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Abstract: The morphological changes of Si nanowires (51 NWs) cycled in 1:1 ethylene—carbonate
(EC)/diethyl-carbonate (DEC) with or without different additives, fluoroethylene carbonate (FEC)
or vinylene carbonate (VC), as well as the composition of the deposited solid—electrolyte interphase
layer, are investigated by a combination of experimental microscopic and spectroscopic techniques.
Scanning electron microscopy and optical spectroscopy highlight that the NW morphology is better
preserved in samples cycled in the presence of FEC and VC additives compared to the additive-free
electrolyte. However, only the use of FEC is capable of slightly mitigating the amorphization of
silicon upon cycling. The solid electrolyte interphase (SEI) formed over the Si NWs cycled in the
additive-free electrolyte is richer in organic and inorganic carbonates compared to the SEI grown
in the presence of the VC and FEC additives. Furthermore, both additives are able to remarkably
limit the degradation of the LiPFg salt. Overall, the use of the FEC-additive in the carbonate-based
electrolyte promotes both morphological and structural resilience of the Si NWs upon cycling thanks
to the optimal composition of the SEI layer.

Keywords: silicon; negative electrodes; Li-ion batteries; microscopy; solid electrolyte interphase

1. Introduction

Silicon is a versatile material that is being used for innumerable advanced applications
in modern technologies [1-6]. Besides photovoltaics and micro-electronics, nanostruc-
tured silicon is finding application in high-capacity negative electrodes for Li-ion batteries
(LIBs) [3,7-9]. The maximum theoretical performance of silicon electrodes in aprotic LIBs
is about 4212 mAhg ! at high temperatures (lithiation to Liy4Si) and 3579 mAhg ! at
roomtemperature (lithiation to Lij5Siy) to be compared to 372 mAhg~! of graphite [10].
In real cells, due to kinetic hinderance and the consequent overpotentials, figures above
2500-3000 mAhg ! can only be achieved by a careful selection and optimization of nanos-
tructures as well as by tailoring the Si surface by electrode additives, particle coatings or
grafting supramolecular aggregates on the electrode film [7,11-18]. In fact, nano-structuring,
electrode formulation and the electrolyte composition strongly impact on the reversibility
of the lithiation/de-lithiation of silicon electrodes [3,10]. Overall, the role played by the
electrode surface, and in particular the solid electrolyte interphase (SEI) in silicon electrodes
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is an active and insufficiently understood field for research [19-23]. Experimental evidences
of an active role played by the SEI are consolidating, thus suggesting a remarkable com-
plexity in the real electrochemical reactions occurring in silicon electrodes upon discharge
and charge in batteries [19-24].

The SEI forms in any negative electrode in LIBs during the initial lithiation/de-
lithiation cycles, the so-called electrode formation; it is the result of a complex sequence of ir-
reversible chemical and electrochemical reactions between the electrode components (i.e., ac-
tive material, binder, carbon additive) and the electrolyte (solvent and salt anion) [20,25-28].
A stable SEI is a composite soft material constituted by organic and inorganic compounds
able to stop the charge transfer between the electrode and the electrolyte upon cycling, thus
blocking parasitic chemistries, without hindering the lithium ion motion through the SEI
itself. A good SEI must combine: (a) excellent morphological homogeneity over the elec-
trode surface; (b) good mechanical properties (elasticity) to support the electrode volume
breath upon lithium incorporation/de-incorporation; (c) strong electric insulator character
to hinder the charge transfer from the electrode to the electrolyte to block the parasitic
chemistries upon cycling; and (d) a good ionic conductivity to facilitate the transportation
of lithium ions from and to the electrode [20,24,27,28]. Overall the key function played by
the SEI layer is the asymmetrical increase of the charge transfer resistances of the lithium
incorporation reaction into the silicon lattice and the concurrent parasitic reduction of the
electrolyte components to strongly slow down the second process in respect to the first one.

In silicon electrodes for LIBs, the SEI composition is remarkably different depending
on the binder and electrolyte composition [3,10,16,17,21,29-37]. More importantly, the SEI
grown on silicon during formation is often unstable and has been reported to change, show-
ing compositional alterations, increasing impedance, lithium-ion depletion and thickness
growth [38—41]. The optimization of a stable SEI layer on silicon unavoidably needs the
analysis of the reactivity in LIBs of a specific silicon morphology with specific surface
properties. The results of this analysis provide indications to assess the experimental
conditions that drive the passivation film precipitation and consolidation: e.g., the elec-
trolyte composition (physical state, solvent, salt and additives); the nature of the electrode
binders (non-aqueous vs. aqueous); and the electrochemical formation conditions (i.e.,
galvanostatic vs. potentiostatic regimes, current regimes, voltage cutoffs, etc.). Given the
complex interrelated variables involved in SEI formation, it is important to decouple the
role of each of them and to unpuzzle this complex chemical-electrochemical landscape. In
this respect, properly designed casestudies can shed light on selected aspects of the SEI
formation and composition.

With this aim, we here present a comprehensive investigation on the impact of elec-
trolyte composition on the SEI layer grown on silicon nanowires within galvanostatic
cycling at room temperature. We selected a binder and conductive-additive-free silicon
electrode grown by a wet chemical method [42,43]. The Si nanowire system has previously
demonstrated excellent performance in aprotic lithium batteries and is ideal for studying
SEI characteristics in detail [42,43]. Our current experimental approach exploits ex-situ
analysis of electrodes collected from electrochemical cells using a variety of spectroscopic
methods resolved at the microscale (micro-spectroscopy) and scanning electron microscopy
(SEM). Besides SEM, we used Raman micro-spectroscopy, Fast Fourier Transform Infrared
Attenuated Total Reflectance spectroscopy (FTIR-ATR) and Optical-Photothermal Infrared
Spectroscopy (O-PTIR). This last technique was for the first time exploited for lithium
cell materials. The combination of these techniques allows an investigation of the micro-
morphology of electrodes after cycling, in parallel with the chemical speciation of the
surfaces at the microscale. The present study significantly extends a previous publication
focused on the SEI grown on silicon using additives in a 1M LiPFy electrolyte solution
in an ethylene—carbonate/diethyl-carbonate (EC:DEC 1:1 in vol) mixture [44]. Here, ex-
tensive characterizations, including synchrotron-based techniques, are used to develop
a comprehensive understanding of the role of electrolyte additives in determining SEI
morphology and chemical composition. In passing, it is important to underline the limits
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of the adoption of an extended ex-situ investigation protocol to critically evaluate the
complexity of our goal. In fact ex-situ samples are inevitably analyzed outside the battery,
thus requiring mechanical and chemical procedures to collect electrodes and probe them by
spectroscopy/microscopy. This inevitable manipulation can lead to artifacts. However and
unfortunately, there is not an easy alternative as there is not an artifact-free way to analyze
the SEI layer. As an example, operando X-ray photoemission spectroscopy is possible
only using solid-state electrolytes or poorly volatile solvents (i.e., unrealistic conditions);
operando Raman spectroscopy requires laser excitations and easily damages nanomaterials
by heating locally all chemical components close to the electrode surface; operando FTIR is
barely possible due to the massive signals from the electrolyte; operando SEM unavoidably
requires unrealistic experimental setups, whereas operando X-ray spectroscopy is again
strongly affected by the massive signals from all the electrolyte components. Therefore,
there is not an ideal technique to probe the chemical composition of a SEI. On the other
hand, ex-situ analyses have been exploited by innumerable authors in battery science
all around the world for more than 30 years to analyze the SEI layer or to describe the
interplay between redox bulk and surface (electro-)chemistry. Overall, ex-situ approaches
are unfortunately an inevitable compromise. In this paper, therefore, we will exploit ex-
situ vibrational spectroscopy techniques to investigate the evolution of the SEI and of the
amorphization of Si NWs. In particular, we will exploit the use of the O-PTIR experimental
technique for the first time in the available literature concerning lithium batteries. Overall,
the main novelty of this work is the systematic investigation of ex- situ Si NW negative
electrode materials collected from aprotic secondary lithium batteries after cycling, by
exploiting a plethora of combined techniques. Based on this large dataset, we shed new
light on the interplay between the growth of the SEI, the amorphization of silicon and the
nature of the electrolytes.

2. Materials and Methods
2.1. Silicon Nanowires (Si NWs): Direct Electrode Manufacture

Sinanowires (5i NWs) are grown with high density directly from a Sn layer evaporated
(“Sn-seed”) on stainless steel (SS, MTI Corp) using phenylsilane (Sigma-Aldrich (St. Louis,
MO, USA), 97%) as precursor and squalane (Sigma-Aldrich, 96%) as growth solvent. The
synthesis was carried out at 460 °C for 1.5 h in a low-cost glassware apparatus [42-45]. The
resulting samples are Si NWs directly supported onto SS foils with a mean mass loading
of 0.1 mg cm 2. Electrode areas were approximately 1-1.5 cm?. The net Si mass loading
over each electrode has been evaluated by using a digitalized image at 10 x magnification
and the ImageJ-embedded routines (version 1.53n of Image]) to estimate the corresponding
surface area and therefore the corresponding SS tare.

2.2. Cell formulation and Electrochemical Test Conditions

Electrochemical cells were assembled in an Ar-filled glove box by coupling Si NW
working electrodes with Li counter electrodes, using a PP separator within Swagelok cells
(diameter 10 mm). Three electrolyte formulations were tested, namely: (a) 1M LiPF4 so-
lution in an EC:DEC mixture 1:1 in volume (BE; benchmark electrolyte); (b) BE added
with 3% of vinylene carbonate (VC); and (c) BE added with 3% of fluoroethylene carbon-
ate (FEC). Constant volumes (60 uL) of electrolytes were absorbed over the PP separator,
and the assembly was sealed in Swagelok cells. Electrochemical tests were performed in
galvanostatic conditions using a Biologic BCS-805 potentiostat. Each cell was discharged
and charged at constant current (galvanostatic conditions) at 0.2 C (1C = 3500 mAg~!) in
the 10 Mv-1 V voltage range at room temperature. All cells were stopped after 5, 10 or
50 cycles of discharge/charge in the de-lithiated state. Electrodes for ex-situ analysis
were collected postmortemfrom each electrochemical cell following a simple routine:
(a) cell de-assembling in an Ar-filled glove box; (b) electrode washing in diethyl-carbonate;
(c) vacuum drying at room temperature; and (d) storage in sealed vials in the Ar-filled glove
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box. The absence of DMC residues on electrodes has been checked by FTIR on pristine
samples submitted to the above mentioned washing/drying procedure.

2.3. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was used for the morphological characteriza-
tion of Si NW anodes in pristine condition and cycled with the different combination of
electrolyte and additives mentioned before. Images were recorded using a Field Emission
Scanning Electron Microscope (FESEM) Zeiss Auriga 405 (Zeiss, Oberkochen, Germany),
with a voltage level of 8 kV and a working distance of 5.5 mm. SEM measurements were
performed at the Research Center on Nanotechnology Applied to Engineering (CNIS) of
Sapienza University.

2.4. Raman Micro-Spectroscopy

Raman measurements were performed by a DXR2 Thermo Fisher 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 about 5 cm™!, in
a spectral range between 50 cm~! and 3500 cm~!. The spectrometer is coupled with a
confocal microscope with various optical objectives (reported spectra were acquired with
an Olympus Mplan50X/0.75NA) and a motorized mapping stage with a spatial resolution
of 0.1 pm.

In order to have a statistical investigation of the degree of amorphization, we acquired
Raman maps on all specimens. Moreover, in order to consolidate the trend of the silicon
amorphization upon cycling, we extended the post mortemRaman maps analysis to samples
obtained after 5, 10 and 50 repeated lithiation/de-lithiation cycles.In all cases, Raman
spectra were acquired on a matrix of points displaced by 5 pm along two perpendicular
coordinates. A matrix 7 x 7 points was used in all cases, except for the sample cycled in
the VC-added electrolyte, where we used a 10 x 9 points matrix. All the spectra that build
the mapsresult from averaging 2 scans of 5 acquisitions each, with a laser power on the
sample of 6 mW. The reported spectra were corrected with a polynomial baseline.

2.5. FTIR-ATR Spectroscopy

FTIR-ATR spectra were collected by a Thermo Nicolet 8700 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., Riga, Latvia). The spectra were recorded in
the mid-infrared spectral range (from 600 cm ™! to 4000 cm~1) using synchrotron light as
source, a KBr beam-splitter and a liquid nitrogen cooled MCT detector. All the reported
spectra were obtained by adding up 500 scans, with a spectral resolution of about 2 cm 1.
The use of the synchrotron radiation allowed to measure ATR spectra on spots of about

10 um of diameter.

2.6. Optical-Photothermal Infrared Spectroscopy

Optical-Photothermal Infrared Spectroscopy (O-PTIR) is a novel technique that mea-
sures the photothermal response of a sample, monitoring the changes induced by a pulsed
infrared beam in sample reflectivity, through a visible laser probe. O-PTIR measurements
on 5i NW anodes were performed through a “mIRage” Infrared Microscope (Photothermal
Spectroscopy Corp., Santa Barbara, CA, USA), equipped with a pulsed quantum cascade
IR laser, tunable between 800 cm ! and 1900 cm ™, and a visible (532 nm) continuous wave
laser probe. Spectra reported in this paper were acquired through a 40X Schwarzschild
objective (0.78 NA, 8 mm WD) in reflection mode, with a 2 cm~! spectral resolution.

Raman, FTIR-ATR and O-PTIR measurements were performed at the SMIS beamline
of the Synchrotron SOLEIL (Saint-Aubin, France).
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3. Results
3.1. Electrochemical Formation and Consolidation of the SEI

The electrochemical performance delivered by the Si NW electrodes in the first five
galvanostatic discharge—charge cycles in the three different electrolytes is shown in Figure 1.
Here we focus on the first five cycles in batteries because the main investigation is devoted
to the formation of the SEI. Indeed, long term cycling of the anodes is not the primary
target here as the positive impact of electrolyte additives in enabling cycling stability
has been demonstrated previously by us and others [21,23,33,39,41]. Instead, a complete
investigation of the SEI layer was carried out at the fifthcycle, considered as a good point
of the development of the SEI formation process. Electrodes show similar lithiation and
de-lithiation voltage curves in the first and in the following cycles in all the electrolytes.
Cells have been replicated in order to consolidate the relative trends and capacity values.
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Figure 1. Discharge—charge cycling performance of Si NW electrodes at 0.2 C using: (a) the BE
electrolyte; (b) the FEC added electrolyte; (c) the VC added electrolyte. (d) Specific capacity,
(e) cumulative irreversible capacities in the first 5 cycles and (f) coulombic efficiencies.

VC and FEC additives improve the specific capacity compared to the BE electrolyte
performance (see Figure 1d). It is interesting to underline that in all cases the specific
capacity exchanged in the first discharge step is below the theoretical value of 3579 mAhg 1.
These capacity values are a possible clue of a kinetic hinderance to form Li-rich Li,Si alloys.
This limitation likely originates by the inevitable overpotentials that shift downwards the
alloying redox potentials, below 0 V vs. Li* /L4, in the last stage of lithiations. Furthermore,
for all the NW electrodes, the capacity slightly increases after the first cycle. This behavior
is not unexpected and has been reported in many literature studies [3,7,8]: It is related to
the increase in the lithium loading ability induced by the amorphization of silicon cycle-by-
cycle; in fact amorphous silicon is able to reversibly incorporate—de-incorporate lithium
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ions better that the crystalline phase [3,7,8]. The link between capacity and amorphization
of the Si NWs upon cycling will be further commented upon in Section 3.3.

From the point of view of the irreversible capacity losses, all electrolytes present
a coulombic efficiency below 80% in the first cycle, which is well-established for Si
anodes [35,46,47]. The use of additives enhances reversibility, starting from cycle 2, beyond
the benchmark formulation [44]. In terms of cumulative irreversible capacity, at the end
of the fifth cycle, the FEC-added electrolyte gives better performances than the other two
formulations. Recalling the ability of the FEC additive to promote excellent and stable
performance also in prolonged cycling demonstrated by us [43], the electrochemical data
suggests a less reactive electrolyte—electrode interface and a better SEI compared to both
additive-free and the VC-added electrolytes, directly related to the onset formation of the
passivation film over the silicon nanostructures. The small reduction of the coulombic
efficiency between cycle 4 and 5 in the case of the VC-added cell formulations is within the
experimental error in repeated tests.

Overall, the performance of the Si NW electrodes in the first cycles suggests that
the largest part of irreversible capacity loss occurs in the first discharge in half cells, and
thus, the SEI grows mainly during the first lithiation of the silicon lattice in line with the
literature [8,20,24,33]. On the other hand, the use of electrolyte additives has a remarkable
effect on the electrochemical reversibility of lithiation—de-lithiation, thus suggesting the
formation of a better SEI layer, able to facilitate charge transfer to silicon without wasting
capacity in the parasitic degradation of the electrolyte.

3.2. Morphological Characterization

To investigate the effects of SEI growth on the morphology of the Si NW electrodes in
the various electrolytes, SEM measurements have been performed on postmortem samples
in comparison to the reference uncycled sample (Figure 2).

Figure 2. Scanning Electron Microscopy medium magnification (5000 X) images of (a) pristine Si
NW anode, (b) Si NW anode cycled with 1M LiPFg electrolyte, (c) added with 3% of fluoroethylene
carbonate (FEC) or (d) added with 3% of vinylene carbonate (VC) additive.
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The nanowire morphologyis observed in the pristine Si NW sample (Figures 2a and S1),
with a Sn-seed 0f~100 nm diameter atop Si NWs several microns in length [45,48,49]. In
contrast, postmortemelectrodes cycled in the BE electrolyte (Figures 2b and S1) show the
occurrence of a massive alteration of the overall morphology. The Si NWs are tangled and
embedded in an amorphous-like matrix, likely constituted by organic by-products of the
electrolyte degradation.Conversely, the morphology is better preserved in electrodes cycled
in electrolytes with additives (Figure 2c,d). Both FEC- and VC-added electrolytes induce
a better morphological retention of the nanowires shapewith expansion of the diameter
upon cycling. At lower and higher magnifications, electrodes are rather homogeneous (see
Figures S1 and S2 of Supplementary Materials). In all cases, surfaces and nanowires are
covered with an amorphous-like matrix that is more compact and denser in the electrodes
cycled with the BE electrolyte.

3.3. Micro-Spectroscopic Characterization

To analyze the preservation of the silicon active materials and to identify the chemical
fingerprint of the SEI layers formed upon cycling on the Si NW electrodes in the three
electrolytes, we applied a combined micro-spectroscopic characterization using both Raman
and infrared spectroscopy. Typical Raman spectra measured on the Si NWs are shown in
Figure 3.

T T T T T T T T T T

—— uncycled

—BE

——BE + FEC
x10 BE + VC

intensity (a. u.)

200 400 1000 1500 2000 2500
Raman shift (cm™)

Figure 3. Raman spectra of the Si NW electrodes, before and after 5 cycles in the 3electrolytes. Spectra
in the region between 720 cm~! and 2550 cm~! have been magnified by a scaling factor of 10.

In the low frequency region (200 cm~!-550 cm 1), the characteristic peaks of silicon
nanowires are visible. In particular, the strong broad peak around 500 cm~! contains
phonon modes of amorphous and crystalline silicon, i.e., the crystalline TO mode (c-TO)
at ~514 cm ™!, and the amorphous TO mode (a-TO) and LO mode (a-LO) at ~#495 cm ™!
and 480 cm !, respectively [50,51]. The weak band centeredon 290 cm ! can be assigned
to the 2TA phonon mode of the amorphous silicon [49]. Focusing in the region between
720 cm ! and 2250 cm !, it is possible to observe, besides the silicon overtone mode 2TO
(at ~925 cm™1) [52], the characteristic Raman bands of carbon films (1200-1600 cm™!,
2450 cm 1) [53-55]. The carbon G and D bands in the range 1200-1600 cm ! are clearly
distinguishable in the samples cycled without additives and with FEC (red and blue spectra
in Figure 3, respectively), while they are less pronounced in the VC cycled sample (green
spectrum) and in the uncycled one (dark grey spectrum). Carbon signals in the uncycled
sample can be due to the synthesis residues of the carbon-containing precursor (squalene),
possibly also inducing the local formation of SiC, as also suggested by the shoulder detected
at about 790 cm ! [56]. It is important to mention that the crystallinity of the pristine silicon
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sample has been already demonstrated by some of us by X-ray diffraction as reported in
ref. [15].

Visible white light optical images (Figure 4), acquired by the confocal microscope
coupled with the Raman spectrometer, highlight morphological changes in the post mortem
samples compared to the uncycled one. Indeed, different from the uncycled sample, where
the nanowires are visible and recognizable, in the cycled samples, the nanowire structure
is no longer clearly detectable. Indeed, in the samples cycled in the BE electrolyte and in
the electrolyte with the FEC additive, some morphological inhomogeneities are observed
across the surface (e.g., some structures similar to stripes). Differently, the sample cycled
in the electrolyte with VC additiveshows a more homogeneous surface. These features
confirm the differences already highlighted in the low magnification SEM images (1000 X)
and reported in Figure 2. We can speculate that the alteration of the large-scale morphology
is possibly linked to the volume expansion—shrinking mechanisms suffered upon cycling
by NWs; we suggest that the surface chemistry driving the passivation film formation is
altered by additives likely inducing different mechanical stress.

pristine After 5 cycles After 10 After 50
A F 7] <A-F>=080 | <A-F>=094

N

h 4

No additives

4 ;‘- 5y

i

Amrphous .
fraction

-Si ‘mumm 0%

m .

<A-F>=.0.89

FEC additive

+
[

VC additive

<A-F>=090] <A-F>=094

Figure 4. Superimposition of the white-light visible microscopy images and of the Raman maps
obtained from amorphous fraction (color palette: blue-green-yellow-red passing from low to high
amorphous-to-crystalline ratio). As explained in the text, the amorphous fraction was derived
from the ratio between the areas of amorphous and crystalline silicon peaks. Results are reported
for the pristine materials and for electrodes collected after cycling using different formulation of
the electrolyte. The <A-F> values reported over the images are the estimated means of the amor-
phous fractions derived from all the measured spectra (see text for more details). GC stands for
galvanostatic cycling.

Raman spectroscopy measurements can provide essential information about the degree
of amorphization of the Si NWs. Indeed, the silicon characteristic bands at 480-520 cm ™!
result from the contribution of amorphous and crystalline phonons. By deconvoluting
this region into the occurring modes, as shown in Figure 5, it is possible to estimate the

amorphous fraction (A-F) as the ratio between the a-TO and the c-TO peak areas, weighed
o(c—Si)
o(a—Si)

for the cross-section ratio = 0.8, using the following relation [50].

a=TOureq

A-F =
a—TOarga + 1.25C—TOarga

)
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Figure 5. Examples of Raman spectra fit for spectra collected after five lithiation—de-lithiation cycles
in (a) on pristine Si NW anode, (b) Si NW anode cycled with 1M LiPFg electrolyte, (c) added with 3%
of fluoroethylene carbonate (FEC) or (d) added 3% of vinylene carbonate (VC). The resulting Raman
maps have been obtained from the ratio between the areas of amorphous silicon TO peak (green) and
crystalline silicon TO peak (red).

The superimpositions of the white-light optical microscopic images with the corre-
sponding distribution maps of the amorphous-to-crystalline silicon ratio derived from
Raman analysis are shown in Figure 4 for the 10 samples (pristine and post mortem samples
after 5, 10 and 50 cycles for all the three electrolytes). For each point of the matrixes, we
evaluated from the Raman spectrum the amorphous fraction by means of Equation (1). For
each spectrum an uncertainty of 2% on this value was obtained from the fit parameters.

An inhomogeneous distribution of the amorphous fraction inside each map was
observed (the statistical distributions obtained after 5, 10 and 50 cycles are reported in
Figure 6).

The average values of the four amorphous fraction distributions are summarized in
Table 1.

Table 1. Mean values of the amorphous fraction (in %) for the four samples obtained from the analysis
of the Raman maps shown in Figure 4.

Pristine Si NWs

49
Post mortem samples After 5 cycles After 10 cycles After 50 cycles
BE 57 80 94
FEC-added electrolyte 52 71 89
VC-added electrolyte 66 90 94

The comparison between the Raman analysis of the amorphous fraction and the
optical images (Figure 4) shows that the morphology at the micron-scale slightly correlates
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with the inhomogeneous distributions of the amorphous silicon fraction in the pristine
sample. All electrolytes promote the amorphization of the Si NWs upon cycling. Indeed,
for all the electrolytes during cycling, the formation of amorphous silicon occurs, and its
amount changes with the number of cycles. Apparently, the use of the FEC additive is
able to limit the amorphization in the initial 5 cycles and mitigates its increase after 10 and
50 cycles. On the opposite side, the use of the VC additive promotes the amorphization
even after a few cycles. The broader distribution of amorphous-rich area observed upon
initial cycling without additives may originate from an inhomogeneous accumulation of the
SEl layer throughout the sample. In fact, the formation of thicker-SEI may act as a kinetic
hinderance limiting the degree of lithiation upon discharge, thus decreasing the degree of
amorphization of silicon after de-lithiation (charge). When the number of cycles increases,
instead, an increase of the mean amorphization can be observed for all the electrolytes.
Indeed after 50 cycles, an almost complete amorphization is reached for all the electrolytes.
However, (see curves at 10 cycles in Figures 4 and 6) the presence of the FEC additive in the
electrolytes induces a lower increase rate of the amorphization with the increasing number
of cycles.
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Figure 6. Comparison of the distribution of amorphous fraction (in steps of 0.1) of the Si NW samples,
before (pristine) and after 5, 10 and 50 lithiation—de-lithiation cycles in the three different electrolytes
(BE, FEC and VC).

The amorphization of Si NWs after cycling is of fundamental importance for the
performances of the battery. Crystalline silicon particles are able to incorporate only small
amounts of lithium ions in reduction, typically confined in the outer shells of the crys-
tallites [57]. Upon lithiation, c-Si particles undergo a simultaneous amorphization [58].
Therefore c-Si is unable to deliver limited reversible capacity beyond 1000 mAh/g [59]:
It is expected to convert cycle-by-cycle into a-Si, thus activating additional
electrochemical activity.
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Raman estimates of the silicon amorphization upon cycling can be combined with
the electrochemical data to decouple some of the electro-active phenomena occurring in
the electrodes upon cycling. Upon lithium loading, several phenomena contribute to the

Qdischarge capacity:

-1
Qdischarge = Qa—Si,red + QC-Si,red + QSEI,red / mAhg (2)

where Q,_g;i req is the capacity delivered by the lithium insertion into the a-Si, Q..gj req is
the capacity originated from the lithium insertion into the c-Si that leads to its amorphiza-
tion [59] and Qggj req is the capacity exchanged in the parasitic reactions leading to the
precipitation of the SEI. The Q,_g; req can be estimated by:

Qusired = (%a-si/100) - Qg si/mAhg (©)

being Qy, s; = 3579 mAhg’l. On the other hand, it is possible to estimate Q__g; req by exploiting
the Raman evaluation of the a-Si fraction after 5 cycles, namely %,si(5). In fact, the a-Si fraction
increases, as an example, in the case of the additive-free electrolyte, from %,.g;(pristine) = 49%
t0 %,-5i(5) = 57%, and this implies the amorphization of A%;amorphization = 8% of the total silicon
in 5 cycles, with an amorphization rate a-R = +1.6%;a1.5; per cycle. This a-R corresponds to
an implicit amorphization capacity AQamorphization per cycle = a-R - 3579 = 59.3 mAhg ! in each
discharge. Being the increase in the amorphous fraction directly related to the amount of
lithium incorporated into the c-Si particles (see the discussion above), this last value is a
reasonable evaluation of Qc-sired = A(Qamorphization per cycle-

By using these estimates, it is possible to evaluate the fraction of capacity wasted in
the parasitic reactions that leads to the SEI growth (Qsg; req) at any cycle number n, namely

Qs red ()

QSEI,red(n) = (Qdischarge(n) - Qa-Si,red(n) - ACzarnorphization per cycle)/ mAhg71 (4)

It is important to underline that, in view of the amorphization of ¢-Si upon lithiation,
the a-Si fraction after each discharge step of cycle (n) increases. Thus, the fraction of
amorphous silicon after n-cycles, i.e., %,.si(n), is given by:

%4-6i(N) = %q.si(pristine) + a-R - (n) 5)

Upon charge, three major phenomena contribute to the total capacity, Qcharge:

Qcharge = Qasi,ox + QsELox — QLi—trapping(n)/ mAhg_1 (6)

where Q,.g; ox is the capacity delivered by the lithium de-insertion from the a-Si, Qsg ox is the
capacity exchanged in the parasitic oxidative reactions involving the SEI and Q¢ trapping(n) is
the capacity eventually trapped in the electrode due to kinetics constraints in the charge
step of cycle (n). In passing, it is important to recall that many authors reported that
SEI oxidation between 0 and 1 V versus Li/Li" is unlikely to occur as the typical SEI
components are thermodynamically stable against oxidation at these potentials [60-63].
However, re-oxidation of the SEI has been reported in a few studies [64-66], possibly driven
by nanophases formed out of equilibrium. Furthermore, in line with the relevant literature
concerning the simultaneous lithiation-amorphization of c-Si (see the above discussion),
here we assume that all the lithiated fraction of c-Si is converted into lithiated a-Si and
therefore there is not a net contribution upon charge originating from the lithiated c-5i.

In each charge (de-lithiation) step of cycle n, the capacity delivered starting from the lithi-
ated a-Si after the discharge (n) (see Equation (5)) is given by Q,.si ox = %a-si(n) - 3579mAhg’1.
Therefore Equation (6) can be reformulated:

Qcharge(n) = (%a-si(n) - 3579 — QLi—trapping(n)) + Qsgrox(n)/ mAhgil @)
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where Qcharge(n) can be easily determined experimentally and %o,.5i(n) can be estimated
byEquation (5). Therefore, it is possible to evaluate the following quantity at any cycle
number n:

(QSEI,ox(n) - QLi—trapping(n)) = Qcharge(n) — (%asi(n) - 3579)/ mAhg_1 8

This difference can be either positive or negative, depending on the predominant
phenomena at cycle (n), i.e., oxidation of the SEI or the lithium trapping. However, we can
approximate the total net effect to the sole Qsgjox(n) or QLi-trapping(n), depending on the
sign of the difference estimated by the relation (8). Therefore, it is possible to evaluate the
net capacity delivered by the de-lithiation of the a-Si, Q,-sj red net, bY:

Qa-Si,red,net = Qcharge(n) - AQ(H)/ mAhgil (9)

being AQ(n) = |Qsgrox(N) — QLi—trapping (1) |, the absolute value of the difference deter-
mined by Equation (8).

All these evaluations allow drawing a comprehensive decoupling of the various source
of capacity either upon discharge or charge for the three different electrolytes in each cycle.
Cumulated results for the first 5 cycles are shown in Table 2.

Table 2. Decoupling of the various sources of capacity during the first 5 cycles for the three 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 QSEI,red Qa—Si,red,net QLi-trapping QSEI,ox
BE 82% 3% 16% 83% 1% 6%
FEC-added electrolyte 67% 1% 32% 68% 0% 24%
VC-added electrolyte 73% 4% 22% 78% 0% 14%

In summary, the use of additives promotes the capacity delivered by parasitic reactions
involving the SEI layer that are partially reversible. In this respect, the FEC additive
promotes a stronger degradation of the electrolyte compared to the VC one. In particular,
our quantitative evaluation of the Qggj ox is uncommon in the literature, and the final values
observed in the case of the FEC-added electrolyte (24%) areremarkably large. Thus, our
evaluations are novel in the landscape of the analysis of the electrochemical lithiation of
silicon that typically consider the SEI inactive upon oxidation [60-63]. Focusing on the
overall reduction—oxidation redox reaction mediated by the SEI, it is remarkable to observe
that the VC additive also promotes the reversibility both compared to the additive-free and
the FEC added electrolytes.

The composition of the post mortem electrolytes has been studied by ATR-FTIR and
O-PTIR measurements. Direct experimental evidence of the presence of reduced carbon in
the cycled samples has been highlighted in Raman spectra, as previously reported. On the
other hand, ATR-FTIR and O-PTIR are more sensitive to organic by-products and therefore
can complement the analysis of the chemical fingerprints of the different SEI grown in the
different electrolytes.

ATR-FTIR measurements (see Figure 7) suggest a remarkable similarity between the
uncycled sample (black) and the sample cycled using the VC-added electrolyte (green).
A similar paired ATR-FTIR fingerprint is observed between samples cycled in the BE
electrolyte (red) and in the FEC-added one (blue). In the uncycled sample, the wide band
between 750 cm~! and 1100 cm ™! can be related to the presence of Si-O-Si stretching
vibration and Si—C fundamental vibration [55], in line with Raman results. The sample
cycled in the VC-added electrolyte shows a spectrum very similar to the uncycled one for
bands below 1100 cm~!. Here one narrow band at about 800 cm~! and two weak bands
at 940 cm~! and 1065 cm ™! can be likely assigned to P-F stretching of PF¢~ as well as the
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OCOO™ bending in carbonates [28]. For what concerns the other post mortem samples,
ATR-FTIR spectra suggest the presence of two bands in the C-O stretching region between
1280 cm~! and 1390 cm ™!, which could be due to decomposition products of the solvent
electrolyte, e.g., diethyl 2,5-dioxahexane dicarboxylate (DEDOHC) and lithium ethylene
di-carbonate (LiIEDC), respectively [67]. The formation of LiEDC is also confirmed by the
band at 1625 cm 1. Furthermore, a broad band at 800 cm ™! can be detected, which could
be likely due to the P-F stretching, as well as a weak band at 940 cm~! possibly assigned to
Si-F stretching [68].

un'cycled
—BE
——BE + FEC
BE + VC

photothermal
amplitude (a.u.) absorbance (a.u.)

| " 1 L 1 L I s B E—

800 1000 1200 1400 1600 1800 . 2000
wavenumber (cm‘1)

Figure 7. Comparison between ATR-FTIR spectra (top panel) and O-PTIR spectra (bottom panel) of
the Si NW electrodes, before and after cycling in the three electrolytes. O-PTIR spectra are normalized
at photothermal amplitude of Si~C stretching vibration (990 cm™1).

The chemical fingerprints identified in the ATR-FTIR spectra are also visible in O-
PTIR (lower panel of Figure 7), despite the small frequency shift due to the absence of
dispersive artefacts in comparison to ATR. All the cycled samples show a strong peak
at 870 cm~1 and a weaker one at 940 cm™~1, assigned to P-F and Si-F vibrations. In the
C-O frequency region, indeed, three bands at 1435 cm~!, 1500 cm~! and 1620 cm~!,
attributable to the asymmetric and symmetric C=0 stretching of decomposition products of
EC (LipCOg3), and C=C stretching of unsaturated compounds are clearly recognizable [69].
Moreover, thanks to the remarkable penetration depth of O-PTIR, in the spectral range
between 1000 cm~! and 1200cm ™!, the vibration modes of the underlying silicon (SiC
and Si-O) are also observed in all samples. In particular, at 990cm ! the Si-C stretching
vibrations occur [70]. It is reasonable to assume that silicon carbide is a synthesis side-
product, and its concentration is not affected by cycling. Therefore, the 990 cm ! peak has
been used to normalize all spectral intensity (like in Figure 7) in order to obtain a quasi-
quantitative evaluation, considering the O-PTIR amplitude linear proportionality to the
number of vibrationalcenters.

The normalized spectra (see Figure 7) indicate that the postmortemsamples col-
lected from BE electrolyte without additives show the highest content of carbonates
(1400-1600 cm~1) and LiPFg decomposition products (870 cm™1). On the other hand,
5i NW electrodes cycled with FEC and VC show similar carbonate content but a different
content of LiPFs decomposition residues that is higher for the samples cycled with the
FEC-added electrolyte. In summary, Raman, ATR-FTIR and O-PTIR spectroscopies disclose
a complex scenario. The Si NW electrodes cycled, without additives, with FEC and VC
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show different features in terms of silicon amorphization and SEI composition after cycling
as summarized in Table 3.

Table 3. Summary of the most relevant experimental features obtained from the multi-spectroscopy
analysis on the Si NW electrodes collected after 5 galvanostatic cycles.

o Carbonate LiPF¢ Decomposition
Sample Amorphization Content Residues Content
uncycled low absent absent
BE medium high high
post mortem FEC-added electrolyte low medium medium
VC-added electrolyte high medium low

The Si NW electrodes cycled without electrolyte additives show a much larger carbon-
ate content accompanied by the accumulation of F-containing by-products. On the other
hand, samples cycled with FEC and VC show a smaller content of electrolyte degradation
by-products but a very different silicon amorphization degree, after 5 cycles. This last
evidence is compatible with higher first cycle silicon pulverization [71], in line with the
larger activation specific capacity measured in the electrochemical first discharge.

4. Conclusions

The use of a combination of morphological and spectroscopic characterizations of
Si NWs subject to cycling in Li half cells with different electrolytes based on organic
carbonates and LiPF salt, with the possible presence of FEC or VC additives, evidenced
a complex scenario for the changes induced by the electrochemical tests. Both FEC and
VC additives increased the exchanged specific capacity and the reversibility compared to
the pure electrolyte. FEC and VC helped in retaining the single nanowire morphology,
at least after five charge-discharge cycles, which on the contrary starts to be embedded
in a gel-like matrix in the additive-free electrolyte. VC has a beneficial effect also in
retaining the morphology on a larger scale (10 um) compared to the benchmark electrolyte
and the FEC added one. Carbon deposits on the electrode surface giving rise to the
typical G and D bands in the Raman spectra, with a maximum concentration in the pure
electrolyte and in the FEC added. However, VC promotes the amorphization of the Si
NWs much more than FEC and more than the pure electrolyte in the first 5 cycles. Less
carbonates deposit on the electrode cycled in the electrolyte containing both additives,
while the concentration of the LiPFg products of decomposition decreases in the order
BE>FEC>VC. On the other hand, the electrochemical performance upon short-term cycling
is slightly improved in the case of the use of the FEC additive. One may speculate about the
beneficial balancing of competitive effects on the overall performance in cells, i.e., structural
retention, SEI stability, limited electrolyte degradation. In particular, our final message is
that FEC, which allows preserving the nanowire morphology and an extended crystalline
character of the silicon matrix, seems to be the most suitable additive to carbonate-based
electrolytes for a reversible cycling in lithium batteries. However, we would like to stress
that the morphology, crystalline character and surface moieties of the silicon nanostructured
electrode may have a remarkable role on the SEI stability, being strongly interplayed with
the chemical-electrochemical degradation of the electrolyte. Thus, it is likely that each
silicon-based nanomaterial requires a tailored electrolyte with specific additives to disclose
the optimal performance.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/batteries9030148 /s1, Figure S1. Scanning Electron micrographs at
high magnification (35,000 X) of Si NW electrodes uncycled (a) and after 5 galvanostatic cycles in (b)
BE electrolyte, (c) FEC-added electrolyte and (d) VC-added electrolyte; Figure S2. Scanning Electron
Microscopy low magnification (1000 X) images of (a) pristine Si NW anode, (b) Si NW anode cycled
with IM LiPF6 electrolyte, (c) added with 3% of fluoroethylene carbonate (FEC) or (d) added with 3%
of vinylene carbonate (VC) additive.
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