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Abstract: The chemical and morphological modifications eSRhin films as anode material
for LiBs have been studied in details in two cleakelectrolytes usually used in Li-ion batteries:
1M LiCIO4PC and 1M LIPEEC/DMC. The X-ray photoelectron spectroscopic (XPS
analysis evidenced the formation of Solid Electi®linterphase (SEI) that contains a more
significant amount of inorganic salt residues fodme LiPF-EC/DMC than in LiCIQ-PC,
which is likely to increase the ionic resistivityf adhe SEI, thus impeding the
lithiation/delithiation in the first cycles whilaniproving its reversibility. lon depth profiles
performed by time-of-flight secondary ion mass $meuvetry (ToF-SIMS) shows volume
expansion/shrinkage of the thin film leading tockiag and pulverization of the electrode
material, which is also confirmed by scanning etattmicroscopy (SEM) analysis. The
prolonged cycling results in penetration and acdatian of electrolyte in bulk electrode with
accumulation of the inorganic species in the inpart of the SEI enhanced in fluoride-
containing electrolyte. Cycling in these two di#fat electrolytes leads also to formation of two
different electrode morphologies: with a compaet#&bde structure formed in LiCiPC and

a foam-like, porous structure in LIREC/DMC. A model of this conversion-type thin film
electrode modifications based on these thorouglttsgseopic and microscopic analyses

induced by cycling in two different electrolytespoposed.

Keywords. FeSthin film; charge-discharge; electrolyte; SEL XPS; ToF-SIMS
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1. Introduction

Understanding the surface chemistry and the litmainduced bulk modifications of
electrode materials is crucial for improving theattochemical performance of Li-ion batteries
(LiBs). The formation and stability of the so-calleolid electrolyte interphase (SEI), a layer
formed on the electrode surface by reductive deasitipn of the electrolyte, is one of the
most significant factor influencing the performaracel electrochemical efficiency of LiBs [1].
The SEI is thought to be mainly composed of a cahperganic inner layer and a porous
organic outer layer and it can be strongly influsthby the electrolyte chemical composition
and the electrode material [1-6].

Today the most conventional organic liquid elegtied used in LiBs are based on
propylene carbonate (PC), or a mixture of ethyleadonate (EC) and dimethyl carbonate
(DMC) or diethylcarbonate (DEC) solvents. On negatelectrode surfaces, these solvents
undergo reduction to form SEls principally composédithium carbonate (LCOs), lithium
alkyl carbonate (ROCHDI), lithium alkoxides (RCHOLI) and lithium alkyls (LiR)[7-20].
Furthermore, due to oligomerization, polymers carfdsmed initially and decompose during
subsequent lithiation cycles [21].

Salts in the electrolytes play an important rolehe formation and composition of the
SEIl. LiCIOs can be reduced to 40, LiCl and/or LiClQ., (n=1,2,3), and LiP§to LiF and
LixPF [12]. Strong Lewis acids, like BFand BE (originating from LiPk and LiBF salts,
respectively) can promote polymerization by ringeoimg [16]. If water traces are present in
the electrolyte, the moisture-sensitive RQCian convert to LWCOs instantly [13,22] and
PFs can be further decomposed to R@Rd/or POEK{OH) [23].

Ultimately, the SEI should form a passivating layeroiding further electrolyte
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decomposition and protecting the anode materiainfroracking and exfoliation. The
relationship between electrolyte, interphase chegyniand morphological modification of
negative electrodes has been thoroughly studiedtercalation-type and alloy-type materials,
like graphite and Sn-based alloy, respectively [2526], but not on conversion-type materials.
Principally, the electrochemical studies perforrmpealiously on conversion-type FeS electrode
material prepared by different methods, such astrelytic deposition, thermal sulfidation,
mechanical milling or sol-gel combined with castisigrry coating [27-30] show a good
lithiation/delithiation reversibility. Our previousxtensive research on FeS (troilite) using a
thin film electrode prepared by thermal sulfidat@frpure Fe substrate were essentially related
to the conversion [31] and aging mechanisms [3#re, we report on the influence of
electrolyte (LiCIO-PC and LIPE-EC/DMC) on the chemical and morphological moditicas

of FeS thin film electrodes induced by cycling. Tdwembined spectroscopic and microscopic
studies performed by means of X-ray Photoelectrpec8oscopy (XPS),Time-of-Flight
Secondary lon Mass Spectrometry (ToF-SIMS)and SognBlectron Microscopy (SEM),
respectively, were applied to investigate the pitase chemistry (including SEI) and the

morphological and bulk chemical modifications aktbonversion electrode material.
2. Experimental

The FeS thin film samples were prepared by thesuHidation of iron foil substrates
(99.5% purity, Goodfellow) as described previouslyletails [32]. As prepared, the chemical
formula was Fe& (x ~0.07) and the thickness was about 210 nmstil&lized foil substrates
were transferred under vacuum to an Ar filled glbeg and then cut into several samples with
iron sulfide thin films of the same thickness.

All electrochemical measurements were performedTéflon Swagelok half-cells

controlled by a VMP3 Biologic multi-channel potergitat/galvanostat and with metallic Li foil
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(Aldrich) as reference/counter electrode and dfikelr paper as separator. The electrolytes
were 1 MLICIQ-PC (Aldrich) and 1 M LIPEEC/DMC (1/1 wt%, Aldrich and Alfa Aesar).
Galvanostatic lithiation/delithiation was performbdtween 2.9to 1V and vice versa at a
constant current of 9.43 uA and 9.71 pA (~1/4CPi@ and EC/DMC-based electrolytes,
respectively. Lithiation/delithiation by cyclic v@immetry (CV) was carried out at a scan rate
of 0.5 mV/s between 0.25 and 3 V starting fromdpen circuit potential (OCP) to the negative
potential direction. After electrochemical (de)iition, the specimens were washed with non-
aqueous acetonitrile, dried by Ar flow and themsfarred directly in anhydrous and anaerobic
conditions using a direct transfer from glove bo#ie XPS [32] or TOF-SIMS analysis chamber.
For SEM analysis, the samples were exposed to atdiefor less than 5 min..

The XPS spectrometer (VG ESCALAB 250, Thermo EtattCorporation) was operated
without using the magnetic lens to avoid samplemeéigation. An Al kn monochromatized
X-ray source (h = 1486.6 eV) was employed. Survey spectra wererded with a 100 eV
pass energy, and high resolution spectra (i.e. €1s, P2p) with a 20 eV pass energy. The
photoelectron take-off angle was 90°. Peak fitamgl decomposition was performed with the
Avantage software provided by Thermo Electron, gisin Shirley type background and
Gaussian/Lorentzian peak shapes with a fixed cdtit®/30 [33]. Binding energies (BES) were
calibrated using clean Cu, Ag, and Au samples. Che and Ol1s BE’s were corrected from
charging effects by setting the carbon peak forCH>- bonds at 285.0 eV.

The ToF-SIMS spectrometer (ToOF-SIMS 5, lonTof Gmival operated in negative ions
polarity. For depth profiling, a pulsed 25 keV*Brimary ion source delivering dA over
100 x 100um?was used for analysis and interlaced with a 1 keVi@h gun delivering 70 nA
over 300x 300 um?for sputtering. Analysis conditions were identit@i all samples in order
to allow direct comparison. Data acquisition andtgmocessing were performed using the lon-

Spec software.
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Microstructural analysis was performed with a LE&BQ VP Gemini Field Emission
Scanning Electron Microscope (FESEM) operated ah@releration voltage of 3 keV. The

surface fraction occupied by cracks was measuneg tise Image-Pro plus 6.0 software.

3. Resaultsand discussion

3.1. Electrochemical performance

The cyclic voltammetry (CV) performed on the Fefa fiim (Figure 1) shows one main
cathodic/anodic peak (marked respectively C/A) athbelectrolytes (LICI@PC and LiPE
EC/DMC), corresponding to the conversion/deconeerseaction [27,32]:

FeS + 2L1 + 26 « Fe + LS 1)
During the 2nd cycle, a small positive potentidigtof the cathodic/anodic peaks and lower
peak current densities can be observed in bothrelges, which can be related to surface
modifications i.e. formation of passive layer. ertcycles do not show any peak displacement,
which suggests that the conversion/deconversiocegsis quasi-reversible.

The galvanostatic discharge/charge curves (Figuag @erformed on FeS thin film
electrode display plateaus corresponding to thatibn/delithiation (conversion/deconversion)
process. The discharge plateau is displaced fr8@\L to more positive 1.48 V and the charge
plateau from ~1.3 to ~1.45 V in thé%&ycles in agreement with the displacement of the
cathodic/anodic peak in CV measurements. In tifeyie, the discharge/charge plateaus (at
~1.5and ~1.8V, respectively) are drastically itlin width and conversion and deconversion
occur more continuously. These changes in the gabtatic curves can be a result of significant
interfacial and bulk modifications of the electrazieurring in the % cycle and being amplified
in the following cycles.

Higher than FeS theoretical capacity (609 mAh/geembed in both electrolytes
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(742 mAh/g inLiCIQ-PC and 687 mAh/g in LIRFEC/DMC, Figure 2 b) is due to SEI layer
formation by reductive decomposition of the elelgteas shown hereafter. Lower initial (first
17 cycles) discharge capacity in LEPEC/DMC can result from less extensive electrolyte
decomposition occurring in EC/DMC than in PC-bastattrolyte, as already reported [21],
but also possibly from higher ionic resistivitytbke formed layer hindering the ionic transport
[34,35]. Higher resistivity of the SEI layer foeah in LiPR-EC/DMC would be caused by
presence of lithium fluorides instead of lithiuntlmanates, oxides, and hydroxides components
[36,37]. In the following cycles (after 17 cycleshe discharge capacity becomes higher in
LiPFs-EC/DMC and reaches 532 mAh/g versus 490 mAh/g ilblQ4-PC after 60 cycles,
possibly because of different evolutions of the $dlers and electrode morphology as
discussed below.

The columbic efficiency increases during the fiBtcycles and it is lower in LICIPC
(with 94%) than in LIPEEC/DMC (where it reaches 99%) as shown in Figube Puring
cycling the columbic efficiency remains relativetyable especially in LICIQPC. Small
decrease of columbic efficiency can be observeal @ase of LIPEC/DMC showing some

surface modification of i.e. lower SEI stabilitydhar its different properties.

3.2. Surface chemical modifications

The differences of the surface layers formed orF@® thin film electrode in these two
electrolytes have been studied by electronic spgoctpy (XPS) and ionic mass spectrometry
(ToF-SIMS). Here, we merely present the XP corellspectra corresponding to constituents
of the SEI layer (i.e. C1s, F1s, and P2p) (Figyreb8ie to formation and thick SEI layer and
complete attenuation of the iron and sulfur covel@eaks corresponding to electrode material,
the Fe2p and S2p peaks, are not present here.

The cycling in both electrolytes clearly evidendbs formation of the SEI layer,
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principally by appearance an additional carbon f&bso at 290.0+£0.2 eV (Figure 3), assigned
to LioCOsz and/or ROCGLI (R=alkyl group) [19,28,31,38]. In LICI®PC, carbonates are the
dominant components of the SEI and remain so ajteling as shown by the higher relative
intensity of the Cls peak. The Cls peak at 287.7.0£0.2 eV, assigned to R:OBOsLi
and/or LIOCHR”, increases in relative intensity with multi cyg showing an increasing
amount of single-bonded carbon in the SEI. In LIEE/DMC, double-bonded carbon from
carbonates also initially dominates the SEI contpmsibut the lower intensity of the Cas
peak indicates less extensive electrolyte decortipnsithan in PC. Single-bonded carbon
becomes dominant already after 1 cycle in LEE/DMC. A minor Cls peak at 283.5 eV,
corresponding to the Li-C bond in_LiGEBHOCGsLi [17,39,40],was observed only in the
lithiated state in LIPEC/DMC (Figure 3 b).

A presence and modification of inorganic comporadithe SEI layer is studied by using
the F1s and P2p (for electrode cycled in lsHEHFE/DMC) and the CI2p (for electrode cycled in
LiClIO4-PC) and ToF-SIMS mass spectra. For the sampledyaol LiPR-EC/DMC, the Fls
spectra show a major peak at 685.3+0.1 eV, atetbwv LiF [41,42], and a minor peak at
687.4+0.3 eV, attributed to LiBALixPF, or LikPO/F; [41,43,44], the latter growing in relative
intensity with multi cycling(Figure 3). LiF, kPR, or LixPO/F; can be decomposition products
of the LiPF salt, accumulating in the SEI [17,45,46]. ToRMASI mass spectra (Figure 4)
confirm the presence of fluorin®) and phosphorous'e, PO, 3P0y, "POy) originating
from salt (LiPk) decomposition and/or hydrolysis products in tiid. She presence on the
surface of some salt residues, not completely rexhdrom the electrode surface by rinsing,
cannot be excluded. The presence of a very smatitgu of the hydrolysis product {RGQ,F;
is confirmed by the XP PZppeakobserved at ~133.9 eV (Figure 3) [46,47]. AeoXP P2p.
peak at ~137.0 eV evidences the presence®H.iand/or LiPk [46,47].

For the sample cycled in LICKIPC, any CI2p signal (not shown here) was observed
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neither in the lithiated nor delithiated statescdh be then concluded that the quantity of Cl-
compound is well below the detection limit of XPD {6 at%) and/or the LiClgOsalt shows
much lower activity than LiPfsalt [34]. However much more sensitive ToF-SIM&hteque
indicated the presence of traces of chloridesarSfil by measurabféeCl- ions and?LiCl- ions
(Figure 5) .

To have a better overview of different SEI layempmnents forms as a function of
cycling in these two different electrolytes, theyltie 4 summarizes the elemental surface
compositions (Lils, P2p, F1s, Ols and C1s) caledlabm XPS. More Li is found in the SEI
formed in LiPB-EC/DMC than in LiCIQ-PC, however, upon cycling the Li decreases in both
electrolytes. The SEI layer formed in LEEC/DMC includes measurable amounts of
inorganic products (containing Li, P and F) in cast to that formed in LiCI©QPC for which
only the organic constituents are observed. A sindbmposition of the SEI layer, enriched in
inorganic products after cycling in LIBEEC/DMC but not after cycling in LICI®QPC has been
already observed in a case of Si negative eledrpty. Assuming higher ionic resistivity of
the SEI layer rich in inorganic components, the BEially formed in LiP-EC/DMC could
impede the conversion reaction, which would contglio the lower initial discharge capacity
but higher reaction reversibility in LIREEC/DMC. After 60 cycles, the surface compositién o
the SEI layers is very similar in both electrolytdsis suggested that with multi cycling the
organic components accumulate in the outer patteSEI and the inorganic salt products in
the inner part, thus forming a duplex structure senimner part would not be measured by XPS
due to intensity attenuation of the photoelectioy$he organic outer part. Such a duplex-like
structure of the SEI layer has been already preWoproposed by Peled for carbonaceous
electrodes [1,2] and confirmed for alloy-type antkrcalation-type materials [3-5,42]. It was
evidenced for conversion-type sulfide [31] and ex[d8] materials only recently and it is

further supported by the present data.
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The compositional chemical differences on the serfaf electrodes cycled in two
different electrolytes can be also observed fromfase analysis by means of ToF-SIMS
negative ion mass spectra in the 40.96-41.08 argb71L.08 m/z ranges (Figure 5pHDions
(m/z=41.01) and &5 ions (M/z=41.03) are present on the electrodeedyitl LiCIQ:-PC but
not in LIPR-EC/DMC, which is contrary to the ions with m/z=03, assigned to a mixture of
C3H302 and GH;O" (exact m/z values of 71.0133 and 71.0497, respayt[49]), appearing
on the samples cycled in LIBEEC/DMC but not in LiCIQ-PC. These latter ions are assigned
to fragments of larger, polymer-type molecules likeiOCO.CoH4OCOL,
LIOCO,C4HsOCOsLi, and (CHCH0)/(CH.CHOCQ)y [50] which can be formed in the
electrolyte based on the EC/DMC solvent [8,14,1p,2his polymer-like character of the SEI
layer can have influence on slight decrease ofrabla efficiency during cycling. According
to previous studies [12,21,51], the reduction ef T solvent may also result in the formation
of large molecules like LIOCfsHeOCGOLi, LIOCO2CeH120CO.LI,  and
(CH2CH20)x/(CH2CH.OCG)y. However, here is this study no significant amouwit
hydrocarbon oxide {&y,O; ions, for example 50" and GH1:O (exact m/z values of
57.0340 and 99.0810, respectively [49]), could bseoved by ToF-SIMS on the electrodes
cycled in LiCIOQ-PC. This is in good agreement with the XPS datd #howed that Li
carbonates, as major component of the SEI layerjraore dominant in the SEI formed in
LiClO4-PC than in that formed in LIREEC/DMC.

Thus, it can be clearly concluded that the EC/DMé&teolyte containing fluorinated
species favors the formation of inorganic compoumdeereas, the PC electrolyte containing
LiClO4 salt leads to formation of carbonates. Moreover, ToF-SIMS mass spectra allowed to
detect polymer-type compounds in the SEI layer &mirm the electrolyte made of EC/DMC.
The differences of chemical composition of the &fer formed in both electrolytes are

redressed after 60 cycles, where only small quaotitnorganic components can be observed

10
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on the extreme surface of the electrode cycledmid-EC/DMC.

3.3. Bulk chemical modifications

To observe the bulk modifications of thin film Fe$ectrodes induced by the first
lithiation and during the first 9 cycles the ToRVE depth profiles of the Li%and Cions were
collected and presented in Figure 6. The 08 profiles were used together with the Fen
profiles (not shown) to mark the interface limitdtoe FeS thin film with the SEI and substrate
interfaces. In the lithiated state, the Li& profile shows a more uniform in-depth disttiba
in LIPFs-EC/DMC than in LICIQ-PC, which can be explained by a homogenous inkdept
distribution of converted material. After 1CV, tvpeaks are observed at the SEI/FeS and the
FeS/Fe interfaces. Assuming no matrix effect, midreum sulfide (i.e. L§S) converted
products seem to be trapped at the SEI/FeS interfad.iPF-EC/DMC, which appears
consistent with a higher ionic resistivity of thEI®wing to the presence of inorganic products
as discussed above [34-37]. After 9 CVs, the 108 profiles markedly increase in intensity
due to accumulation and trapping of Li sulfide cemed products in the bulk of the thin film
electrode.

In the first seconds of sputtering, thei@ depth profiles all show a peak more intense
on the treated samples than on the pristine sarophdirming the presence of the SEI on the
surface of the cycled electrodes (Figure 6). Initheated state, the peak is more intense on the
sample treated in LIiCISPC, in line with more extensive decomposition loé tPC-based
electrolyte as discussed above. One notices aasimitlth of this peak in the two electrolytes,
indicating no major difference of thickness of Bl layers. The displacement of the FeS/Fe
interface towards longer sputtering time (withibtion and cycling) is consistent with volume
expansion of the FeS thin film electrode matewidlich is more significant in LIRFEC/DMC

(~50%) than in LICIQ-PC (~33%). However, after the first delithiatidrCV), the sputtering

11
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time decreases, but it remains higher (~50% in let#thtrolytes) than on the pristine sample.
The further cycling (9 CV) leads to continuous gase of sputtering time, which can be
attributed to larger volume expansion of the tiim £lectrodes. The volume expansion reaches
150 % for the electrode cycled in LIREC/DMC and almost 100 % for electrode cycled in
LiClO4-PC. After 1 and 9 cycles, the iBn profiles are markedly changed in the bulk fiims
and at the FeS/Fe interface as a result of thetyzdiom of the electrolyte in the bulk thin film
electrode. The accumulation of the C-containingdpots at the FeS/Fe interface after 1 and
9 CVs is consistent with the formation of cracksigteating the thin film electrode material
until the iron substrate, as observed in the SEtd peesented below. Thepgeak at the FeS/Fe
interface becomes markedly broadened after 9 C\t®ih electrolytes, suggesting formation
of a more defective, thick FeS thin film electrodere permeable to electrolyte.

Hereafter, the ToF-SIMS negative ion depth profiesthe FeS thin film electrodes
performed after 60 galvanostatic cycles in botlcteddytes were compared with depth profiles
made on the pristine electrode (Figure 7). Foiptiine film (Figure 7 a), the FeS bulk region
can be clearly distinguished by the high intengilgteau of the FeSons. The thickness
(~210 nm) of the pristine FeS film correspondshiowt 650 s of sputtering. C, F and Cl initial
contamination predominates at the film surface @rttie interface with the Fe substrate. After
60 cycles (Figure 7 b and c), the new peaks abéggnning of the LiC®@, CH,” and LiOion
profiles show SEI formation. A shifted FeS bulk itggto higher sputtering times and the
broader Cpeak observed for the sample cycled in HEE/DMC (~240 s) than in LICIQPC
(~130 s), indicate formation of a thicker SEI lay@iEC/DMC than in PC-based electrolyte.
Consistently, the longer and markedly higheplateau observed for the electrode cycled in
LiPFe-EC/DMC than the Clplateau for the LiCI@PC-treated electrode indicates higher
accumulation of inorganic products of electrolygedmposition in EC/DMC-based than in PC-

based electrolytes.

12
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A more significant volume expansion of thin filneetrode cycled in LIiPFEC/DMC than
in LiClO4-PC can be deduced from higher sputtering time 85030 s, respectively. Taking
into account the sputtering time of the SEI layad the FeS regions, the volume expansion is
120% and 170% for the thin film cycled in PC- and/EMC-based electrolytes, respectively.
However, it must be emphasized that the SEI laglezrt into consideration in the calculation
of volume changes is an important contributor asit be seen from the interfaces marked in
the Figure 7 b and c. The high intensities o&@d CH' ion profiles observed in the FeS bulk
region are consistent with the penetration of tleeteolyte. The large humps ofd@d CH"
observed at the FeS/Fe interface for both eled#slynay account for an increased electrode
roughness and/or formation of defects.

The more significant volume expansion observedttior film iron sulfide electrodes

after galvanostatic cycling in EC/DMC than in th@-Based electrolyte can be explained by:

better and more homogenous distribution of LiS-Gkenpounds in the bulk electrode

cycled in EC/DMC-based electrolyte, deduced frohigh intensity LiSion profile,

- more significant quantity of inorganic compoundswnulated in bulk thin film
electrode cycled in EC/DMC-based electrolyte conéid by a high intensity of kon
profile,

- higher accumulation of organic products containgoymer-type species observed

from the Cion profiles and confirmed by mass spectra.

3.4. Morphology modifications

The SEM analysis of the FeS thin film electrodefotee and after electrochemical
lithiation/delithiation is presented in Figure & pristine sample (Figure 8 a) is constituted of

homogeneously distributed grains with an averatgrdhsize of ~90 nm. The average grain

13
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size increases to ~120 and ~160 nm after tHehlationin in LiCIOs-PC (Figure 8 b) and in
LiPFe-EC/DMC (Figure 8 c), respectively, which is comsrg with the volume expansion of
thin film electrode observed by ToF-SIMS. One alstices (see insets) the grains pulverization
more marked in LIP&EC/DMC of initially homogeneous pristine film.

The first lithiation/delithiation cycle performed both electrolytes introduces already
the irreversible morphological alteration like dtacombined with pulverization (Figure 8 d
and e). This confirms that volume expansion/shigekaupon lithiation/delithiation
(conversion/deconversion) generates stress in #terral independently of the electrolyte. The
surface fraction occupied by cracks is measuredete-12% in both electrolytes after one
lithiation/delithiation cycle. The grains crumblirggnd formation of subparticles is confirmed
at this stage for both electrolytes (see insel®, dffect still being more marked in LiRF
EC/DMC. These modifications are expected to fat#itelectrolyte transport and thus lithium
insertion into the electrode, as also observeddiSIMS. This is proposed to be at the origin
of the positive potential shift of the"®lithiation and the improved reaction reversibility
observed electrochemically.

After 60 cycles (Figure 8 f and g), further cragkend grain pulverization is confirmed
in both electrolytes (see insets). The grain divisappears finer in LIRFEC/DMC than in
LiClO4-PC leading to the formation of a more homogene@ooiphology of the thin film outer
surface. Cracks have enlarged which reveals tHerhalphology below the thin film surface.
The cracked surface fraction is ~15% in LiGIRC and ~21% in LiP&FEC/DMC, indicating
larger morphological damage at least to the surfditke electrode material in EC/DMC than
in PC-based electrolytes after 60 cycles.

Figure 9 compares SEM images of particles fronthirefilm electrodes after 60 cycles.
In LiIClIO4-PC, the thickness of the peeled-off particle rangetween 260 and 350 nm (Figure

9 a). Clearly, this is thicker than the pristinenfi(~210 nm) and confirms that multi cycling-

14
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induced thickening of the thin film electrode, liabserved by ToF-SIMS. This also shows that
exfoliation has taken place due to deadhesion atF#iS/Fe interface. Besides, this cross-
sectional view reveals a compact bulk structurthefthin film multi cycled in LiCIG-PC. In
LiPFe-EC/DMC, the cross-sectional view of an exfoliapediticle (circled in red in Figure 9 b)
indicates a thickness of ~140 nm. This is smaliantfor the thickness of initial film electrode
and indicates deadhesion by fracture in the butkethin film and not at the FeS/Fe interface
like observed in LiCI@-PC. Moreover, a foam-like, porous structure (magaiin Figure 9 c)

is revealed underneath in the bulk of the thin flectrode.

3.5. Modd of eectrode modifications

Based on the combined analysis by XPS, ToF-SIMS SBM of the FeS thin film
electrodes cycled in the LICKIPC and LIPEEEC/DMC-based electrolytes, a model of the
electrode modifications taking into account theetfof the electrolyte is proposed (Figure 10).
The pristine FeS thin film electrode has a compgaatular morphology and presents a flat and
homogeneous surface, slightly oxidized [28], andeced by a thin, organic contamination
layer.

Lithiation-induced conversion causes a large volexggansion of the thin film electrode
material, leading to significant roughness incr¢d@%¢and enlargement of the converted grains.
These modifications are more pronounced in (iEE/DMC. This process is accompanied by
the reductive decomposition of the electrolyte iegdo formation of a Li carbonate SEI in
both electrolytes. The SEI layer thickness is @mih both electrolytes but much more salt
residues enter its composition in LPEC/DMC suggesting more pronounced influence of the
salt than the solvent. It is possibly less dendaRis-EC/DMC. Deconversion causes volume
shrinkage of the material and thickness decreasleeoSEI [31]. Expansion/shrinkage of the

material causes mechanical stress that trigger$otheation of cracks (possibly voids) and

15
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grain pulverization. These microstructural modificas open new pathways for the electrolyte
penetration in the bulk electrode, promoting thevession process already in the second
discharge and formation of the SEI in the bulk mate

Cycling promotes SEI thickening more significantiRFe-EC/DMC, with formation of
a duplex structure with the inner and outer paotmmosed mainly of inorganic and organic
compounds, respectively. Moreover, cycling amgiftae morphology modifications which
results in penetration of the electrolyte into thek electrode and leads to crack enlargement
and exfoliation of the electrode material. Owingth® inactivity of metallic Fe towards
lithiation, the volume variations accompanying tomversion/deconversion process and the
concomitant SEI penetration generate stress ngtiorthe bulk of the thin film but also at the
FeS/Fe interface. Cracks propagate in depth icdhgpact structure of the thin film cycled in
LiClOs-PC, facilitating the electrolyte transport up ke tcurrent collector (Fe substrate) and
leading to deadhesion at the FeS/Fe interfacelasthof contact of the electrode material with
current collector and capacity fading. The formatad a foam-like, porous structure with a
polymerized SEI in LIPEEEC/DMC, obviously better accommodates the streseted by
the volume variations and concomitant SEI formatiidns impedes in-depth crack propagation
and exfoliation is limited to the outer part of thkectrode material, which results in capacity

retention.

4. Conclusions

The influence of two different electrolytes (1 MAlOs-PC or 1 M LiPB-EC/DMC) on the
surface and bulk chemical and morphological modifans of conversion-type FeS electrodes
has been studied by XPS, ToF-SIMS and FESEM andates to:

* Formation of a lithium carbonate-rich SEI layerhbioth electrolytes with polymer-

type compounds preferentially occurring inLiFEC/DMC. Cycling in LiPk-leads
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also to enrichment of SEI in inorganic salt resglugth high F composition (up to
24 F%).

Grain pulverization and thin film cracking occugirin larger extent inLiP§
EC/DMC than in LiClIQ-PC.

Continuous uptake of the SEI layer particularlyasted in LiP-EC/DMC with the
inorganic residues concentrated in the inner ffatieSEI.

Morphology modifications leading to formation of@mpact structure in LiCIPC
and a foam-like, porous structure in LFEC/DMC, which results in easier electrode
degradation in PC than in EC/DMC-based electrolytsd better stress
accommodation and/or electrolyte transport in ECMMhan in PC-based

electrolytes.

The observed aforementioned electrode modificatimhsced by cycling in these two different

electrolytes allowed to conclude about enhancedaagp retention and better reaction

reversibility in LiPR-EC/DMC than in LiCIQ-PC.

Moreover, the combination of spectroscopic and asicopic analytical techniques applied here

allowed for better understanding of fine chemicatl anorphological differences in this

electrode material. The methodology used hereigwilork can be transposed to many other

high capacity electrode materials widely testedafgplication in Li-ion batteries, which suffer

volume modifications induced by cycling.
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Figure captions

Figure 1 First nine cyclic voltammograms (CVs) @SRhin film (Vsca= 0.5 mV/s) ina) 1 M
LiClO4-PC or b) 1 M LiPE-EC/DMC.

Figure 2 a) Charge-discharge curves of the FeSfillmrelectrodes in 1 M LiCI@PC (solid
line) and 1 M LiPE-EC/DMC (dashed line) between 1.0 and 3.0 V atsrafeabout 1/4C. b)

Charge-discharge capacity (left axis) and coulorafficiency (right axis) versus cycle number.

Figure 3 XP C1s, F1s and P2p core level spectr&d& thin film electrodes before and after
lithiation at 0.86V (0.76V) in 1M LICIPC (1 M LiPR-EC/DMC) and 1 and 9
lithiation/delithiation cycles (1 and 9 CVs).

Figure 4 Relative elemental surface compositiofiojatf the FeS thin film electrodes before
and after cycling in 1 M LiCI@PC and 1 M LIiPEFEC/DMC.

Figure 5 ToF-SIMS negative ion mass spectra irréiggons of 41 and 71 m/z for the pristine
FeS thin film electrodes and after lithiation &Y (0.76 V) in 1 M LiCIQ-PC (1 M LiPk-
EC/DMC) and after 1 cycle (1 CV). The spectra wexerded from the extreme surface down
to 30 s of sputtering.

Figure 6 ToF-SIMS depth profiles of the Leghd Cions for the pristine FeS thin film electrodes
and after lithiation at 0.86 V (0.76 V) in 1 M LiG}-PC (1 M LiPR-EC/DMC) and 1 and 9
cycle (1 and 9 CVs).

Figure 7 ToF-SIMS negative ion depth profiles oER&in film electrodes a) before (pristine)
and after 60 cycles (galvanostatic) in b) 1 M Li¢RC and c) 1 M LiP&EC/DMC.

Figure 8 SEM images of FeS thin film before a) aftér b) 1st lithiation at 0.86 V, d) 1 CV
and f) 60 galvanostatic cycles in 1M LiIGI®C, and after c) first lithiation at 0.76 V, eCV
and g) 60 galvanostatic cycles in 1M L§HEC/DMC.

Figure 9 SEM images of FeS thin film particles afi@ lithiation/delithiation cycles in 1 M
LiClO4-PC a) and in 1 M LiPFEC/DMC (b,c).

Figure 10 Model of the FeS thin film electrode nfmaitions induced by cyclingin 1 M LiClO
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PC and 1 M LiPE-EC/DMC.
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Figurel
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Figure2
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Figure 3
Cls LiClO4-PC LiPFg-EC/DMC
O:C'O 'CH2 CHz' O C O CH2 CH2
C-O C-O
8l v gl v
a) Pristine . . a) Pristine
eV anst -~ e aaVamst
LIOCH,R”, R'CH,OCO,Li LIOCH,R”, R'CH,OCO,Li
Li, COs, Li, COg, ]
ROCO,Li = ROCOLLI Ll-CH R
b) 0.76 V
b) 0.86 V

st A\

c)1cVv

d)9cv 8 9cv

294 292 290 288 286 284 282 280 294 292 290 288 286 284 282 280
Binding Energy (E) (eV) Binding Energy (E) (eV)
P2p LiPFg-EC/DMC F1s  LiPFg&-EC/IDMC
LiPFs, LlPFy i PF 0, gﬂ vX1
a) Pristine
3
a) Pristine MW\'\ <— LiF
AR LiPFg, Li,PF,,
MNJJJ\/\\ Li,PF,0,
b) 0.76 V A \\W Y1 \/ b) 0.76 V

§I YX6 /j@“ clcv

SN
g1cv M“M MW

v

d)yocv ~ S ey YX6 d)9cv
138 136 134 132 130 694 692 690 688 686 684 682 680
Binding Energy (E) (eV) Binding Energy (E) (eV)

26

Page 26 of 33



Page 27 of 33

Figure4.
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Figure6.
LiS
10000 —— EC/DMC
] N e PC
0.86 V, PG ‘
—~ 1000+ -
i) ]
= 1
-]
O
o
> 100—§
= 3
c
9
= 104 | FeS
1 [ISElFeS ‘ E
| ! e substrate
] <ﬁterface |
{SEL Al
P B S [ |11 W TR T
0 300 600 900 1200 1500 1800
Time (s)
—— EC/DMC
100004y ~ T
o
c
>
e)
o
2 1000 -
2 E ! ! ‘ 1CV, EC/DMC
() \ L '
= ! Pristine
- . Fes 1
{ SEi/Fes interface| oo rq
< |
S_ELE linterface Fe substrate
100 T T T T T T T T T T T
0 300 600 900 1200 1500 1800

Time (s)

29



Physical Chemistry Chemical Physics Page 30 of 33

Figure7?.
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Figure 8.
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Figure 9.
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Figure 10.
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