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ABSTRACT: The latest advances in the stabilization of Li/Na metal battery and Li-ion battery
cycling has highlighted the importance of electrode/electrolyte interface (Solid Electrolyte
Interphase - SEI) and its direct link to cycling behaviour. In order to understand the structure and
properties of the SEI, we used combined experimental and computational studies to unveil how
the ionic liquid (IL) cation nature and salt concentration impact the silicon/IL electrolyte
interfacial structure and the formed SEI. The nature of IL cation is found to be important to
control the electrolyte reductive decomposition that influences the SEI composition and
properties, and the reversibility of the Li-Si alloying process. Also, increasing the Li salt
concentration changes the interface structure for a favorable and less resistive SEI. The most
promising interface for the Si-based battery was found to be in P122,FSI with 3.2 m LiFSI which
leads to an optimal SEI after 100 cycles in which LiF and trapped LiFSI are the only
distinguishable lithiated and fluorinated products detected. This study shows a clear link between
the nano-structure of the IL electrolyte near the electrode surface, the resulting SEI, and the Si
negative electrode cycling performance. More importantly, this work will aid rational design of
Si-based Li-ion batteries using IL electrolytes in an area that has so far been neglected,

reinforcing the benefits of superconcentrated electrolyte systems.

1. INTRODUCTION
Since the commercialization of lithium-ion batteries (LIBs) by Sony in 1991[1,2], graphite has

dominated the market as the primary negative electrode material[3] due to its favorable physical

and chemical characteristics. However, silicon (Si) has gained considerable attention in the past



decade or so and is generally considered now as the future negative electrode material for LIBs
because of its much higher specific energy compared to graphite, i.e. 3579 mAhg™ vs. 372
mAhg™ [4-6]. However, one of the major drawbacks of using Si is its unstable solid electrolyte
interphase (SEI) [6-8] that results from electrode pulverization upon repeated lithiation and
delithiation. The silicon particles undergo up to ~300% volumetric changes [9] during cycling of
the battery, causing the particles to crack and expose new surfaces where incessant breakdown of
the electrolyte components takes place. Current systems are not so efficient in that this
phenomenon is accompanied by the cracking of the SEI during the expansion of Si. Hence, the
choice of other cell components is carefully considered in the design of Si-based batteries. For
instance, binders are selected on the basis of having functional groups that can effectively graft
with the hydroxyl groups on the native Si surface. Poly acrylic acid (PAA) [6] and
carboxymethyl cellulose (CMC) [10] are well-known binders for silicon electrodes because they
contain the necessary carboxyl groups. These binders were also found to be rigid which help in
giving the electrode its mechanical integrity, while buffering the effects of silicon volume
expansion. The use of electrolyte additives such as FEC [11,12] is also a well-known strategy to
form a stable SEI in LIBs based on silicon negative electrode. The SEI resulting from an FEC-
containing electrolyte commonly has LiF as a main component, which has been reported to have
poor bulk ionic conductivity.[13] Thus, LiF may not always be beneficial; instead, it can be

detrimental for the electrode if too much of it is incorporated in the SEI.

The SEI is an integral part in understanding the battery performance and failure as it plays a key
role in the diffusion of Li ions to and from the electrode, and in preventing further breakdown of
the electrolyte at the electrode surface. It is essentially a thin film with a complex structure

formed by the reductive decomposition of the electrolyte on the negative electrode surface. Aside



from using additives, alternative electrolyte compositions have been studied in an effort to
enhance the SEI efficiency of Si-based negative electrodes and its dynamic nature. Over the past
several years, there has been a growing interest in the use of ionic liquids (IL) in electrochemical
devices [14] owing to their unique properties such as non-flammability, low volatility, high ionic
conductivity, and good electrochemical and thermal stability.[15,16] Additionally, an improved
control of the species making up the SEI can be achieved by employing ILs in Si-based batteries
because of their inherent better chemical stability compared to the traditional carbonate-based

electrolytes.[5,15]

While some IL electrolytes have already been used with Si negative electrodes [17,18],
investigations relating to the SEI and interfacial chemistries are not as established as those in
conventional electrolytes. Techniques such as MAS-NMR, SEM, TEM-EELS, and XPS are
commonly used to examine the SEI composition and morphology.[19-21] However, in order to
gain more essential information about its formation, it is important to understand the structural
behaviour within the interfacial region, i.e. a few nanometers from the electrode surface, upon
polarization. Several experimental methods such as AFM [22,23], neutron reflectrometry
[24,25], vibrational [26,27] and impedance [28-30] spectroscopies, have all been successfully
applied to thoroughly investigate the electrolyte nanostructuring and composition at an interface.
In addition, the use of computational methods such as DFT and molecular dynamics [29,31-33]
was found to be essential to further understand the changes in the potential-driven interfacial

structure.

Our recent study [18] using superconcentrated electrolytes revealed the superior electrochemical
behaviour of triethyl(methyl)phosphonium bis(fluorosulfonyl)imide (P1222FSI) in a half-cell

investigation of Si negative electrodes (Fig. S1). This result was linked to the stability of the



electrolyte upon cycling and to improved lithium ion transport which is facilitated at high Li salt
content. In the present work, we report the importance of tuning the Si/IL electrolyte interface as
a function of IL cation nature and salt concentration. Experimental techniques such as MAS-
NMR, SEM, and STEM-EDX were used to determine the SEI composition and morphology in
order to further investigate its influence on the electrochemical performance as well as the
relationship of the electrolyte chemistry (Pi1222FSI and N-methyl-N-propylpyrrolidinium
(Csmpyr) FSl-based electrolytes) to the SEI properties. Differences with typical carbonate
electrolytes are also highlighted. In addition, computational methods and differential capacitance
(DC) experiments using AC impedance were applied to gain a better understanding of the SEI

formation by examining the structuring at the electrode/electrolyte interphase.
2. EXPERIMENTAL SECTION
2.1 Electrode Preparation

Slurries were prepared from Si nanoparticles (~150 nm diameter, S’tile) [34], sodium
carboxymethyl cellulose (Na-CMC, DS = 0.9, My = 700,000, Sigma Aldrich) binder, graphene
nanoplatelets (GM15, length ~15 pum, width ~5-10 pm, Sger: 74 m?g™, XGSciences) conductive
additive, polyacrylic co-maleic acid (Sigma Aldrich) dispersant in pH 3 buffer solution with
71:7:11:2:9 wt.% ratio.[6,35] A total of 200 mg of the mix was transferred in a silicon nitride jar
with three silicon nitride balls (9.5 mm diameter). One ml of de-ionized water was added as
solvent. The slurries were mixed, tape cast on copper foil, and dried as described by Karkar et

al..[6]

2.2 Electrochemical Measurements



Li|Si Swagelok half-cells were assembled from Si electrode discs (0.785 cm?). A microporous
polypropylene membrane (Celgard 3501) and a borosilicate glass-fiber (Whatman GF/A) were
used as separators. IL electrolytes were prepared from P122,FSI (Boron Molecular, Noble Park,
VIC, Australia) and CsmpyrFSI (Solvionic, France) containing LiFSI salt (Nippon Shokubai,
Japan).[36] The purity of the ILs were confirmed with inductively coupled plasma mass
spectroscopy (ICP-MS) while LiFSI was used directly as received. The electrolyte components
were dried separately under vacuum for 48 hours at 50°C before mixing to get the desired salt
concentration of 3.2 and 0.8 m. The final water content of the IL electrolytes was <20 ppm
(measured with an 831 Karl Fisher Coulometer). An organic carbonate electrolyte composed of
LP 30 (1.0 M LiPFs in ethylene carbonate (EC):dimethyl carbonate (DMC) 50-50 by volume
from Sigma Aldrich) with 10 wt.% fluoroethylene carbonate (FEC) [37] was also prepared. The
Si electrodes were pre-wetted with the electrolytes under vacuum for 18 hours at 50°C. Six drops
of the electrolytes were added after the pre-wetting step. The electrolyte preparation and cell
assembly were performed in an Argon-filled glovebox. The cells were transferred to a 50°C oven
after assembly to allow a rest period of 24 hours before the electrochemical measurements. The
cycling experiments were performed using a VMP multichannel potentiostat (Bio-Logic). Using
galvanostatic mode, cycling was performed at 50°C at C/10 rate (corresponding to 4Si + 15Li in

n hours) with voltage cutoffs at 1 and 0.01 V.
2.3 SEI Characterization

Scanning electron microscopy (SEM) images were obtained using JEOL JSM 7600F
microscope. The Si negative electrodes were prepared for surface and cross-sectional analysis by
mounting the samples in SEM sample holders inside an Argon-filled glovebox. The samples

were secured in an Ar-filled container for transfer to the SEM chamber. The transfer was



performed as quick as possible to minimize sample exposure to ambient atmosphere. The

exposure time is estimated to be less than 1 minute.

Transmission electron microscopy (TEM) imaging was performed using HNAR9000 microscope
to obtain images of the pristine Si nanoparticles. The particles were dispersed in alcohol using an
ultrasonic bath. The dispersion was placed in a copper grid (Lacey, 300 mesh) and transferred in
the microscope for analysis. For the cycled Si electrodes, a Themis Z — STEM-EDX microscope
was used to obtain images and elemental composition. The samples were prepared inside an
Argon-filled glovebox by scraping off the Si electrode from the current collector and placing the
copper grid (Lacey, 300 mesh) directly on the electrode material. The copper grids with the

samples were then placed inside a transfer box and sealed prior to transfer to the microscope.

Magic Angle Spinning (MAS) — NMR (Bruker 500 MHz Ultrashield spectrometer) was used to
identify the composition of the Si electrodes after cycling in different electrolytes. The Si
electrode was recovered after the end of delithiation and placed in a 2.5 mm zirconia rotor for "Li
and F NMR analysis, using spinning frequencies of 25 kHz and 23 kHz, respectively.
Quantitative NMR was also performed by mixing Si with various amounts of LiF to obtain
calibration curves which allow absolute quantification of the lithiated and fluorinated
components in the samples.[38] Integrated intensities from the ‘Li and °F NMR combined with
these curves allow us to calculate the amount of LiF and other lithiated species. All the spectra
were normalized to take into account the number of scans, the receiver gain, and the mass of the
sample. The spinning sidebands were also taken into account.[5,39] Fitting of all the spectra was

performed using the dmfit program.[40]

2.4 DC Measurements by AC Impedance



EIS measurements were conducted at 55°C using a 3-electrode setup inside an Ar-filled
glovebox. The working electrode used is a semiconductive glassy carbon (GC). The counter
electrode is a platinum (Pt) wire and the reference electrode is silver triflate (AgOTf) filled with
the tested ILs (~ 0.01 M). The electrodes were polished twice before each new measurement
using a microdisc cloth covered with alumina (0.3 microns) for approximately 2 minutes each.
After each polishing, the electrodes were rinsed with distilled (DI) water and sonicated for 5
minutes. The electrodes were rinsed again with DI water and ethanol then dried with Ar flow and
later in a 70°C oven. The electrode cleaning and the 3-electrode setup were performed based on
the method of Klein et al.[41] The EIS frequency range was set between 400 kHz to 1 Hz with an
amplitude of 10 mV and the impedance was recorded at different applied potentials, between 0.7
V to -1.85 V vs. Ag/Ag”. Prior to this, CV measurements were carried out between 0.9 V to -1.9
V vs. Ag/Ag” to verify that the EIS experiments are within the stability window of the
electrolytes. The absolute potential scale was converted to Fc/Fc* by calibrating the reference
electrode in the tested IL with traces of ferrocene. The differential capacitance of the different
electrolyte systems was then calculated by fitting the EIS data to the appropriate equivalent
circuit model. The model used (Fig. S2) consists of the electrolyte resistance in series with a
constant phase element, that is in parallel to a resistor, which describes the deviation from a non-
ideal capacitive behaviour. The electrical double layer (EDL) capacitance was calculated by first
identifying the frequency close to the 90-degree phase angle of the Bode plot which corresponds
to capacitive behaviour. The capacitance was then explicitly calculated using the equation

mentioned in the literature.[41]
3. RESULTS AND DISCUSSION

3.1 Interfacial Morphology and Topography using SEM and STEM-EELS



Electrochemical performance of Si electrode in the IL electrolytes and traditional carbonate-
based electrolytes at 50°C at C/10 are provided in Figure S1. SEM observation of the Si
electrodes recovered after 100 cycles at the end of delithiation reveals key differences between
the electrodes cycled in the carbonate and IL electrolytes, but significant similarities between
those cycled in superconcentrated pyrrolidinium and phosphonium IL systems. Surface analysis
shows that cycling in conventional carbonate electrolyte, i.e. LP30 + 10 wt% FEC, results in
deep cracks that span the entire surface of the electrode (Fig. 1a) compared to the pristine Si
electrode (Fig. S3 a-b). This is an indication of a mechanically weak electrode and SEI that break
down as Si undergoes severe volume expansion and contraction during lithiation and
delithiation, respectively. The ideal particle size of Si for practical use as anodes in LIBs is
below 150 nm [42], which anticipates huge volumetric changes with the Si used in this work as
the particles have an average diameter of about 150 nm (Fig. S4 a-b). The presence of such deep
cracks most probably electrically isolates parts of the Si active material and could be one of the
key contributors of the drastic capacity decay as previously observed [18] (Fig. S1). In contrast,
the absence of prominent cracks across the surface of the electrodes even after long-term cycling
in the IL electrolytes (Figs. 1c and 1e) could indicate a more robust or flexible SEI. Domi et
al.[43] and Yodoya et al.[44] also reported the ability of IL electrolytes to suppress the formation
of cracks in silicide-based electrodes and the disintegration of P-doped Si electrodes,
respectively. As shown here, the SEI appears to have formed a compact film, and possibly filled
the cracks in the Si particles which can form during cycling; this seems to maintain the Si
particles intact and prevent significant crack formation. This IL-based SEI may somehow act as a
binder which keeps the integrity of the electrode during battery cycling by ‘gluing’ the Si

particles together, even after pulverization.



In addition to surface morphology, cross-sectional examinations were performed to determine
the expansion of the Si anodes after extended operation. It seems that cycling in carbonates
results in a thinner overall electrode relative to the behaviour with the IL electrolytes as shown in
Figs. 1b, 1d, and 1f. The resulting electrode thickness is 54 um, 66 pum, and 68 um after 100
cycles in LP 30 + 10 wt% FEC, CsmpyrFSI-LiFSI, and P122,FSI-LiFSI, respectively, compared
to an average of 22 um (Fig. S3 c) for a pristine Si electrode. This result is in contrast with an
earlier study [45] where carbonate electrolytes produced the thickest electrodes. However, in this
work, the thinner electrode post cycling in carbonate is attributed to its shorter operating period
of about 60 cycles, i.e. capacity fades drastically [18] due to the possible electrical isolation of
the Si particles accompanied by electrolyte decomposition at 50°C. On the other hand, the cells
with IL electrolytes could cycle for longer time at full capacity [18], resulting in a more
significant volume variation, even compared to our previous report [37]; hence, the larger
electrode expansions. The similar electrode thickness in the two IL systems suggests that their
different electrochemical behaviour is not primarily a consequence of their SEI morphological
characteristics but may be due to a difference in their SEI composition/properties and/or SEI
component distribution. Nevertheless, the formed IL-based SEI appears to provide more
resilience against volume variation compared to the case of Si electrodes cycled in carbonates:
after 100 cycles, electrodes cycled with IL based electrolytes achieved a larger swelling due to
the SEI formation, as can be inferred from the thickness (Fig.1d and f) of the electrode, while
maintaining a complete integrity with insignificant degree of cracking, as opposed to the case of

the carbonate electrolyte.
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Figure 1. Surface and cross-sectional SEM micrographs of the Si electrodes after 100"
delithiations in (a-b) LP 30 + 10 wt% FEC (c-d) 3.2 m LiFSI in CsmpyrFSl, and (e-f) 3.2 m

LiFSlI in P129oFSI

High resolution STEM-EDX mapping were used to gain insight into the topography of the
electrodes and their elemental constituents and distribution. Figs. 2a-2c confirm the breakdown
of the Si particles after long-term cycling. They no longer appear as 150 um round particles but
rather as long filaments formed by smaller particles, as highlighted in red in Fig. 2d. In addition,
silicon filaments are completely covered by a glue-like SEI that binds the Si particles together.

All the probed elements that are possibly involved in the SEI formation, i.e. F, O, N, S, and P
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(for the phosphonium system), are found in all the corresponding examined areas (Fig. S5),
confirming that this glue-like coating constitutes the SEI. Using EDX, we reveal that FSI anion
degradation products clearly take part in the SEI composition since the N:S:F = 1:2:2 ratio
expected for the non-degraded FSI anion, is not found (Table S1 and S2). Breaking of the S-N-S
bond within FSI fragments is also evident since the 1:2 (N:S) ratio is also not satisfied.
Furthermore, the O:S ratio indicates breaking of the S=O anion backbone. It is not uncommon to
observe the breakdown of FSI anions which typically yield LiF.[46,47] MAS NMR analysis, as
discussed in detail later on, reveals the dominating presence of LiF. Additionally, other
decomposition species such as Li,S, Lio,NSO,F, LiSO,, Li,O, and possibly Li,CO3; may result

from the breakdown of the FSI anion.[21]

Figure 2. STEM-EDX images of the (a) pristine Si nanoparticles, and the Si electrode after 100"

delithiation in (b and d) P1222FSI with 3.2 m LiFSI and (c and e) CsmpyrFSI with 3.2 m LiFSI.
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(areas delimited in yellow correspond to the regions analyzed for elemental quantification in

Table S1 and S2)

STEM-EDX is also an excellent tool to observe any inhomogeneities in the SEI composition or
distribution. Careful examination of the images reveals some notable features of the Si negative
electrodes after 100 cycles in the IL electrolytes (Fig. 2d and 2e). The two systems appear to
have certain areas that are Si-rich and areas that are Si-poor, a characteristic that is more
pronounced in the phosphonium system. The Si-poor regions seem to correspond to regions
particularly rich in F and are reasonably assigned to LiF and FSI decomposition products. The
composition distribution is rather inhomogeneous because some areas are very rich in fluorine
(~20-60% at.) suggesting that they correspond to LiF rich areas, while other regions are
characterized by a lower amount of fluorine (~6-20% at.) suggesting the presence of more mixed
LiF and FSI decomposition products or non-degraded LiFSI that could be trapped in the formed
SEI. Nevertheless, the segregated distribution of Si and the SEI products in the phosphonium
electrolyte based on the visual examination from STEM-EDX could present better accessibility
of Si active sites for lithiation, favouring better charge transfer. Previously, we have shown
through cell impedance data that extended cycling in pyrrolidinium presents a more blocking
interphase.[18] In Fig. 2e, the more extensive covering of the SEI layer around silicon particles
cycled in CampyrFSI-LiFSI provides a strong indication that the pyrrolidinium system more
readily undergoes decomposition to form a film around the active material. In addition to LiF,
the SEI layer is also composed of organic Csmpyr” breakdown products [18] which are poorly
conducting to Li ions [48]. STEM-EDX mapping (Fig. S5) also indicates the presence of
nitrogen and phosphorus, indicating that pyrrolidinium and phosphonium cations or their

breakdown products are present in the SEI. Evidence of pyrrolidinium and phosphonium IL
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nanostructuring at the electrode surface and its consequence on their decomposition pathway is
described in the computational section and using differential capacitance analysis discussed

below.
3.2 MAS NMR
3.2.1 Qualitative MAS NMR

MAS NMR has been used by several studies [5,19,21,49] to investigate the chemical
composition of the SEI in batteries. Here, we used ex situ MAS NMR to probe the bulk electrode
and acquire global information about the nature of the SEI layer formed by the interaction of the
Si with the various electrolytes. Previous NMR studies [4,49,50] by our group using carbonate
electrolytes reported that all Li is extracted from Si at the end of charge. Thus, experiments were
performed at the end of the delithiation process of the Si in order to detect only Li nuclei
involved in the SEI. The normalized integrated intensity of 'Li NMR spectra of the electrodes
cycled in the CsmpyrFSI system in Fig. 3a show one broad resonance centered at -2.0 ppm.
Dupré et al.[5] pointed out resonances of Li,Si alloys centered at 1.6 ppm, assigned to lithium
rich areas including isolated silicon nuclei, in the case of nano-structured silicon. Other reports
indicate the more common presence of Li-poor and Li-rich alloys at about 18 ppm and 6 ppm,
respectively.[50,51] The broad signal displayed in Fig. 3a thus confirms, in the case of IL
electrolytes, the presence of Li only in the SEI and not Li trapped as LiSi in the Si [49,51] at the
end of charge. The signal shift to negative values strongly suggests the presence of lithiated
fluorinated species [5] and is consistent with LiF and LiFSI, indicating their contributions to the
broad peak at -2.0 ppm. *°F NMR confirms unambiguously the presence of LiF as discussed in
more detail below. LiF is known to be the most typical reduction product of the FSI salt anions

[18,47] and a dominant SEI component [5,19] in most electrolyte formulations. The broad peak
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from ’Li spectra may also overlap with signals from other lithiated compounds including Li;SiO,
(-1 to 2.5 ppm [49]), LiOH (0.4 ppm for LIOH.H,0 [52]), Li,S (2.3 ppm [53]), and Li,SO4 (0
ppm [54]) among others. Some of these products are a result of FSI anion decomposition, which
supports our findings from STEM-EDX and is also in good agreement with our previously
reported XPS results.[18] S 2p and O 1s XPS revealed the presence of LiOH, Li,S, and -SO,F
groups after 100 cycles in the same conditions as the electrodes investigated in this work. Also,
the presence of such products prior to electrochemical cycling is expected [5,47] and suggests
the spontaneous reaction of the electrolyte components with the Si. As illustrated in Fig. 3a, the

SEI film then continues to grow and become more pronounced upon cycling.

From F NMR, the strong, characteristic [5,21] resonance at -205 ppm (Fig. 3b) verifies the
presence of LiF. Additionally, a closer inspection reveals the presence of other decomposition
products prior to cycling as seen in Fig. 1c. The signals at -78 ppm and -140 ppm are assigned to
an —SO.F group, e.g. LiSOyF, and SiOyFy, respectively.[18,55] These species are no longer
visible in the spectra after several to a hundred cycles, consistent with previous reports [21,56]
where LiSO,F was found to disappear upon cycling as more LiF is formed. However, such
species may still exist but appear undetectable in the NMR after several cycles because of their
overlapping signals with the intense peak and sidebands of LiF. As can be seen after 10 or 100
cycles, the *°F resonance obtained and assigned to LiF is not symmetric and a shoulder appears
at -199 ppm in addition to the expected -205 ppm position for LiF. This suggests at least two
different fluorine local environments. Nevertheless, the *°F chemical shift for LiF is quite
specific and there is no other possible fluorinated compound that would lead to the rise of a
resonance this close to that of LiF. The shifted component of this asymmetric resonance is then

tentatively assigned to a LiF-like environment, including an additional contribution to a purely
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chemical shift. NMR studies [57,58] of ion adsorption on microporous carbonaceous materials
indicated that regardless of the nucleus (°H, ‘Li, 3'P, *°F) or its charge (cation, anion), a -8 to -12
ppm shift is observed with respect to the expected position (e.g. when there is no interaction with
a nearby aromatic ring). Moreover, negative shifts of diamagnetic Li have been reported in the
case of Li cation surrounded by the & electron clouds generated by graphite [59]. This behaviour
has also been observed in “Li and *°F NMR in the case of LiF forming on the surface of graphite
[60]. Such a negative shift corresponds to a physical adsorption and occurs when no chemical
bond is formed. Here, a change towards a more positive chemical shift indicates instead that the
electronic density on the p orbitals of F is increased, suggesting that there is a chemical reaction
between LiF and the surface of the electrode leading to the observed LiF-like fluorine local
environments. Qualitatively, similar results are obtained in the phosphonium system and are
presented in Fig. S6. Apart from the resonance assigned to LiF at -205 ppm, the only remaining
signal observed after 10 or 100 cycles appears at 52 ppm and corresponds to non-degraded FSI
groups, including most probably LiFSI trapped in the SEI and in the electrode pores. On all
spectra, this FSI signal contains one extremely sharp and one broader component (Fig. S7) that
can be attributed to mobile, liquid-like non degraded FSI" anions and non- or less-mobile
confined FSI containing species, such as LiFSI. Ferdousi et al.[61] recently reported the
formation of complexes suggested to be Nay[SO3-N-SO,F]-nH,O (n = 0-2) in Na system,
resulting from partial decomposition of FSI. In these complexes, the local environment of
fluorine is expected to be close to that in FSI anion and the corresponding **F NMR shift close to
that of the non-degraded FSI signal. It is therefore possible that the broad resonance at 52 ppm
assigned to non-degraded FSI contains also a contribution from such complexes. No other

fluorinated species were detected. Therefore, the above NMR results point out that the fluorine-
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rich areas analyzed by STEM-EDX most probably contain a mix of LiF, trapped LiFSI, a
possible contribution from FSI-like complexes and other non-fluorinated degradation products
such as Li,S, LiSO,, Li,0O, and possibly Li,CO3 that may result from the complete breakdown of

the FSI anion.[21]
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Figure 3. Normalized a) ‘Li MAS NMR b) °F MAS NMR spectra of the Si electrodes before
and after cycling and c) Zoomed-in *F MAS NMR spectra of Si electrodes before cycling in

CsmpyrFSI with 3.2 m LiFSI (* represents spinning sidebands)
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3.2.2 Quantitative MAS NMR

Using the same spectra presented in Fig. 3, we report here an absolute quantification of LiF and
other lithiated species with the aid of calibration curves (Fig. S8). This method was previously
developed by our team [38] and has been successfully applied to investigate the SEI of battery
electrodes. Please note that ‘Li quantification encompasses all products under the broad ’Li
resonance (e.g. LiF, LiFSI, LiOH, Li,S, LisSiO4) and it is not possible to quantify their
respective contributions. On the other hand, LiF quantification from *F MAS NMR is easier,
thanks to the very specific chemical shift of LiF. In addition, due to the usually long relaxation
time of NMR signals from liquid-like species, the resonance corresponding to mobile liquid-like
FSI observed here is probably not quantitative (and was in most cases truncated) and therefore
cannot be used for quantification of remaining FSI species in the studied samples. On the
contrary, 'Li signal is obtained in quantitative conditions, ensuring the detection of possible
LiFSI amongst other lithiated species. The values in UMol/MQactive materiat 1€ Summarized in Fig.
4. For each sample, quantitative amounts of LiF, first obtained from °F MAS NMR, were
subtracted from the total amount of lithium detected with ‘Li MAS NMR. This allows

monitoring the evolution of the so-called “other lithiated species”.
a) Influence of the electrolyte nature at high LiFSI concentration

Focusing first on the concentrated system, during the early stages of cycling, the electrodes
cycled in P120,FSI-LiFSI yields more LiF (Fig. 4a) compared to the electrodes cycled in the
CsmpyrFSI-LiFSI electrolyte. It should be noted that the species probed with ‘Li and *°F MAS
NMR in this case are products of LiFSI decomposition. Hence, we attribute these results to the

more extensive breakdown of the FSI anion in the case of the phosphonium systems. With

18



regard to pyrrolidinium, Csmpyr® undergoes breakdown early on cycling [18], which may

compete with and delay the FSI decomposition. This is explored in the subsequent MD section.

The most striking results from Li and *°F MAS NMR quantification is observed after extended
cycling (Fig 4b and 4d). While we recognize the probable presence of other products that are not
lithiated and/or fluorinated, and therefore not detectable using ‘Li and *°F MAS NMR, including
IL cations or their decomposition products, we found that the fundamental difference between
the SEI nature after cycling in the superconcentrated electrolytes is that all the lithium is present
only as LiF in the case of pyrrolidinium system. On the contrary, in the case of the phosphonium
system, a mixture of lithiated species, i.e. LiF and other lithiated species including trapped
LiFSI, as detected by °F MAS NMR, are formed after 100 cycles. Moreover, the amount of
lithium nuclei involved in LiF is of the same order of magnitude as those comprised of other
lithiated species (Fig. 4b), indicating a significantly mixed composition of the SEI in terms of
lithiated species. Although LiF consistently appears as a main SEI component, its role in Si-
based LIBs remains unclear to this date. Some issues have been raised despite its ability to
provide a stable protective layer to the Si electrode owing to its high bonding energy [62], which
could also have contributed to its signal shifting to -199 ppm in **F NMR, as mentioned earlier.
The electronically insulating nature of LiF may cause the active Si particles to lose electrical
contact and lead to capacity loss [63]. Additionally, an LiF-rich interphase may result in poor
charge transfer because of its low bulk ionic conductivity [13]. It is also reported that the
diffusion of Li* in LiF is low compared to other compounds such as LiOH and Li,O that are
commonly found in the SEI.[64,65] Between pyrrolidinium and phosphonium systems at high
LiFSI concentration, we have shown previously [18] that the EIS Nyquist plot obtained after 100

cycles for the former exhibits an additional, clearly defined second semi-circle, compared to the
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latter, indicating a significant additional resistive contribution (Fig. S9a and b). This confirms the
higher interfacial resistance (Table S3), after 100 cycles in the case of the superconcentrated
pyrrolidinium-based electrolyte. On the basis of these findings, it is expected that it is beneficial
to have a good balance of LiF and other lithiated species in the SEI. This result is also in
agreement with the better electrochemical performance and more stable cyclability obtained in

the case of the phosphonium system (Fig. S1).

b) Influence of the LiFSI concentration

A comparative investigation of the influence of salt concentration confirms the large contribution
of LiF to the chemical composition of the SEI. After 10 cycles, a trend similar to what has been
observed for the concentrated system is noticed with more LiF (Fig. 4c) produced in the case of
electrodes cycled in P1,2,FSI-LiFSI compared to the electrodes cycled in the CsmpyrFSI-LiFSI
electrolyte, although the difference is lessened for the low concentrated systems. Another
interesting feature is that in the case of the pyrrolidinium system, at low LiFSI concentration, the
amount of lithium involved in species other than LiF is twice that of the LiF component. This

will be discussed below, in relation to MD results.

After 100 cycles, it is observed in both phosphonium and pyrrolidinium electrolytes that more
LiF is generated with the addition of 3.2 m LiFSI salt compared to 0.8 m LiFSI. Also, the ratio
between Li ions involved in other lithiated species and Li ions involved in LiF is significantly
higher than 1 (1.3 and 1.9 at 0.8 m LiFSI for the phosphonium and pyrrolidinium system,
respectively), showing a stronger contribution of lithiated species other than the resistive LiF to
the SEI. This translates to a lower cell impedance for low salt concentration (Fig. S9 a-b),
indicating the formation of a non-blocking SEI. Overall, the common species in the interfacial

constituents, i.e. mixture of a slight minority of LiF, a majority of other lithiated species, and IL
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cation degradation products [18], after cycling in the two dilute IL electrolytes could explain
their similar behaviour. Therefore, the poor electrochemical performance obtained after an
extended cycling in the low concentration system seems to be due to the degradation of the
electrolyte rather than the formation of a blocking and resistive SEI.[18] The phenomenon
leading to these observations can be described by the electrolyte nanostructuring at the
electrode/electrolyte interface upon polarization, as discussed in the succeeding sections. In the
case of superconcentrated systems, the ratio of Li ions involved in other lithiated species with
respect to those involved in LiF formation is close to 1 for the phosphonium system, whereas all
the lithium is in LiF for pyrrolidinium. Nyquist plots (Fig. S9a-b) confirms that both scenarios
lead to a higher impedance compared to the dilute electrolytes. The estimated interfacial

resistance is summarized in Table S3.
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Figure 4. Amount of LiF and other lithiated components on the Si electrodes derived from *°F

NMR and ‘Li NMR after a) 10" delithiation and b) 100™ delithiation in CsmpyrFSI-LiFSI and

P1222FSI-LiFSI with 3.2 m LiFSI and c-d) the same conditions with 0.8 m LiFSI

As opposed to ILs, 'Li, °F, and *'P MAS NMR experiments performed on the electrodes cycled

in LP 30 + 10 wt% FEC confirm the unfavorable interaction of a standard battery electrolyte

with Si. The strong resonance centered at -1.6 ppm and -205 ppm in ’Li and *°F spectra (Fig. S10

a-b), respectively, indicate the presence of LiF [5,21]. Calculations (Table 1) reveal a total of

10.3 pmol/Mmgeiectrode OF LiF after 100 cycles, which is twice the amount found in the IL-cycled
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electrodes. In fact, almost identical amounts of LiF are found after the 10™ and 100" delithiation
in the carbonate and IL electrolytes, respectively. This means that as early as 10 cycles, the
formation of decomposition products has started to negatively impact the performance of Si in
the carbonate electrolyte. The capacity fades continuously until there is almost negligible
capacity after about 60 cycles. In addition, there is smaller contribution, appearing as a shoulder
at about 0.5 ppm in Fig. S6 which is attributed lithium organic species amounting to 1.6

pMmMol/mgelectroge fter 10 cycles.

Table 1. Amount of LiF and other lithiated species on the Si electrodes after 10" and 100"
delithiation in the IL-based electrolytes and carbonate-based electrolyte. *: assumed to be less
than 5%, considering the uncertainties on the estimation of the total amounts of lithium and the
total amount of lithium implicated in LiF. In addition, in the case of the "Li MAS NMR spectrum
of the electrode cycled in carbonate electrolyte after 100 cycles, contributions that could be
assigned to lithiated organic species and to LiF exhibit a strong overlapping resonance

preventing a reliable deconvolution.

10" delithiation 100™ delithiation

SEI component Electrolyte (MOl MGetectiose) (MOl MGatectrone)
3.2 m LiFSI in P1,FSI 3.5 5.5
LiF 3.2 m LiFSI in CmpyrFSI 1.4 5.4
LP 30 + 10 wt% FEC 5.1 10.3
_ 3.2 m LiFSI in P1,FSI 1.0 5.9
OthsFr);::'[ir;!sated 3.2 m LiFSI in CgmpyrFSI 0.6 --*
LP 30 + 10 wt% FEC 1.6 --*

In addition to LiF and traces of other lithiated products, the signal arising at -73 ppm (Fig. S10 b)
in F NMR is assigned to PFg groups that correspond to dried or trapped LiPFg [5], and

possibly fluorophosphates. The 3P NMR spectra (Fig. S10 c) validate the presence of these
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compounds, showing resonances at -146 ppm (PFs) and at approximately -18 ppm
(fluorophosphates containing groups such as -POsF? and -PO,F,).[66] As can be seen, these

results highlight the stability of ILs and the susceptibility of classical electrolytes to degradation.

At this point, it is difficult to explain the different amounts of Li implicated in other lithiated
species and in trapped LiFSI and why in some cases lithium is only present as LiF. The presence
of all the elements constituting the IL cations in the SEI, as seen by STEM-EDX, suggests a
structural contribution of IL cations or fragments of partially degraded IL cations to the SEI.
Such complex architecture of the SEI could allow some LiFSI, for instance, to be trapped and be
prevented from a further reaction with the reductive silicon surface. The inhomogenous
distribution and the separation of F-rich areas and Si-rich areas, all containing elements
constituting IL cations, supports the hypothesis that some distance may exist between areas rich
in degradation products and the reductive surface of silicon. Such situation could help in trapping
part of the lithiated species, including LiFSI or in hindering their further degradation reaction. In
addition, from STEM-EDX, this separation between F-rich and Si-rich areas seems to be more
pronounced in the case of the electrode cycled in the superconcentrated P12,;-based system after
100 cycles. This would be consistent with the larger amount of lithiated species other than LiF.
Such nanostructuring near the silicon surface of IL cations and LiFSI and its corresponding
fragments could then have an influence on the formation of such structure. Consequently, this
impacts the amount of trapped lithiated species, including LiFSI, depending on the concentration
(lithium and FSI amounts) and IL cations (stable P125," or prone-to-degradation Csmpyr”). In the
next part, we try to further investigate the nanostructuring of the electrolyte components near the

silicon surface that could help in understanding the formation of such different SEIs.

3.3 Computational Investigation
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MD simulations were conducted to understand the interface structures of the two IL electrolytes
and the effect from cation chemistry and LiFSI salt concentration. Since the classic MD
simulation method does not involve any chemical reaction process, we should understand that
the reported interfacial structures describe the interface before SEI formation and can be applied
only to elucidate the early stages of cycling. The interfacial structure also closely affects the ion
transport across the interface. Therefore, the cognition of such structure is of utmost importance

for us to understand the battery performance.

We have studied a number of surface charge densities of + 0.000, + 0.391, + 0.873 and + 1.461 e
nm? for the CsmpyrFSI system at first, as the previous research showed that the surface charge
(or applied voltage) could have an impact on interfacial structure and composition [33,67,68]
Essentially, the surface charge per area represents an excess of elemental charge ascribed to each
surface atom of the Si electrode, which is related to the applied electrode electrostatic potential
via Poisson equation [69], which was not calculated here. We simply evaluate the potential
differences approximately based on the reference [29], which also reports the MD simulation of
CsmpyrFSI with the 20 mol% (equivalent to 0.8 m) of LiFSI salt near a graphite electrode using
a similarly 10 nm long simulation box. The 4.2 V of voltage difference (AV) gives a surface
charge density of around 4 pC cm™ (0.25 e nm) with a constant potential electrode model and
polarizable force field. Although we cannot use the data in the reference to calculate the voltage
difference corresponding to the charge density we use directly as the simulated electrode and
MD methods are different, we can infer that the highest density we used here (i.e. £ 1.461 e nm’
2) should be used as an extreme condition for theoretical research purpose as it should exceed the

practical voltage range (> 20 AV).
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We firstly discuss the effect of the surface charge. From the number density profiles of
CsmpyrFSI-LiFSI given in Fig. S11, we have learned that, next to the uncharged electrode
surface, both IL cations and anions coexist in the 0.8 m system (Fig. S11 d), while all ion species
including Li* coexist in the 3.2 m system (Fig. 5e). When the negative surface charge was
applied, both anions and Li* were pushed to the outer layer, resulting in a Csmpyr® cation-
dominated inner-most layer. This was observed in both 0.8 and 3.2 m systems at the low to
medium surface charge densities (Fig. S11 a-c and e-g), and the number of cations increases with
the increase in surface charge density. The similar phenomenon was also seen in the reference
[29] when comparing the number density profiles of 0 VV and 4.2 V (Fig. S11 h). However, the Li
ions appear again in the inner most layer at the extremely high surface charge density of + 1.461
e nm™ for the 0.8 m system or above the + 0.873 e nm™ for the 3.2 m system, in order to screen
the high negative surface charge. But such a high surface charge density could be out of voltage

limit in the real experiment as we discussed above.

Furthermore, we found that the number of ion layers is less dependent of surface charge, instead,
the high salt concentration substantially reduces the number of interfacial layers for both ILs,
which has been reported in our previous work for a concentrated CsmpyrFSI/NaFSI system [33],
and was also supported by a number of AFM studies [22,70]. The density profiles were
compared between P15,FSI and CsmpyrFSI with 0.8 m and 3.2 m of salt at +0.873 e nm™ or
uncharged surface in Fig 5. The dominated electrolyte component in the innermost layer near the
negatively charged electrode (left side) is the IL cation for both salt concentrations (Fig. 5a-5d),
and the first cation density peak is slightly higher for Csmpyr®, indicating that the number of
Csmpyr” cations exceeds that of P125,". This is also consistent with the higher interaction energy

(van der Waals + Coulombic energy) between cations in the innermost layer (within the cutoff of
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1.2 nm) and the electrode, as shown in Fig. S12 a. The Li" ions in the innermost layer (< 1 nm
distance from the Si surface) are only found in the 3.2 m LiFSI systems, but in a low population
at a medium charge density of -0.873 e nm™. The second layer is dominated mainly by anions

and Li ions or almost only by anions for the 3.2 and 0.8 m systems, respectively.

However, the differences in the number density profiles for all investigated concentrations and
surface charge densities conditions are not significant between the two IL electrolytes. The above
MD results alone cannot help to rationalize the difference in SEI compositions as discussed
above and a further first-principle based analysis is necessary to attempt explaining some of
these differences. For example, MAS NMR quantification shows that the P12, system has more
LiF products than the Csmpyr system after 10 cycles. This can be understood by the LUMO
orbital energy calculated on ion cluster structures that most likely appear in the innermost
electrolyte layer. Since the LiF comes from Li-FSI reduction products that requires the
coexistence of both Li and FSI in the innermost layer, we calculated ion complexes composed of
one IL cation, one Li and two FSI anions (Fig. S12 b) as a reasonable representation of possible
inner layer electrolyte structures. The lowest unoccupied molecular orbital (LUMO) orbital
energy is always lower for the complex with P155," than with the Csmpyr®, indicating its lower
reduction stability, consistent with a higher probability of reduction. We considered the complex
with two types of Li-FSI coordination structures, i.e. mono-dentate and bi-dentate. Interestingly,
when Li* coordinates to FSI~ in a mono-dentate manner, the LUMO orbital distributes mainly on
S-F bond of FSI" when P15, is present, but it distributes throughout the majority of FSI” when
Csmpyr is present. This could indicate a more complete FSI decomposition in the presence of
Csmpyr” as observed by MAS NMR after extended cycling, where only LiF is detected as SEI

lithiated species. We also considered the influence of the IL cation which surrounds the Li-FSI
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complex and show that the fragmentation analysis indicates that more energy is needed to break

the S-F and N-S bond in the presence of the P12,," cation compared to Csmpyr™ (Table S4).

The overall trend that can be seen from the above calculations is in agreement with the MAS
NMR results discussed above, indicating (i) that the P12, —based system leads to the formation
of more LiF products than the Csmpyr system early on in cycling and (ii) the possibility of
complete LiFSI decomposition in the latter case leading to its end degradation product e.g. LiF,

after 100 cycles.
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Figure 5. Partial density profile of CsmpyrFSI and P122,FSI Ils with a-b) 0.8 m LiFSI, ¢-f) 3.2 m
LiFSI at + 0.873 e nm™and zero surface charge densities. Structural layers closer to the silicon
negative electrode surface appear on the left side of the graphs while structural layers observed
between 9 and 10 nm correspond to the lithium metal electrode side and are not commented in

the present study.

3.4 Differential Capacitance Measurements
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The DC measurements discussed in this section provides additional insights into the IL structure
at the near-electrode surface. Whereas DC experiments are commonly applied to investigate
energy storage in supercapacitors, we employ the same technique to gain a better understanding
of the ion packing density near the electrode surface. Along with MD data, DC measurements
provide essential information about the nanostructuring of the electrolyte components, which
directly impacts the SEI formation and the early stages of cycling. All of the examined systems
exhibit a U-like profile (Fig. 6) rather than the characteristic camel shape as predicted by mean
field theory which describes the electric double layer behaviour of ILs. Nevertheless, a U-like
profile is not unexpected particularly with glassy carbon electrodes.[28,29] Higher capacitance is
observed at positive polarization in all cases. This region is associated with the stacking of the
more symmetric FSI anions compared to Pi," or Campyr®. As the potential is decreased, the
cations start to accumulate near the electrode which results in lower capacitance. With further
decrease in potential towards more negative values, more cations are brought closer and are
adsorbed on the electrode surface, thus increasing the capacitance again as a more compact layer
of the positively charged species are formed. This behaviour is more prominent in the
pyrrolidinium system regardless of the salt content. It seems that more negative potential is
necessary to attract additional phosphonium cations to the electrode surface, suggesting that
P122" tends to be localized farther from the electrode surface compared to Csmpyr®. These
observations can also be explained by crowding mechanism which refers to the accummulation
of species of the same charge at the electrode surface. Based on DFT calculations (Table S5), the
Csmpyr” cations have lower reductive stability compared to Pix,". Crowding is expected to
occur at more negative potential values in the case of P12, because of its larger electrochemical

stability window or more precisely its less negative LUMO (-1.93 eV vs. -1.98 eV for Czmpyr™).
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In comparison with the neat systems, the ILs with LiFSI salt generally show higher capacitance
which is more pronounced at higher polarization potentials. This is potentially due to the changes
in ion packing density and effective electrode charge screening shown by MD simulations.
Interestingly, the global capacitance of the electrolytes with 0.8 m LiFSI is higher compared to
those with 3.2 m LiFSI, with respect to the neat electrolytes. This might be due to two factors,
namely, tighter ion packing at the innermost layer as well as changes in the composition of the
outer layer upon Li doping that affects the overall length of electrode screening. These results are
in line with the electrochemical behaviour of such systems (Fig. S1) where the dilute electrolytes
exhibit drastic capacity loss after several cycles that is assigned to electrolyte degradation.[18]
The higher packing density of these low salt electrolytes at the charged surface leaves them more
susceptible to degradation as they interact with the strongly reducing Si surface. While such
conclusions can be drawn from DC measurements, the amount of salt that is available is not as
much as those in the superconcentrated systems. Hence, even when these salt anions break down,
the amount of products is still less as reflected by their lower cell impedance (Fig. S9). Also,
despite DC measurements showing the susceptibility of low salt systems to breakdown, it does
not necessarily indicate that a complete decomposition will take place. As seen from MAS NMR,

other lithiated species after 10 (and even after 100) cycles are still observed.
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Figure 6. Differential capacitance curves of a) CsmpyrFSI and b) P122,FSI electrolytes with

varying salt concentration measured at 55°C with a GC working electrode

Overall, our findings from the structural investigations support the reported electrochemical
behaviour as well as conclusions from the SEI characterization. In the superconcentarted
systems, MD simulations and DC experiments reveal a higher probability that the pyrrolidinium
cations will participate in the SEI formation early on in cycling, compared to the phosphonium
cations. First principle calculations further support this by indicating the lower stability of
Csmpyr® based on LUMO values. Considering the FSI anions, the lower LUMO of the
complexes containing P12, indicate more breakdown products in this sytem, e.g. more LiF after
10 cycles from MAS NMR . Lastly, we have also seen from DC measurements the degradation
susceptibility of the IL components in both electrolytes because of their higher density close to

the surface.
4. Conclusion

A combination of experimental and computational methods was carried out to unveil the impact

of IL cation nature and salt concentration on the interfacial structure of a Si electrode and the SEI
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formed upon polarization. Our findings highlight that superconcentrated P1,,,FSI-LiFSI results
in an electrode/electrolyte interface that favours superior electrochemical performance. Ex situ
characterization techniques such as SEM, STEM-EDX, and MAS NMR reveal an intact
electrode after extended cycling in P122,FSI with 3.2 m LiFSI, with an SEI comprised mainly of
LiF and other lithiated products, including degradation products stemming from the
decomposition of LiFSI as well as trapped LiFSI salt. Such SEI provides a better pathway for
effective electrochemistry as opposed to the case of the superconcentrated CsmpyrFSI-LiFSI
electrolyte, where a more blocking SEI seems to form after an extended cycling, containing LiF
as the sole lithiated product. This seemingly more efficient and less resistive SEI, combined with
the higher stability of the superconcentrated P;,,,-based electrolyte highlighted in our previous
work [18] can explain the outstanding performance of this electrolyte with silicon electrodes. In
parallel, for both P1,2,-based and Csmpyr-based dilute systems, non-blocking SEls containing a
favorable mix of LiF and other lithiated products are formed. The lower electrochemical
performance obtained for these systems can be then explained by the degradation of bulk

electrolyte, as also shown in our previous work.[18]

Through MD simulations, we found that Csmpyr® cations have stronger interaction with the Si
compared to P1x2". This near-electrode electrolyte nanostructuring, valid for the early stages of
cycling, is supported by DC measurements, showing that CsmpyrFSI possesses higher ion
packing density close to the negatively charged electrode. Both MD and DC data also reveal the
increased accumulation of IL cations at the interphase region in dilute electrolytes compared to
superconcentrated systems. These findings provided valuable insights into the decomposition
pathway of the electrolyte components, which support the obtained information from SEI

characterization and the reported electrochemical behaviour.
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Identifying causes leading to different degradation pathway yielding either SEI containing only
LiF or SEI containing an appropriate mix of LiF and other lithiated species will allow for a
rational design of functional Si-based Li-ion batteries. The modelling and MD simulation that we
performed in order to study the structuration of the electrolyte nearby the surface of the
electrodes provides nevertheless valuable information about the starting point of the
decomposition pathway of the electrolyte components: such MD simulation is done considering
a “neat” or model electrode surface that can be seen as the electrode surface before any SEI
accumulation. It would be interesting to develop such calculations including an evolution of the
surface due to the presence of SEI. Overall, this work will greatly benefit the further
understanding of SEI formation on Si anodes, thus enabling rational design of future Si-based
LIBs. Furthermore, the effect of other electrolyte constituents, e.g., anion and additives, should

also be explored in the same context.
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