,S/C material.

surrounded by interconnected carbon microspheres (1—2 ym).
Additionally, the Fe,_,S/C composite also has several forms of
carbon. Among them, the amorphous carbon covers all
particles and provides interconnection in the system. This
unique Fe,_,S nanoparticle-carbon microsphere structure has
significant impacts on the cycling stability of the Fe, ,S/C
electrode. The interconnected carbon microspheres enhance
the electron conductivity and maintain a structural integrity.
Furthermore, the space located between the Fe, .S active
material and carbon microspheres alleviates the mechanical
stress during the electrochemical reaction.”® Therefore, the
inhomogeneity distribution of carbon microspheres and Fe, S
nanoparticles is beneficial for the capacity retention and
structural stability of the Fe, .S/C electrode. The energy-
dispersive X-ray spectroscopy (EDS) confirms that Fe and S
are homogeneously distributed and surrounded by C in the as-
prepared product (Figure Sla—d). Furthermore, the scanning
transmission electron microscopy (STEM) imaging demon-
strates that Fe,_.S nanoparticles have an irregular shape (1—2
um) composed of nanocomposites (50 nm) in Figure 2c. The
high-resolution TEM (HR-TEM) imaging (Figure 2d) reveals
a polycrystalline sample composed of interconnected nano-
grains with different crystalline orientations. Figure 2d shows a
lattice spacing of 0.56 nm, which is related to the (110) plane
of Fe,Sg.*” A lattice spacing of 0.26 nm corresponds to (101)
and a lattice spacing of 0.30 nm matches with the (110)
crystalline plane of FeS.**™*® The amorphous carbon layer is
also observed by a transmission electron microscope.
According to the state-of-the-art literature, this unique carbon
layer can protect the polysulfide from dissolving into the
organic electrolyte.'™”” STEM—EDS elemental mappings
(Figure 2e) support the finding that Fe,_,S nanoparticles are
surrounded by the carbon layer.

The surface changes of the pristine Fe; ,S/C, which was in
contact with the LP30 electrolyte, are examined by XPS. The
fitting of the Fe 2p;, spectrum (Figure 3a) indicates that the
surfaces of both the Fe,_,S/C and the Fe,_,S/C-LP30-1 h
materials contain mainly Fe(2+)-S, Fe(3+)-S, and Fe(3+)-
0,**” which correspond to photoelectron peaks at 708.4,
710.5, and 711.6 eV (main peak), respectively.”*' The
presence of Fe(3+)-O on the surface of Fe,_,S/C results
from the reaction between Fe(3+)-S/Fe(2+)-S and oxygen/
water.”” Compared with the satellite peak of the pristine
Fe, ,S/C at 715.4 €V, there is a broader photoelectron peak
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Figure 3. XPS spectra of Fe 2p (a), S 2p (b), and C 1s (c) of the pristine Fe,_,S/C (down) and Fe,_.S/C-LP30-1h (top).
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Figure 4. In operando synchrotron radiation diffraction patterns of the Fe;_,S/C electrode during the 1st cycle: the XRD reflection patterns and the
relative discharging/charging curves (a); relative electrochemical potential profiles; the 1st CV curve of the Fe,_.S/C electrode (b); XRD reflection
patterns at the specific potentials (c); the magnification of the reflection (8.5 — 8.7°) (d); and the magnification of the reflection shift (13.9 —

14.1°) during the 1st electrochemical cycling (e).

located at 716.6 eV for the Fe,_.S/C-LP30-1h composite. This
unclear photoelectron peak could be attributed to the satellites
of Fe(2+)/Fe(3+) and the influence of Li*-ions on the surface
of the pristine Fe,_,S/C material. Regarding the S 2p spectrum
in Figure 3b, the photoelectron peaks with the binding energies
of 168.1, 162.0, and 164.1 eV are assi§ned to SO,>7, S*~ of
FeS, and S,>~ of FeS,, respectively.”” In comparison, the
intensity of S>~ 2p for the pristine Fe,_,S/C slightly decreases
the photoelectron peaks and slightly shifts to a higher binding
energy after mixing with LP30. The C 1s spectrum displays the
C component for both samples: a main peak at 285.0 eV (C—
C) and other small peaks at 289.6 eV (O—C=0), 286.4 eV
(C—0-C), and 288.0 eV (C=O0) in Figure 3c.** After the
pristine Fe,_,S/C material comes in contact with LP30 for 1 h,
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the intensities of the peaks at 286.4 eV (C—0—C), 288.0 eV
(C=0) increase because of the reaction of Fe,_,S/C toward
oxygen.

2.2. Investigation of the Structural Changes through
In Operando Studies. The detailed understanding of the
conversion reactions occurring during Li-insertion/de-inser-
tion into the Fe,_,S/C electrode is critical for its further
improvement. The structural changes of the Fe, . S/C
electrode are studied by using in operando synchrotron
radiation diffraction during the 1st lithiation/de-lithiation
processes. Figure 4a shows all XRD patterns and the
discharge/charge curves of the Fe, ,S/C electrode during
the 1st electrochemical process. Figure 4b presents the 1st
cyclic voltammetry (CV) curve, three cathodic peaks (1.29,

https://dx.doi.org/10.1021/acsami.0c15500
ACS Appl. Mater. Interfaces 2020, 12, 52691—52700
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Figure 5. Fe K-edge XANES of the Fe,_,S/C electrode at different potentials (a) and compared with some iron oxide standard references (b). The
Fe K-edge FT-EXAFS spectra of the Fe,_,S/C electrode during the Ist lithiation process (c).

0.79, and 0.39 V), and two oxidation peaks (1.23 and 1.85 V).
Normally, the plateau occurring in galvanostatic cycling with
potential limitation (GCPL) is consistent with cathodic/
anodic peaks in the CV curve. One can observe that one
plateau (1.22 V) in GCPL and the peak (1.29 V) in the CV
curve are not at the identical potential. This small shift is due
to the different electrochemical measurement modes: the
GCPL (charge/discharge) is performed at a specific current of
0.08 A g_l, while the CV measurements are conducted at 0.05
mV s~'. According to the diffraction peak trend, the potential
profile is divided into four regions:
(I) Region I (~2.60 — ~1.22 V): Li* insertion process;
(I1) Region II (~1.22 - ~0.79 V): conversion step 1;
(II) Region III (~0.79 — ~0.01 V): conversion step 2;
(IV) Region IV (~0.01 — ~3.00 V): de-lithiation process.
During the 1st lithiation process, in region I, a fast drop of
the potential from ~2.60 to ~1.22 V occurs. One of the
reflection peaks (9.4—9.6°) slightly shifts to a lower 20 angle
(Figure S2a), which is ascribed to Li* insertion into Fe,_,S/C.
In region II, the amorphization process (small plateau at ~1.22
V) leads the intensities of some reflection patterns (5.7, 9.4,
10.6, 13.6, and 16.4°) to gradually decrease, which is attributed
to the conversion step 1 (Fe,_,S — Li,Fe,_,S,), with the
formation of metallic Fe” (eq 1). The intensity of the reflection
at 13.2—14.0° decreases during the Ist lithiation process
(~122 - ~1.02 V), as shown in Figure S2b (Supporting
Information). In region III, upon further electrochemical
reduction, the intensities mentioned above fade out, which is
due to the fact that the Fe; ,S/C material is completely
consumed and because synchrotron radiation diffraction does
not detect such small-size products.*~* More importantly,
two new reflections (8.5 and 13.9°) appear and continuously
broaden, which is ascribed to the conversion step 2 with the
formation of Li,S (JCPDS card no. 26-1188) and metallic Fe°
(eq 2). However, the XRD patterns related to metallic Fe’
cannot be detected by synchrotron radiation diffraction
because of the nanometer size and amorphous structure. The
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conversion step 2 is correlated to the small CV peak located at
~0.79 V. One broad cathodic peak at 0.39 V indicates that the
solid electrolyte interphase (SEI) is formed.”® Figure 4c
depicts in operando synchrotron radiation diffraction at
different potentials during the Ist discharge/charge processes.
The changes of reflection intensities, which correspond to
phase transition processes, can be observed. In region IV, the
reflection intensity (5.7°) continuously decreases, while two
broad diffraction peaks shift: 8.5 — 8.7° and 13.9 — 14.1°
Both shifts correspond to the Li* extraction from Li,S to form
Li,_,S (eq 3). This phase transition process (Li,S — Liz_yS)
corresponds to the broad anodic peak (~1.23 V) in Figure 4b.
The intensities of the reflection peaks decrease and shift to a
higher 26 angle during the 1st de-lithiation process (1.23 —
3.00 V, Figure 4e), which is due to the Li*-ion extraction from
Li,S resulting in a decrease in the unit cell of Li,S. The
pronounced oxidation peak (~1.85 V) is consistent with the
conversion of Fe’ and Li,$ to Li,_,Fe, .S, (0.5 < x < 0.8, eq
4).” This peak is consistent with the small plateau observed in
the discharging/charging processes (Figure 4a). The oxidation
of Fe’ and Li,S does not form the initial Fe,_ S material, which
is confirmed by the absence of these peaks at ~3.00 V (1st de-
lithiation state). The interconnected carbon microspheres,
which surround the Fe,_ .S structure, reduce the contact
between the Fe; .S material and the electrolyte and therefore
prevent the products, such as Li,S and Li,_,Fe,_,S, (0.5 <x<
0.8), from dissolving in the electrolyte. The phase transition
from Li,S to Li, ,S is not detected in previous findings. After
the 1st de-lithiation process, amorphous lithiated iron sulfide
nanoparticles are embedded within the remaining Li,S
matrix.*”*" The reflection peaks located at 19—20° are
attributed to copper mesh (the current collector and holder
Fe,_,S/C active material). Because Cu mesh is not a
polycrystalline material, the poor statistics cause random errors
in the observed diffraction peak intensities. A broad reflection
shift (8.5 — 8.7°) can be observed in Figure 4d (inset zoom
Figure). Figure 4e shows the magnification of the reflection
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Figure 6. Nyquist plots of the Fe,_,S/C electrode obtained from EIS measurements (the zoom figures show the Nyquist plots in the high-middle
frequency region): (a) lithiation process OCV-~0.01 V; (b) de-lithiation process ~0.01 to ~2.00 V; (c) the equivalent circuit used for fitting the
EIS experiment data; (d) electrolyte resistance R,; (e) SEI resistance Rggj; and (f) charge-transfer resistance Rcr.

shift (13.9 — 14.1°) at some chosen potentials. During the
conversion reaction (from ~0.79 to ~0.01 V), the reflection
becomes broader, the intensity increases, and the peak shifts to
a higher 20 angle. When the potential changes from ~0.01 to
~3.00 V, the intensities of the broad reflection patterns decline
and the peak continuously moves to a higher 20 angle. Based
on the above-described analysis, the electrochemical reaction
during the Ist cycle can be proposed as
Conversion step 1: (from ~1.22 V to ~0.79 V)

2Fe,_ S + 2Li" + 2¢” — Li,Fe,_ S, + (1 — x)Fe” (1)
Conversion step 2: (from ~0.79 V to ~0.01 V)
Li,Fe, .S, + 2Li* + 2¢” — 2Li,S + (1 — x)Fe’ )
De-lithiation process: (from ~0.01 V to ~3.00 V)
Li,S = Li, S + yLi" + ye~ 3)
2Li,S + (1 — x)Fe” — Li,_JFe, .S, + (2 + y)Li*

+ (2 +y)e” (0.5 <x<0.8) (4)

To further study the local environment and electronic
transitions of the Fe,_,S/C electrode during the first lithiation/
de-lithiation processes, in operando XAS was applied. The Fe
K-edge X-ray absorption near-edge structure (XANES) of the
Fe,_,S/C electrode (Figure Sa) presents a continuous move to
lower edge energy (blue arrow) together with the changing
edge slope (red arrow), corresponding to the decrease of the
oxidation state of Fe and dramatically structural changes
(~1.28 — 0.01 V). The conversion reaction of the Fe;_,S
material can also be proved by the appearance of several
isosbestic points in all regions of the spectra. In comparison
with some standard reference samples in Figure Sb, the valence
states of Fe at each state can be determined quantitatively. The
oxidation state of the pristine Fe,_,S/C is Fe**, confirmed by
the spectrum, which is very near to one of the FeO standard

52696

references. Clearly, in the potential region between OCV and
~0.01 V, the spectrum shifts from FeO to the Fe foil reference.
This phenomenon is due to the progressive reduction of
Fe,_,S upon lithium insertion. During the 1st lithiation
process, the magnitude of Fourier transforms (FT) of Fe K-
edge extended X-ray absorption fine structure (EXAFS)
spectra of Fe; ,S/C is presented in Figure Sc. The FT-
EXAFS peak of the pristine material (OCV) at 1.86 A can be
assigned to a Fe—S bond. The FT-EXAFS peak at 2.55 A could
be attributed to the Fe—Fe bond in the Fe,_,S material
Additionally, the FT-EXAFS peak at 1.38 A can be fitted as the
Fe—C bond.”"”? During the reduction process (OCV —
~1.28 V > ~1.24 V), the above-mentioned three FT-EXAFS
peaks become weaker and weaker, which is because the
Fe,_,S/C structure gradually deforms as more Li'-ions insert.
The newly appeared peaks (after ~1.18 V) at 2.2 A* are
attributed to the Fe—Fe coordination shell of the metallic Fe’.
The amplitude of the peaks related to metallic Fe® at ~0.01 V
is smaller than one of the Fe foil references. This small
discrepancy is due to the fact that the Fe foil reference has a
body-centered cubic (bcc) structure; in comparison, the
formed nanometer-sized metallic Fe® is amorphous.”*>*

2.3. EIS and Morphological Characteristic Evolution
during the 1st Cycle. To further investigate the charge-
transfer kinetics and resistive contributions during the 1st
cycle, EIS measurements are performed and presented in
Figure 6. Figure 6ab displays the experimental and fitted
spectra obtained at various potentials. The zoom in the high-
to-middle frequency region (from 190 kHz to 218 mHz) is
displayed in Figure 6a,b. The equivalent circuit used for fitting
the Nyquist plot is shown in Figure 6¢c. The equivalent circuit
is described as Ry (RgpCsp) (RerCer)W in Boukamp’s
notation.” In detail, R, stands for the electrolyte resistance; Ry
is the intercept of the Nyquist plot at the Z real axis in the
high-frequency region.* The first semicircle in the high-
frequency (H—F) region (from 190 kHz to 27 Hz) is ascribed
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Figure 7. Surface morphology changes of Fe,_,S/C electrodes at different states: fresh electrode (a,d); the 1st lithiation electrode (b,e); the 1st de-

lithiation electrode (c,f).

to the Li*-ion movement through the SEI layer (Rgg;) and the
associated capacitance (Cgp). The second semicircle in the
middle-frequency (M-F) region (from 27 Hz to 218 mHz) is
attributed to the charge-transfer resistance (Rcp) and the
double-layer capacitance (Ccr). W represents the Warburg
impedance in the low-frequency (L-F) region (from 18 to 218
mHz).*~> Figure $3 (Supporting Information) shows one
fitted Nyquist plot at 0.48 V during lithiation. Figure 6d
displays the variations of R, during the 1st reduction process.
The average R, value during the 1st de-lithiation process is
higher than that during the 1st lithiation process. R, slightly
increases from 3.8 to 4.3 € during the 1st lithiation process,
and R, decreases from 4.4 to 4.2 Q during the 1st de-lithiation
process. The changes of R, are due to the SEI formation
process consuming Li"-ions and organic compounds from the
electrolyte.60 The changes of Rg at various potentials are
shown in Figure 6e. During the st lithiation process (~1.04 —
~0.01 V), Rgy; increases from 30 to 45 Q, which is due to the
formation of SEI at lower potential upon Li* insertion. During
the 1st de-lithiation process (~0.10 — ~2.00 V), Rgg; declines
from 47 to 26 Q. The above-mentioned variation of the Rgg;
indicates that the SEI film is formed during the Li*-ion
insertion process, and it is decomposed during Li*-ion
extraction.””®> Additionally, at the beginning of the 1st
lithiation process (~2.00 and ~1.0S V), the Nyquist plots
display one semicircle in the high-frequency region (from 190
kHz to 27 Hz). On the other hand, when the potentials are
~0.10 and ~0.01 V, the Nyquist plots are composed of two
semicircles (the one at higher frequencies corresponding to
Rgg;), which further confirm that the SEI is formed at low
potentials. Additionally, the slope of the Fe,_,S/C electrode
declines with the decrease of the potential (from ~2.00 to
~0.01 V) in the low-frequency region (from 18 mHz to 218
mHz), which implies a fast Li* mobility as more Li*-ions insert.
During the 1st lithiation process (~2.00 — ~1.05 V), the Rer
sharply declines from 9359 to 14 Q (Figure 6f), and then the
Rer increases again from 14 to 42 Q with a decrease in
potential (~1.05 — ~0.48 V). The much lower R¢y values at
the potential of 1.43—1.05 V is due to the initial Li*-ion
insertion process (Fe,_,S — Li,Fe,_,S,), accompanied by fast
charge-transfer kinetics. The charge-transfer kinetics becomes
slow during the subsequent conversion reaction (Li,Fe,_,S, —
Li,S + Fe®), which also includes the formation of the SEI layer,
as observed by the increase of Rcr at 1.05—0.48 V. During the
1st de-lithiation process, R¢y increases to 58 Q (~1.43 V). The
increase of Rcy is caused by Li*-ion extraction from a less
conductive SEI By increasing the potential to 2 V, the Rcr

decreases to 5SS Q, indicating that the SEI decomposes at a
high potential. Zhao et al.*” demonstrated similar findings in
another type of conversion materials.

Figure 7 presents the surface morphology changes of the
fresh Fe,_,S/C electrode and electrodes at the Ist lithiation
and de-lithiation states. The fresh electrode (Figure 7a,d) is
composed of homogeneously distributed Fe,_,S (50—60 nm)
interconnected with carbon spheres (1—2 ym). The surface
morphology of the electrodes after the 1st lithiation (Figure
7be) and de-lithiation (Figure 7cf) has an irreversible
alteration-like aggregation due to active material pulverization.
This is assigned to the Li" insertion/extraction into/from the
active material, resulting in notable roughness increase and
amplification of the converted grains.”*** As it can be observed
in the Ist de-lithiated electrode, more cavities are present in
comparison with the 1st lithiated electrode, indicating that
Fe,_,S pulverizes already after the first cycle. These micro-
structural alternations provide new reaction sites in the Fe,_,S/
C electrodes, facilitating the electrochemical reaction process
in the following cycles and SEI film formation.®*

3. CONCLUSIONS

For the first time, the lithium storage mechanism related to the
Fe, ,S/C anode was tracked in real time during the Ist
lithiation/de-lithiation processes. Electronic changes and
structural alterations are investigated by combining in operando
analytic techniques such as synchrotron radiation diffraction
and XAS. The analysis of these data reveals the occurrence of
phase transition (Fe,_,S — Li,Fe,_,S, — Fe® + Li,S) during
the 1st lithiation process. In operando XAS confirms the redox
reaction of Fe** + 2e” = Fe’ and the Fe K-edge XAS
transformation process. During the 1st de-lithiation process,
Fe® and Li,S convert to Li,_ Fe;_,S, and Li* is extracted from
Li,S to form Li,_,S. This is the first time that the phase
transition from Li,S to Li,_,S is detected. After the Ist de-
lithiation process, amorphous lithiated iron sulfide nano-
particles are embedded within the remaining Li,S matrix. HR-
TEM proves the presence of Fe,Sg and FeS in Fe,_,S/C
nanocomposites. The amorphous carbon layer is also observed
by TEM. XPS also confirms the presence of carbon, which
provides an electronic pathway for fast charge transfer and
buffers the lithiation/de-lithiation-induced volume variation.
The kinetic process demonstrates that the SEI film is formed
during the Li*-ion insertion process and then it is decomposed
during Li*-ion extraction. Furthermore, ex situ SEM shows that
the surface morphology has an irreversible alteration due to
Fe, .S pulverization. These results can shed light on the
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lithium storage mechanism for the conversion-type material,
especially for the iron-deficient sulfides.

4. EXPERIMENTAL SECTION

4.1. Synthesis of FeS Nanosheets and the Fe,_S/C
Composite Material. The Fe,_.S/C composite material was
prepared via two steps: a hydrothermal method and a subsequent
sintering process, as depicted in our previous work.”®

4.2. Material Characterization. The structural properties of the
products are investigated by XRD. The pristine Fe;_,S/C material was
measured at the Materials Science (MS) beamline, Swiss Light Source
(A = 049310 A, 25 keV).%® Fe,_,S/C-LP30-1h was performed with
Mo Ka, radiation (4 = 0.709300 A). The crystal structure and phase
fraction are obtained from the Rietveld refinement.®® The surface
morphology of the pristine Fe; ,S/C material and the cycled
electrodes are observed by SEM (Carl Zeiss SMT AG). The
elemental mapping of the pristine Fe, ,S/C material is confirmed
by EDS (Bruker, QUANTAX 400 SDD).** STEM and HR-TEM
(FEI company, Titan 80—300) are used to further visualize the
crystalline structure via a Gatan US1000 slow-scan CCD camera.’
XPS is conducted on the K-Alpha* XPS spectrometer (Thermo-Fisher
Scientific, Bast Grinstead, U.K.).” Data acquisition and processing are
carried out using the Thermo Avantage software.”” The C 1s peak
with a binding energy of 285.0 eV is used as a reference.”’

4.3. Electrochemical Characterization. The detailed process for
preparing the working electrodes is described in our previous
publication.”® The working electrode with low mass loading (0.7
mg cm™?, a diameter of 7 mm) is used for the electrochemical
impedance study. The working electrodes for CV, rate performance,
and galvanostatic charging/discharging measurements have a higher
average mass loading and thickness (1.5—2.0 mg cm™, 75 um). The
counter electrode/reference electrode is lithium chips (Alfa Aesar).
The separators (Whatman GF/D, a diameter of 12 mm) were
vacuum-dried before assembling the cells. The commercial LP30
(BASF, Germany) was used as an electrolyte. The multichannel
potentiostat (VMP3, Bio-Logic) was used for electrochemical
measurements (CV, rate performance, charging/discharging, and
electrochemical impedance).”® The potential range used was as
follows: 0.01—3.0 V vs Li*/Li. All electrochemical measurements were
performed using a three-electrode Swagelok-type cell. The half-cell
was prepared in a glovebox (MBraun, O, and H,0 < 0.5 ppm).*® All
cells were kept in a climate chamber (Binder Gmbh) at room
temperature. For the EIS measurements (from 10 mHz to 500 kHz),
the half-cell was equilibrated 3 h before running the electrochemical
impedance. The Nyquist plots were fitted and resistance value was
obtained by the Relaxis 3 software (rhd Instruments, Germany).”®

4.4. In Operando Characterization. For in operando measure-
ments, the working electrodes were mixed with the pristine Fe,_,S/C
material (70 wt %), carbon black (Super P, TIMCAL Ltd. 20 wt %),
and polytetrafluoroethylene beads (Aldrich, 10 wt %). The above
mixture (mass loading of 2.5—3.6 mg cm™2) was pressed on the center
of copper mesh.® A CR2025 coin cell with glass windows was used for
synchrotron radiation diffraction and a CR2025 coin cell with Kapton
windows was used to perform XAS measurements.

The cell was charged/discharged at 80 mA g™ (synchrotron
radiation diffraction) and 100 mA g~ (XAS) at 0.01—3.0 V vs Li*/Li.
In operando synchrotron radiation diffraction was performed at the
MS beamline, Swiss Light Source.”® LaB4 and Si are two standard
references used for calibration. In operando XAS was carried on the
P65 beamline, PETRA III, German Electron Synchrotron (DESY,
Hamburg). Fe,0;, FeO, Fe;0,, and metallic Fe foil were employed as
standard materials. The XAS spectra were analyzed by the Demeter
software package.’®
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