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Electrolytes
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Giovanna Maresca, Hugh Geaney, Kevin M. Ryan, Abinaya Sankaran, Michela Ottaviani,
Francesco Capitani, Sebastien Fantini, Rongying Lin, Pierre-Alexandre Martin, Mark van

del Velden, and Annalisa Paolone

This work presents an in-depth chemical and morphological investigation of
the solid electrolyte interphase (SEI) formed on binder-free silicon electrodes,
which include both nanowire (Si-NW) and amorphous (a-Si) configurations,
for next-generation lithium-ion battery systems. The study focuses on the first
five galvanostatic cycles to capture the critical early-stage SEI consolidation
process, essential for understanding the interfacial phenomena that

dictate long-term performance. By employing innovative electrode fabrication
techniques such as plasma-enhanced chemical vapor deposition and utilizing
ionic liquid (IL)-based electrolytes—specifically 1-ethyl-3-methylimidazolium
bis(fluorosulfonyl)imide (EMIFSI) formulations known for their low

viscosity and high conductivity—this work addresses the challenges posed

by the significant volume changes inherent to Si-based materials. Advanced
characterization methodologies, notably Optical-Photothermal Infrared
Spectroscopy (O-PTIR) and Raman spectroscopy are utilized to probe the
chemical and structural evolution of the SEI with high spatial resolution. This
multifaceted approach reveals the interplay between electrode morphology and
electrolyte composition on SEI formation and provides valuable insights into
the fundamental processes governing irreversible capacity losses and electrode
degradation. The findings demonstrate clear material- and electrolyte-
dependent differences in SEI characteristics, thereby establishing new avenues
for optimizing interfacial stability and battery performance. Overall, the study
contributes innovative perspectives on early SEI formation mechanisms critical
for the design of safer and more durable high-capacity battery electrodes.

1. Introduction

Rechargeable batteries with high energy
density, good cyclability, and min-
imum capacity fading in extended
charge/discharge cycles are key enabling
technology to tackle modern societal
needs such as large-scale/long-term en-
ergy storage, power supplies for portable
electronics, and electric vehicles.!!
Lithium-ion batteries (LIBs) dominate
the current secondary battery market due
to their excellent performance Figures
and the flexibility of their formulation
that allows incremental enhancements
by incorporating higher-performance
components.

Due to the high theoretical energy den-
sity, the earth-abundance, and environ-
mental benignity, Si has attracted sig-
nificant attention as one of the most
promising next-generation negative elec-
trode materials for LIBs.[23] Si anodes
can store ~10 times more lithium than
graphite anodes, with a theoretical specif-
ical capacity of ~3579 mAh g™', com-
pared to 372 mAh g! for graphite.[*>]
Si electrodes operate at a relatively low
discharge potential plateau (x0.4 V vs
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Li*/Li), which enables a large voltage difference by matching
with an intercalation cathode, like cobalt-poor layered oxides.
Such combinations can deliver high energy density for full LIBs.
However, Si-based anode materials usually suffer large volume
changes during the charge and discharge process, leading to pul-
verization of particles, loss of electric contact, and continuous
side reactions.l®?] In addition, the Coulombic efficiency is typ-
ically poor in the first cycle and the capacity performance fades
during extended cycling.l°!

Generally speaking, capacity fading in Si electrodes originates
from the electrolyte degradation at low potentials. Unfortunately,
the formation of a stable and resistant passivation layer on the
Si surface, known as the solid electrolyte interphase (SEI), is
hindered by volume changes. In fact, the volume expansion—
contraction of the electrodes promote SEI cracking and further
reduction of the electrolyte on freshly exposed electrode mate-
rial. This process increases the interphase resistance, consumes
electrolytes, and eventually leads to cell failure.l'®!!] Therefore,
a chemically and mechanically stable SEI is necessary to deliver
durable Si anodes, and the study of its chemical and morpho-
logical properties is crucial to understanding its evolution and
optimizing its features.

The formation of stable SEI over Si is closely linked to the
electrolyte composition. This critical component of LIBs requires
further innovation to meet the need for improved safety. As an
example, the substitution of flammable carbonate electrolytes
with ionic liquids (ILs) can improve the overall safety and per-
formance of the battery due to ILs inherent non-volatility, high
conductivity, high dielectric constants, and wide electrochem-
ical windows. Among all others, 1-ethyl-3-methylimidazolium
bis(fluorosulfonyl)imide (EMIFSI) based ILs have one of the low-
est viscosities and highest conductivities of the ILs considered for
LIBs!'?! and have shown very good performance with Si compos-
ite anodes!!*! and micrometer-sized Si.['*]

Here we present a comprehensive chemical and mor-
phological analysis of the solid-electrolyte interphase (SEI)
formed on nanostructured silicon electrodes—specifically, sili-
con nanowires (Si-NW)[**] and amorphous silicon (a-Si)—cycled
in ionic liquid (IL)-based electrolytes.!'] To elucidate the early-
stage formation and consolidation of the passivation layer, gal-
vanostatic tests have been deliberately limited to the first five cy-
cles, a strategy that has been previously validated as an effective
means to focus on SEI evolution rather than long-term electro-
chemical performance (“Impact of the Si electrode morphology
and of the added Li-salt on the SEI formed using EMIFSI based
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ionic-liquid electrolytes”, n.d.). The Si electrodes were synthe-
sized using binder-free approaches, where Si-NW samples were
grown on pre-cut stainless-steel substrates and a-Si was deposited
via Plasma-Enhanced Chemical Vapor Deposition onto copper
foils, ensuring that the intrinsic morphological and crystallinity
differences were maintained without interference from binders
or conductive additives (“Impact of the Si electrode morphology
and of the added Li-salt on the SEI formed using EMIFSI based
ionic-liquid electrolytes”, n.d.).

This approach enables a targeted investigation into how the
electrode’s crystallinity and morphology influence the composi-
tion and thickness of the SEI layer, an aspect critical to addressing
the mechanical strains and electrolyte side reactions character-
istic of silicon anodes (“Impact of the Si electrode morphology
and of the added Li-salt on the SEI formed using EMIFSI based
ionic-liquid electrolytes”, n.d.). In addition, state-of-the-art char-
acterization techniques have been employed to achieve a com-
prehensive understanding of the interface: Optical-Photothermal
Infrared Spectroscopy (O-PTIR) was applied to obtain high spa-
tial resolution chemical maps of the interphase (“Impact of the Si
electrode morphology and of the added Li-salt on the SEI formed
using EMIFSI based ionic-liquid electrolytes”, n.d.), while Raman
spectroscopy was used to discern the crystalline evolution of the
electrodes. Complementary to these methods, Scanning Electron
Microscopy (SEM) was utilized to examine the surface morpho-
logical changes, thereby establishing a robust multi-technique
platform for correlating the interphase characteristics with elec-
trode morphology. This study exploits an experimental protocol
already validated by us in a previous publication!*’! concerning
the SEI growth on Si electrodes cycled in carbonate-based elec-
trolytes, and therefore extends and applies our successful ap-
proach to novel electrolyte/electrode interfaces.

2. Experimental Section

2.1. Electrode and Cell Preparation

The a-Si and Si-NW electrodes were synthesized following the
routes reported!'>1% and did not contain binders or conductive
additives. The Si-NW samples were thin Si films grown on pre-
cut stainless-steel disks with known Si mass loading, whereas a-
Siwas deposited onto copper foils by means of Plasma-Enhanced
CVD (Smit Thermal Solutions DEPx2400) and then cut in elec-
trodes of ~1 cm?. In this second case, the Si mass loading was
estimated by an accurate evaluation of the exact area of each elec-
trode thanks to Image]-embedded routines!™! to estimate the sur-
face area and therefore the corresponding Si loading.

Electrodes were dried under vacuum at 100 °C and then trans-
ferred into an Ar-filled glove box (Iteco Eng. SGS30, ppm H,0
<0.1). Electrodes were assembled in half cells versus lithium
counter-electrodes using the two different EMIFSI-based elec-
trolytes. El-Cell ECC-Std cells were assembled using Whatman
separators and 50 uL of electrolyte. The two electrolyte formu-
lations in weight are 0.2 LiTFSI:0.8 EMIFSI and 0.2 LIFSI:0.8
EMIFSI. Galvanostatic cycling was performed using an MTI 8-
channel Battery Analyzer. Cells were kept at a constant temper-
ature (30 °C) using a static oven (Memmert SG30). Each cell
was discharged and charged in the 10 mV — 1 V voltage range
at constant current (galvanostatic conditions) five times: the first
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Figure 1. SEM micrographs of the surface of Si-NW and a-Si at 100k X magnification (a,b) and 10k X magnification (c,d).

cycle at C/20 (activation cycle) and the next four at C/5. The C
rates were calculated using 3500 mAh g as theoretical capacity
(1C = 3500 mA g1). After the cycling the electrochemical cells
were disassembled and post-mortem electrodes were washed in
tetrahydrofuran (THF, Merck, dried for two weeks on molecular
sieves 3A, Merck) to remove traces of the lithium salts and ILs.
THF was removed by gentle evaporation in a dynamic vacuum
at room temperature: the final dried samples were stored in an
Ar-filled glove box before further characterization.

All samples were characterized using different ex-situ tech-
niques: Scanning Electron Microscopy (SEM), Attenuated
Total Reflectance Fourier Transform Infrared (ATR-FTIR)
spectroscopy, Raman spectroscopy, Optical Photothermal IR
(O-PTIR) spectroscopy. The Coulombic Efficiency (CE), the
Capacity Retention (Cap.Ret.), and the Cumulative Irreversible
Capacity (CIC) at the cycle N were calculated using the following
equations:

CE = on 100 (1)
Qdisch,cyN
Cap.Ret., = Lo 100 2)
1st,ch
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CICcyN = Zi\l (Qdisch,cyN - Qch,cyN) (3)

2.2. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was used for the morpho-
logical characterization of Si anodes before and after cycling. Mi-
crographs were recorded using a Field Emission Scanning Elec-
tron Microscope (FESEM) Zeiss Auriga 405 (Zeiss, Oberkochen -
Germany). SEM measurements were performed at the Research
Center on Nanotechnology Applied to Engineering (CNIS) of
Sapienza University.

2.3. Raman Micro-Spectroscopy

Raman measurements were performed with a Thermo Fisher
DXR2 Raman micro-spectrometer, equipped with a solid-state
green laser (532 nm of wavelength), and a 900 line/mm grating,
that allows an estimated spectral resolution of ~5 cm™!, in a spec-
tral range between 50 and 2500 cm™!. Rayleigh scattered light was
rejected by an edge filter and Raman scattering was collected by a
Peltier-cooled CCD camera. The spectrometer was coupled with
a confocal microscope supplied with a set of objectives (reported
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spectra were all acquired with an Olympus Mplan50X/0.75NA)
and a motorized mapping stage with a spatial resolution of 0.1
pm. All the spectra that build the maps, result from averaging 2
scans of 5 s of acquisition, with a laser power on the sample of
~6 mW.

Raman spectroscopy measurements were used mainly to eval-
uate the degree of amorphization of Si-NW. Indeed, elemental
Si bands at 480-520 cm™' result from the contribution of amor-
phous and crystalline Transverse Optical (TO) phonons. By de-
convoluting this spectral region into the various active modes, it
was possible to estimate the amorphous fraction (A-F) as the ra-

tio between the a-TO and the ¢-TO peak areas, weighed for the
6 (c—Si) [19]

cross-section ratio -
o(a—Si)

=~ 0.8, using the following relation:

A—_F= a_TOarea 4
T a-TO,.,+125—-a-TO *)

area area

Measurements were performed on the SMIS beamline of the
Synchrotron SOLEIL (Saint-Aubin, France). The Thermo-Fisher
OMNIC software was used for spectral treatment and analysis.!?’!

2.4. ATR-FTIR Spectroscopy

ATR-FTIR spectra were collected by a Thermo Nicolet 8700 FTIR
spectrometer coupled to a Continuum microscope, equipped
with a 15x Schwarzschild ATR objective, that employs a ZnSe
crystal with a refractive index of n = 2.4 (ISP Optics Corp., Latvia).
All spectra were recorded in the mid-infrared spectral range
(from 600 to 1800 cm™) using a KBr beam-splitter and a liquid
nitrogen-cooled MCT detector. Measurements were performed
on the SMIS beamline of the Synchrotron SOLEIL (Saint-Aubin,
France). The Thermo-Fisher OMNIC software was used for spec-
tral treatment and analysis.[?]

2.5. Optical-Photothermal Infrared Spectroscopy

Optical-Photothermal Infrared Spectroscopy (O-PTIR) was an
innovative technique that retrieves the IR absorption of the
sample by measuring its photothermal response induced by a
pulsed infrared laser beam in a visible probe reflected by the
sample.l!l O-PTIR measurements on Si anodes were performed
through a “mIRage” Infrared Microscope (Photothermal Spec-
troscopy Corp., Santa Barbara, CA - USA), equipped with an IR
pulsed quantum cascade laser from Daylight Solutions, tune-
able between 950 and 1700 cm™!, and a visible (532 nm) con-
tinuous wave laser probe. All spectra were recorded by a 40x
Schwarzschild objective (0.78 NA, 8 mm WD), with a spec-
tral resolution of 2 cm~'. Measurements were performed on
the SMIS beamline of the Synchrotron SOLEIL (Saint-Aubin,
France). The OMNIC code was used for the manipulation and
analysis of the spectra.[?] Samples were observed using a 3D
Printed Air-Tight Cell Adaptable for Far-Infrared Reflectance,
Optical Photothermal Infrared Spectroscopy, and Raman Spec-
troscopy Measurements.[??!
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Figure 2. Raman spectra of a) amorphous Si electrode, b) Si Nanowires
electrode, and c) Si wafer.

3. Results

3.1. Preliminary Characterization of Si nanomaterials

The SEM micrographs of the surface of the two different Si elec-
trodes at various magnifications are shown in Figure 1.

The morphological differences between the two samples
are clearly visible: Si-NW (Figure la) is constituted by few-
micrometer-long nanowires with a mean diameter of ~50-100
nm, while the a-Si (Figure 1b) is composed of columnar mi-
croparticles, with larger semi-spherical tips with diameters in the
range 1-3 um. All particle sizes have been estimated using the
software Image].'¥! Overall, both samples display a very homo-
geneous coverage and morphology across the electrode as shown
at low magnifications in Figure 1c,d.

The Raman spectra of both samples, benchmarked with a Si
wafer reference, are shown in Figure 2. As expected two partially
overlapped Raman bands are observed: the peak ~474 cm™ is
associated with the TO phonon in the amorphous phase (a-TO)
and the peak ~520 cm~! is associated with the TO phonon in crys-
talline Si (c-TO).?3] The high intensity of the peak at 515 cm™' in
the spectrum of Si-NW confirms its extended crystallinity, while
a-Si electrode shows a larger amorphous Si content. The two
peaks at ~300 and ~#1000 cm™' can be assigned to the scatter-
ing of overtones of the transverse acoustic (2TA) phonons and of
the transverse optical (2TO) phonons.[?*]

Quantitatively, the amorphous fraction (in %), calculated by
Equation 1 using the methodology described in the experimental
section, is 49% for Si-NW and 100% for a-Si.

3.2. Electrochemical Performance in Lithium Metal Half Cells

The electrochemical performances of the two Si-NW and a-Si
electrodes measured during the first five cycles in batteries are
shown for the two electrolyte formulations, 0.2 LiFSI: 0.8 EMIFSI
(Figure 3) and 0.2 LiTFSI: 0.8 EMIFSI (Figure 4). As expected
for materials in both electrolytes, the first cycle shows a poten-
tial profile, both in discharge and charge, remarkably different
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Figure 3. Galvanostatic discharge/charge potential profiles for Si-NW (left panels) and a-Si active material (AM) (right panels) in a galvanic cell:
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Figure 4. Galvanostatic discharge/charge potential profiles for the two Si-NWand a-Si active materials (AM) in a galvanic cell: (—)Li/EMIFSI: LiTFSI

0.8:0.2/AM (+).
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Table 1. Summary of the galvanostatic performance of the two Si-NW and
a-Si active materials (AM) in the two different ILs-based electrolytes.

EMIFSI: LiFSI 0.8:0.2 EMIFSI: LiTFSI 0.8:0.2

electrolyte electrolyte
AM Si-NW a-Si Si-NW a-Si
Qstdisch (mahg ] 3100 3480 5500 2500
Qistchimang | 1510 2260 2100 1100
CEqg 49% 65% 38% 44%
Qrev, cy simahg ] 890 2100 2230 1780
Cap.Ret..s 59% 93% 106% 162%
CEqs 85% 96% 89% 94%
CICoysimang ] 2572 1730 4750 1793
Qrotimang ] 12 844 23194 27087 18 503
CICyys/Qror 0,200 0,075 0,175 0,097

compared to the following. On the other hand, cycles 2 to 5 show
excellent stability in terms of delivered capacity as well as poten-
tial profile shape and voltage hysteresis in all four cases. A sum-
mary of the performance Figures in the first five cycles of the
galvanostatic tests are reported in Table 1.

Galvanostatic tests were performed only for the first five cycles
to allow the consolidation of the SEI layers over both materials.
Here, our goal is not to demonstrate the electrochemical perfor-
mance in batteries which has been previously reported inl!>1¢]
but to evaluate the composition and thickness of the passivation
film and to outline how the SEI properties are modified by the
crystallinity/morphology of the Si active material and/or by the
formulation of the IL-based electrolyte.

Starting from the LiFSI-based electrolyte, a-Si shows larger
specific capacity values than the Si-NW with a better coulombic
efficiency in the first cycle. The performance in the following cy-
cles confirms the superior electrochemical activity of a-Si with
respect to Si-NWs with capacity retention of 93% and 59% for a-
Si and Si-NW, respectively. On the contrary, in the LiTFSI-based
electrolyte, Si-NW electrodes outperform the a-Si in terms of spe-
cific capacity in the first as well as in the following cycles. a-Si
has a higher CE in the first cycle (44%) compared to the Si-NWs
(38%). Generally speaking, the electrodes show non-ideal CE val-
ues in the two electrolytes, which is a well-established feature for
Si anodes.[5-%7]

The growth of the SEI layer over the surface of the two Si mate-
rials impacts the morphology of the electrode surfaces. The SEM
micrographs of the post-mortem samples are shown in Figure 5.

In both electrolytes, the morphology of Si-NW electrodes is
better preserved compared to the a-Si ones. Noticeably, the a-Si
are in both cases embedded in a smooth matrix, likely consti-
tuted by organic/polymeric byproducts of the electrolyte degra-
dation. This outer film is visibly thicker in the case of a-Si elec-
trodes collected after cycling in LiFSI-based electrolyte. On the
other hand, Si-NW electrodes show a smaller morphological
degradation after cycling. In electrodes collected from LiTFSI-
based electrolytes, some larger particles composed of multiple
embedded Si nanowires, as large as a few micrometers were also
found.
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The atomic compositions by the EDX probe analysis of the
electrodes after cycling are summarized in Table 2.

For the Si-NW samples, it is possible to notice that fluorine
and sulfur are more abundant in the SEI compared to the a-Si
samples. This suggests that the anions in the electrolyte are more
prone to degrade on Si-NWs than on a-Si. Moreover, one can note
from Table 2 that FSI and TFSI affect the composition of the
SEI differently. On Si-NW cycled in the presence of LiTFSI more
degradation products can be observed, in particular F, N, and car-
bonate species are more abundant, indicating a thicker SEI. The
opposite trend is observed in the case of a-Si where LiFSI shows a
thicker SEI rich in carbon species. Those observations are in good
agreement with the SEM micrographs reported in Figure 5.

The Raman spectroscopy characterization of the electrode sur-
faces after cycling in the two electrolytes is shown in Figure 6.

The Raman spectra of Si-NW after cycling show an en-
largement of the Si band at ~500 cm™ and a shift toward
lower wavenumbers, likely due to the amorphization of the Si
nanowires. Remarkably in the sample cycled in the LiTFSI-based
electrolyte, a broad band in the 1000-1800 cm™! range is ob-
served: these vibrational modes are assigned to the G and D
bands of amorphous carbons!?®! and are a direct indication of
the degradation of the electrolyte constituents. In fact, in pristine
Si-NW samples, that are constituted of Si grown on a metallic
substrate, the D and G bands of carbon are not present. In the
LiFSI-based electrolyte apparently, no evidence for precipitation
of carbonaceous degradation byproducts is observed in Si-NW
post-mortem samples. This finding is in agreement with the SEM
and EDX results where a larger accumulation of carbon-based
degradation byproducts has been highlighted for the Si-NW cy-
cled in the LiTFSI-based electrolyte.

The impact of the electrolyte composition on the amorphiza-
tion degree of Si after cycling was more quantitatively examined
over a larger sample area than a single point (Figure 7). This was
done using a previously optimized(?®! statistical averaging of the
fitting outputs performed on the Raman spectra recorded in the
mapping spectral analysis.

Si-NW cycled in the LiTFSI-based electrolyte undergo a deeper
amorphization compared to those collected from the LiFSI-based
cells as seen from the amorphous content of 92 and 69%, respec-
tively, to be compared to the 47% for the pristine Si-NW. These
findings can be explained in the context of the electrochemical
performance data shown in Table 1. In the TFSI-based electrolyte,
O, is higher and CIC/Q,,, is lower than in the FSI-based elec-
trolyte, indicating more reversible lithium alloying/dealloying
and reduced capacity wasted in parasitic reactions. Thus, when
cycled in the presence of the TFSI, the Si-NW anode is more effec-
tively lithiated—delithiated and is more prone to undergo amor-
phization. A different picture is found in the case of a-Si sam-
ples where, as expected, all bands of amorphous Si are almost
unaltered after cycling (Figure S1). Furthermore, in both elec-
trolytes, the vibrational fingerprints of deposition of an amor-
phous carbon component of the SEI are observed, similar to
the Si-NW cycled in the LiTFSI-based electrolyte. Again, this ev-
idence matches very well the morphological evidence of the ac-
cumulation of byproducts over the surface of the a-Si electrodes
after cycling.
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Figure 5. Scanning electron micrographs of the electrodes before (pristine Si-NW and a-Si) and after cycling (post-mortem) in the two different ILs-based
electrolytes.

Table 2. EDX surface relative composition of samples before and after cycling in ILs-based electrolytes.

Si-NW a-Si
Pristine EMIFSELIFSI EMIFSELITFSI Pristine EMIFSELIFSI EMIFSELITFSI
c/Si 0.24 0.86 1.40 0.14 1.02 0.30
o/si 0.09 1.96 2.01 0.27 2.46 0.83
S/Si - 0.40 0.62 - 0.10 0.01
F/Si - 0.19 1.09 - 0.09 0.02
N/Si - 0.01 0.58 - 0.14 0.03
——LiFSEEMIFSI ——LiFSEEMIFSI
(A) — LiTFSIEMIFSI —— LiTFSI:EMIFSI (B)
—— Pristine Si-NW [—— Pristine a-Si
3 3
s s
= =
= =
5 g
S £
560 10‘00 1 5‘00 2000 560 10‘00 1 5‘00 2000
Raman Shift (cm™) Raman shift (cm™)

Figure 6. Raman spectra of the electrode surfaces before and after cycling: a) SINW; B) a-Si.
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Figure 7. Raman maps obtained from the ratio between the intensity of amorphous Si and crystalline Si peaks, for spectra collected on Si-NW electrodes,
pristine, and after 5 galvanostatic cycles in LiFSI: EMIFSI or LiTFSI: EMIFSI electrolytes. (colour palette: blue-green-yellow-red passing from small to

large (0-100%) amorphous-to-crystalline ratio).

3.3. SEI Precipitation and Electrode Evolution

To gain insight into the composition of the SEI, ATR, and O-PTIR
measurements were performed on pristine and cycled electrodes,
as shown in Figure 8. From a semiquantitative analysis of these
infrared spectroscopy data, it is possible to obtain information
about the relative content of inorganic (Li,CO;) and organic car-
bonates developed on the electrode surfaces, similar to the case
of Si-NW cycled in organic carbonates.[”]

The ATR spectra of the pristine materials display a smooth de-
crease of the absorption with increasing wavenumber due to the
tail of the Si TO phonon, which should be present ~600 cm™!
(at the edge of the spectral range attainable with the ZnSe ATR
crystal), and the combination bands of the Si phonons and the
Si—O—Si stretching vibrations.?*) After the galvanostatic tests
in IL-based electrolytes, several bands appear in the ATR spec-
tra. In general, they are better defined in the Si-NW electrodes
than for a-Si; in these last samples, all absorption bands are ex-
tremely broad. Despite being almost impossible to attribute the
single bands to specific vibrations, a division in several inter-
esting regions can be roughly proposed. Between 800 and 1100
cm™'one could find the Si—F, SiOH, SiO, SiH, and LiOC bend-
ing vibrations.3!l In this region, the Si-NW sample cycled in
the LiTFSI-based electrolyte displays intense and defined bands,
while broader absorption bands can be identified in the specimen
for which FSI-based electrolytes were used. In the region between
1100 and 1400 cm™, stretching bands of SO and SO, species can
Dbe detected in all samples. Moreover, well-defined bands at 1450
and 1520 cm™!, present in all samples, can be attributed to the
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vibrations of Li,CO;. At higher frequencies, some small features
can be ascribed to the presence of polyesters and polyamides.

The O-PTIR spectra of the samples are reported in Figure 8c,d.
In the spectra of the pristine samples, a clear band centered
~1100 cm™! due to the vibrations of terminal Si—O, Si—C or
Si—H groups is present. After cycling, new bands develop in the
same spectral regions where new spectral features were mea-
sured by ATR. Between 950 (the lower limit of the O-PTIR mea-
sures) and 1130 cm™" several vibrations due to Si—F, SiOH, SiO,
SiH, and LiOC bending can be identified. Between 1130 and 1400
cm™! the stretching of S—O, bonds are seen and at 1430 and
1500 cm™! the vibrations of Li,CO, are clearly visible. In a-Si,
all bands are extremely broad with a visible red shift of the ab-
sorption #1000 cm™!, possibly due to the formation of inorganic
carbonates and the development of the broad peak between 1400
and 1500 cm ™!, assigned to Li,CO;. The IR evaluation is in gen-
eral in line with the SEM and EDX analysis; the higher absorp-
tion signals for the Si-NW compared to the a-Si in the region of
800-1400 cm™! suggests a stronger degradation of the electrolyte
anions, especially when cycling in LiTFSI: EMIFSI electrolyte,
while the a-Si IR spectroscopy reveals essentially only the pres-
ence of carbonate species.

3.4. Morphological and Phase Evolution of the Si Nanomaterials

Combining Raman analysis with the electrochemical data and
following the model described in our previous work,'”) the
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Figure 8. Infrared spectroscopic investigation of the electrode surfaces before and after cycling: a) ATR-FTIR of the Si-NW; b) ATR-FTIR of the a-Si; c)
O-PTIR of the Si-NW; d) O-PTIR of the a-Si.

decoupling of the various sources of capacity for the Si-NW sam-  where:
ple was developed using the following equations:

Qusiox = %si - O si/mAhg™ ©)
Qdisclmrge = Qa—Si,red + Qc—Si,red + Q.SEI,red/m‘Ahg71 (5)

Being Quischarge a0 Qparge the experimental capacities ob-
where: tained by the galvanostatic discharge—charge, Q, ¢; the capacity
delivered by the lithium insertion—de-insertion into/from a-Si,
Qusired = (%u_s1/100) - Qy, ;/mAhg™ (6)  Qesirea the capacity originated from the lithium insertion into the
¢-Si that leads to its amorphization, Qg the capacity exchanged
A . 7 in the parasitic reactions involving the SEI and Qy; ,pping (1) the
Qe-sired = AQumorphization 7) capacity eventually trapped in the electrode due to kinetics con-
straints in the charge step. Cumulated results for the first five

Qcharge = Qasiox + Oserox — Quitrapping/ mAhg™ (8)  cycles are shown in Table 3.

Table 3. Decoupling of the various sources of capacity during the first 5 cycles for the two different electrolytes (% of the total cumulative capacities in
cycles 1-5).

Lithiation Reactions (Reductions, Discharges) De-lithiation Reactions (Oxidations, Charges)
Electrolyte Qa-Si, red Qc-Si, red QSEl, red Qa-Si, red, net QLi-trapping QSEI, OX
EMFSI UFSI 0.8:0.2 69% 5% 26% 78% 0% 22%
EMFSI UTSI 0.8:0.2 68% 7% 25% 97% 3% 0%
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Table 4. Summary of the most relevant experimental features obtained from the multi-technique analysis on the Si-NW electrodes.

Samples Morphological changes Si amorphization Carbon content Li,CO,4 Organic carbonates

Pristine Medium None None None

Post mortem LiFSI: EMIFSI Small Medium Negligible Large Small
LiTFSI: EMIFSI Medium High Large Large Large

The use of LiFSI promotes a more reversible SEI reduc-
tion/oxidation, while with LiTFSI the amorphization is larger
and lithium becomes trapped in the electrode due to kinet-
ics constraints in the charge step. Those evaluations are in
good agreement with the other characterization reported above.
In fact, SEM-EDX and infrared data suggest that LiTFSI in-
duced the accumulation of degradation by-products on the sur-
face of Si-NW electrodes after the cycling, thus leading to a
thicker SEI.

The analysis of the surface modifications of two differ-
ent nano-morphologies of Si-based electrodes collected post-
mortem after cycling in a lithium cell with two different ILs-
based electrolytes outlines some similarities and differences.
A qualitative summary of the experimental evidence is re-
ported in Table 4 and Table 5 for the Si-NW and a-Si samples,
respectively.

The primary consideration is the intricate interplay between
electrolyte formulation and silicon morphology in governing
both electrochemical behavior and surface reactivity. Specifically,
the reversible and irreversible aspects of electrochemical perfor-
mance are significantly influenced by the silicon morphology—
whether characterized by extended crystallinity or a higher amor-
phous content—and by the chemical nature of the lithium salt
incorporated into the ionic liquids-based electrolyte. This syn-
ergy affects key performance indicators such as capacity reten-
tion, Coulombic efficiency, and the development and stability of
the solid electrolyte interphase, underscoring the need for a care-
fully balanced formulation that addresses both the physical char-
acteristics of the active material and the inherent properties of
the electrolyte.

LiFSI and LiTFSI give rise to different SEI compositions and
morphologies on the Si-NWs. The former induces an SEI mostly
composed of lithium carbonate and a small organic component,
while in the latter the SEI layer is rich in organic carbonates,
lithium carbonate, and carbon. Furthermore, FSI induces re-
duced morphological changes and amorphization of the Si-NW
anode than TFSI. In the case of the a-Si anodes, the two ILs for-
mulations give rise to similar chemical compositions of the SEI.
In a-Si, the Li,CO; content in the SEI is higher than FSI but it is
composed also of organic carbonates and small carbon content.
Differently from Si-NW, with a-Si, the FSI-containing electrolyte
induces more morphological changes than TFSI.

The comparative analysis of the SEI layers formed using
LiTFSI and LiFSI salts reveals that, despite minor differences
in the electrode amorphization degree and specific spectroscopic
details, both salts result in passivating interphases with compara-
ble chemical constituents and morphological characteristics. In
particular, the SEIs formed in both electrolytes exhibit a combi-
nation of inorganic and organic species—such as LiF and other
typical decomposition products from the ionic liquid matrix—
indicating that the underlying chemical reactions are analogous
regardless of the specific Li-salt employed. Our vibrational spec-
troscopy data, for instance, reveals that characteristic absorp-
tion bands associated with Si—F, Si-O, and other functional
groups are present in both cases, suggesting similar decompo-
sition pathways of the electrolyte components under reductive
conditions. One may speculate that these decomposition path-
ways likely originate from the IL solvent anion hydrolysis (i.e.
FSI') in line with a previous finding from us on pyrrolidinium-
based electrolytes.®] In fact, the FSI" -degradation path, being
this anion present in both electrolyte formulations, surely con-
tributes to all SEI chemistries.[3?) Furthermore, while quanti-
tative differences have been reported—such as a deeper amor-
phization of silicon in LiTFSI-based electrolytes compared to
LiFSI-based ones—the overall SEI morphology, including factors
like film continuity and the distribution of chemical species, re-
mains largely consistent. This consistency implies that the choice
of LiTFSI or LiFSI mainly influences the degree of amorphiza-
tion and perhaps the kinetics of SEI formation, rather than the
fundamental chemical nature of the passivation layer itself. In
conclusion, our results enlarge the comprehension of the impact
of the use of IL as solvents using advanced electrode active ma-
terials and the relevant differences while comparing SEI layers
formed starting from different electrolyte formulations.[3*34]

4. Conclusion

In summary, the present study provides a detailed chemical
and morphological evaluation of the solid electrolyte interphase
(SEI) layer formed on nanostructured silicon electrodes when cy-
cled in ionic liquid-based electrolytes. Our findings confirm that
the early-stage consolidation of the SEI—achieved through gal-
vanostatic testing limited to the first five cycles—is critical to

Table 5. Summary of the most relevant experimental features obtained from the multi-technique analysis on the a-Si electrodes.

Samples Morphological changes Si amorphization Carbon content Li,CO4 Organic carbonates

Pristine - Complete None None None

Post mortem LiFSI: EMIFSI Large Complete Large Large Large
LiTFSI: EMIFSI Medium Complete Medium Medium Large
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elucidate the fundamental formation mechanisms and morpho-
logical evolution of the passivation layer. Through the applica-
tion of advanced spectroscopic techniques, particularly O-PTIR
and Raman spectroscopy, we obtained high-resolution insights
into the chemical composition and structural modifications of
the SEI, demonstrating that the crystallinity and morphology of
the silicon electrodes significantly affect both the thickness and
uniformity of the interphase. Moreover, our results underscore
the importance of establishing a stable SEI to mitigate the adverse
effects of the mechanical stresses associated with silicon’s vol-
ume changes during cycling. The observed differences in amor-
phization and organic/inorganic content indicate that the choice
of electrolyte formulation plays a decisive role in SEI optimiza-
tion, which is crucial for enhancing electrode durability and over-
all battery performance.

Our results allow us to draw possible future working directions
by which the performance of Si anodes can be enhanced. First,
insights into the formation and evolution of a chemically and
mechanically stable SEI underscore the importance of mitigat-
ing the detrimental effects of volume expansion and contraction
that are inherent to Si anodes. In fact, the cracking and contin-
uous reformation of an unstable SEI consume electrolytes and
increase interphase resistance, ultimately leading to cell failure.
Therefore, by establishing processing conditions and electrolyte
formulations that foster the formation of a robust and uniform
SEI, the electrode’s durability can be markedly improved, reduc-
ing irreversible capacity losses during cycling. Being the chemi-
cal composition of the SEI strongly dependent on the electrolyte
formulation, the choice of solvent, salts, and additives is critical
for fine-tuning the balance between organic carbonates and inor-
ganic compounds such as LiF and Li,CO, within the interphase.
By optimizing this balance, it is possible to enhance the protec-
tive characteristics of the SEI, thereby reducing continuous elec-
trolyte decomposition and enhancing cycle life.

In conclusion, the applications of our study’s findings—
ranging from optimizing SEI composition and ensuring its me-
chanical stability to adopting novel electrolyte formulations and
controlled cycling protocols—can significantly improve the per-
formance and longevity of Si anodes. These strategies address
both the fundamental limitations associated with Si’s intrinsic
material properties as well as the practical challenges in achiev-
ing stable battery performance, thereby paving the way for the
development of durable, high-capacity battery systems.
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