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ABSTRACT: silicon-containing Li-ion batteries have been the focus of many energy storage
research efforts because of the promise of high energy density. Depending on the system, silicon

generally demonstrates stable performance in half cells, which is often attributed to the unlimited
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lithium supply from the lithium (Li) metal counter electrode. Here, the electrochemical
performance of silicon with a high voltage NMC622 cathode was investigated in
superconcentrated phosphonium-based ionic liquid (IL) electrolytes. As a matter of fact, there is
very limited work and understanding of the full cell cycling of silicon in.such a new class of
electrolyte. The electrochemical behavior of silicon in the various IL electrolytes shows a
gradual and steeper capacity decay, compared to what we previously reported in half cells. This
behavior is linked to a different evolution of the silicon morphology upon cycling and the
characterization of cycled electrodes points towards mechanical reasons, complete disconnection
of part of the electrode, or internal mechanical stress, due to silicon and Li metal volume
variation upon cycling, to explain the progressive capacity fading in full cell configuration. An
extremely stable Solid Electrolyte Interphase (SEI) in the full Li-ion cells is seen from a
combination of qualitative and quantitative information from TEM, XPS, EIS, and MAS NMR.
Our findings provide a new perspective to full cell interpretation regarding capacity fading which
is oftentimes linked almost exclusively to the loss of Li inventory but also more broadly, provide
new insight on the impact of the evolution of silicon morphology on the electrochemical

behavior.

1. INTRODUCTION

Lithium-ion batteries (LIBs) are generally considered to remain the battery technology of choice
in the foreseeable future.! However, the rise of high-energy applications such as electric vehicles
demands that LIBs meet their energy density requirements. As a negative electrode, silicon (Si)
is a very attractive alternative to the state-of-the-art graphite ? because of its very high theoretical
capacity (3579 mAh.g™) ® and low discharge potential. In addition, Si is naturally abundant and

environmentally benign.*> However, the widespread utilization of Si for batteries has been



impeded by the severe volumetric changes that accompany its lithiation and delithiation. This
results in several other phenomena such as electrode disintegration and an unstable solid
electrolyte interphase (SEI), which lead to the characteristic capacity fading observed in Si-

containing LIBs.

The improved cycling behavior of Si in half cells is generally attributed to the large excess of
cyclable lithium (Li) in the cell.® Indeed, the irreversible capacity loss in each cycle is
compensated by the so-called “infinite lithium reservoir” of the Li metal negative electrode.
Contrary to half cells, the amount of cyclable Li is limited by the Li content in the positive
electrode material in a full cell format. This fundamental difference between the two
configurations, in addition to the contribution of the positive electrode material, is projected to
impart changes in the electrochemical behavior as well as in the resulting interfacial SEI
properties of Si-based batteries. Moreover, the negative electrode/positive electrode capacity
ratio is typically chosen to be slightly higher than 1, in order to avoid the lithium plating process
during the Li-Si alloying reaction. Such a configuration can lead to an incomplete lithiation of
the Si in the negative electrode and thus decreased mechanical constraints. It has been shown that
weaker mechanical strains on Si, i.e. limited capacity cycling”™°, can result in reduced electrode
crack formation, pulverization of the Si particles and slowing down the rate of formation of the

SEI.

Traditional ester-based carbonate electrolytes are unable to stabilize the Si anode interphase.5*?

Several strategies have been explored to improve the stability of the Si/electrolyte interphase

517 and mixed salt electrolyte®®, In

such as the use of artificial SEI**, electrolyte additives
addition to these, there is also an increasing interest in the use of ionic liquids (IL), i.e., organic

cation-anion mixture at liquid state, as an alternative to the classical carbonate electrolytes. ILs



have remarkable physicochemical properties such as non-flammability, low volatility, high
thermal stability, and wide electrochemical window.”® In particular, phosphonium-based ILs
have been reported to exhibit electrochemical windows higher than 5 V.**** Superconcentrated
IL electrolytes of different chemistries show a superior behavior towards the stabilization of both
Si and Li metal electrodes?™?*. This class of ILs also displayed good compatibility with positive
cathode materials. 2 In our previous work, we disclosed the promising behavior of Si in half
cell in triethyl(methyl)phosphonium (P122,) bis(fluorosulfonyl)imide (FSI) and N-methyl-N-
propylpyrrolidinium (Csmpyr) FSI with highly concentrated LiFSI salt (3.2 mol.kg™), where
better capacity retention, i.e. ~80% after 100 cycles, was achieved using the IL with a
phosphonium cation. The stability of Si in P122,FSI with 3.2 m LiFSI, was linked to a more
efficient and less resistive SEI composed mainly of LiFSI decomposition products such as LiF

and other lithiated species such as trapped LiFSI salt,? that enabled good cycling.

However, to the best of our knowledge very little to no work has been performed towards the
performance evaluation of Si anode in full cells with superconcentrated IL electrolytes® and
none with the purpose to decipher the capacity fading mechanism upon cycling. Therefore, to fill
this gap, we examine here the effect of phosphonium cation chemistry on the cycling behavior of
Si paired with a high voltage LiNigsMng2C020, (NMC622) cathode and we demonstrate that
the progressive capacity fading upon cycling is not due to a continuous Li ions trapping in the
SEI. Moreover, an extremely stable SEI amount, from *°F and “Li MAS-NMR quantification
experiments, is found between the early stage of cycling and 100 cycles, showing that
superconcentrated IL-based electrolytes are very promising to passivate efficiently the Si surface
and to avoid an uncontrolled SEI growth. The evolutions of SEI and electrochemical behaviors

in the case of half-cell and full-cell are then discussed.



2. EXPERIMENTAL SECTION
2.1 Electrode Preparation

Si nanoparticles (~150 nm diameter, S’tile)*” were mixed with graphene nanoplatelets (GM15,
length ~15 um, width ~5-10 pm, Sger: 74 m?g ™, XGSciences). The latter serves as a conductive
additive. Mixing of these two components was performed using an agate mortar and pestle for
about 2 minutes. A solution containing the binder, sodium carboxymethyl cellulose (Na-CMC,
DS = 0.9, My = 700,000, Sigma Aldrich), and dispersant, polyacrylic co-maleic acid (average
M,, 3,000, 50 wt. % in H,O, Sigma Aldrich), in ultrapure water (< 0.05 pS cm™) plus a pH 3
buffer solution (citric acid and potassium hydroxide) was prepared by constant stirring for at
least 3 hours to ensure the homogeneity of the solution. The Si-graphene mix and the prepared
solution were then placed in a 12 ml silicon nitride jar, giving a total of 200 mg solids with a
weight percent ratio of 71:7:11:9:2 for the active material, binder, conductive additive, buffer
components, and dispersant, respectively.>? A total of three 9.5 mm silicon nitride balls were
placed in the mixing jar. The slurry was mixed with a planetary ball mill (Fritsch Pulverisette 7

classic line mixer) for 1 hour at 500 rpm.
2.2 Electrochemical Measurements

Coin cells (CR2032, Hohsen Corp.) were assembled using dried Si electrodes (0.50 cm? discs) as
the negative electrode material and LiNiggMng2C00.0, (NMC622, Customcells®, 0.50 cm?
discs) as the positive electrode unless otherwise stated. Both the negative and the positive
electrodes were dried at 100°C, overnight, prior to cell assembly. The cells were balanced with a
capacity excess of ~10% for the Si negative electrode, to avoid Li plating. One layer of a 16 mm

diameter Celgard 3501 separator was used in each cell. Three different IL electrolytes were



prepared: 3.2 m LiFSI in P12oFSI, 3.2 m LiFSI in trimethyl(isobutyl)phosphonium (P111i4)FSI,
and 2.0 m LiFSI in methyl(tri-isobutyl)phosphonium (Piisisia)FSI (Figs. S1 and S2). Prior to
electrolyte preparation, LiFSI and the ILs were dried separately at 50°C under vacuum for 48
hours before mixing. The final water content of the ILs was below 20 ppm as measured by Karl
Fischer titration analysis (831 Karl Fisher Coulometer). After drying, the materials were
transferred to an Argon-filled glovebox (<1 ppm O, and 0 ppm H,0). The mixtures of the ILs
and LiFSI salt were prepared by dissolving appropriate amounts of the salt into the IL. The
mixtures were left stirring at 50°C overnight inside the inert-atmosphere glovebox. The three
electrolyte have been prepared with the highest concentration possible, close to the LIiFSI
saturation point in order to investigate the effect of a saturated electrolyte on the electrochemical
behavior of the SI/NMC622 full cells. The salt concentration is lower in the case of PiisisisFSI
ionic liquid compared to the two other systems because 3.2 m LiFSI is beyond the saturation
point. A 2.0 m is the highest concentration that could be reached here. The separator was soaked
in 25 pL of the electrolyte on a glass microscope slide before placing it in the cell. A total
volume of 75 uL of electrolyte was added to cover the separator and the electrodes. One 1 mm
spacer and a 1.4 mm spring were used in the assembly. The coin cell was then sealed using a

Hohsen coin cell crimper.

After assembly, the cells were placed inside a 50°C oven and allowed to rest for 24 hours prior to
cycling. Cycling was performed at 50°C using formation steps of C/40 and C/20. The C-rate for
long-term cycling was C/5 with voltage cutoffs at 2.8 and 4.1 V. The transport properties of the
the family of IL electrolytes investigated here were investigated separately by previous
studies'®?°*° from the group of Forsyth. IL electrolytes usually suffer from low ionic

conductivity due to their high viscosity at room temperature. This problem is moreover



exacerbated when electrolyte salts such as LiPFg, LiTFSI, or LiFSI are added. As a result, room-
temperature cycling using these electrolytes is typically performed at low C rates up to C/5 due
to the poor transport properties of the electrolyte. These drawbacks can be avoided by limiting
the salt content to below ~1.2 M and cycling at elevated temperatures of 50—100 °C. Here, with
the aim at studying the behavior of highly concentrated electrolyte, in particular with rate
capability tests, as well as the formation and evolution of the SEI and the origin of the capacity
fading, we decided to maintain a moderately high temperature of 50 °C. Such cycling conditions

1222 3150

are similar to those previously used in our previous published works on the subject
easing a comparative study. As a point of reference, the ionic conductivity of 3.2 LiFSI in
P122oFSl is 0.94 mS.cm™ at room temperature and increases to 2.40 mS.cm™ at 50°C.* All the

cells have been reproduced at least three times.
2.3 Differential Capacitance Measurements

Differential capacitance (DC) experiments were carried out using a three-electrode set-up inside
an Argon-filled glovebox and measurements were performed using a Biologic (SP-200)
potentiostat. A glassy carbon (1 mm diameter, eDAQ) working electrode (WE) was chosen to
represent the surface of Si. Both materials are semiconductive and have comparable band gaps,
i.e. 1.12 eV® for Si while a range of ~0.5-2.5 eV has been reported for glassy carbon. The
reference electrode was assembled using a silver wire soaked in silver triflate (AgOTf)-IL
electrolyte (~0.01 M AgOTf in IL), separated from the bulk electrolyte by a glass frit. Lastly, a
platinum wire counter electrode was chosen because of its inert properties. EIS measurements
were carried out based on our previous work®® and the capacitance calculations were adopted

from the literature®®.

2.4 SEIl Characterization



2.4.1 Transmission Electron Microscopy (TEM)

The cycled Si electrodes were analyzed for elemental composition and imaging using a scanning
TEM (STEM), Nant’Themis Z G3 Cs-probe corrected microscope (Thermo Fischer Scientific).
The samples were prepared by first scraping the electrodes off their current collector to obtain
some samples in the form of powder. This step was performed inside an Argon-filled glovebox.
The copper grid (Lacey, 300 mesh) was placed directly onto the scraped-off Si electrode to
deposit enough sample for analysis. The copper grids with the samples were then secured in a
transfer box (GATAN 648) inside the glovebox and sealed prior to transfer to the microscope.
The equipment was operated at 300 kV and equipped with a high-angle annular dark field
(HAADF) detector. Elemental maps were acquired in STEM mode using a Super-X emission X-
ray spectrometer consisting of four windowless silicon-drift detectors (SDDs), which provides a
large collection solid angle of 0.7 srad. For the electrodes measured, this configuration ensured a
limited sensitivity to the orientation of the aggregates with respect to the detectors. In order to
limit electron beam degradation effects, a low current (70 pA) was used to reduce the electron
dose. Pixel sizes of 2-3 nm were chosen. For this same reason, fast frame acquisitions were used
(1s per frame) and hundreds of frames were summed for each map. Quantifications performed on
the first dozens of frames gave very similar results to those performed on the last dozens of
frames, thus proving the reliability of the reported atomic ratios and maps. Regions purely
composed of LiF were nevertheless slightly degraded in these conditions, without major
implications on the relevance of the maps presented in this manuscript. Atomic percentage
quantifications were performed using the Velox 2.14 software and built-in cross sections
(Brown-Powell). Pixel averaging was used to improve the reliability of quantification. Spatial

resolution of the maps can thus be estimated to be around 8 nm. A “method” was defined



(background, fit, absorption correction, etc.) and systematically used in order to optimize the

relative comparison of the various maps and samples.
2.4.2 X-ray Photoelectron Spectroscopy (XPS)

Ex situ XPS analyses of the Si electrodes were performed using a Kratos Axis Nova Instrument.
The cycled electrodes were removed from the current collector inside an Argon-filled glovebox.
Adhesive conductive carbon tapes were fixed on the XPS sample holder and deposits of the
cycled Si electrodes were carefully placed onto the adhesive tape. The sample holder was
positioned on the XPS transfer chamber, and it was sealed before the transfer from the glovebox

to the XPS machine.

The tube containing the samples was fixed on the XPS instrument and left under vacuum
overnight. Upon analysis, the instrument has a base pressure of 5 x 10™° Torr. The X-ray source
was a monochromatic Al Ka (1486.6 eV) operating at 300 W. The probe size, i.e. area under
examination, was 0.7 mm x 0.3 mm. A wide range survey spectrum was first acquired with a
pass energy of 80 eV. The overall instrumental resolution is 0.9 eV measured on Fermi edge.
After obtaining the survey spectra, the pass energy was set to 40 eV for the acquisition of the
region spectra for C 1s, O 1s, F 1s, N 1s, Li 1s, Si 2p, S 2p, and P 2p. The overall instrumental

resolution was 0.55 eV measured on Fermi edge.

The XPS data was analyzed using the CasaXPS software and using the Shirley background
correction. All the spectra were calibrated with respect to C 1s with a binding energy of 285.0
eV. Fitting was performed to identify the different peaks based on their binding energies.

Gaussian/Lorentzian (70/30%) line shapes were used to fit the peaks.

2.4.3 Solid State Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR)



A Bruker 500 MHz Ultrashield spectrometer (By = 11.8 T, Larmor frequencies vo('Li) = 194
MHz, vo(*°F) = 470 MHz and vo(*'P) = 202 MHz) was used for the MAS NMR measurements to
monitor the composition of the SEI formed on the surface of Si electrodes after cycling in the
various electrolytes. The samples were prepared by recovering the electrodes inside an Argon-
filled glovebox. Each cycled electrode was recovered after the end of delithiation without being
washed. The recovered powder samples were packed in 2.5 mm zirconia rotors inside an Argon-

atmosphere glovebox for "Li, *°F, and *'P NMR analyses.

The spinning frequencies were 25 kHz, 23 kHz, and 15 kHz for ‘Li, *°F, and *P NMR,
respectively. The spectra for ‘Li NMR were acquired by employing a single pulse sequence with
a recycle time of 40 s. *°F NMR spectra were acquired using a Hahn echo sequence to remove
the significant signal contribution coming from the probe. The recycle time was 40 s. Long
recycle times or delays were used to ensure full relaxation and quantitative results. All MAS

NMR experiments were performed at room temperature.

Fitting of all the spectra was performed using the Dmfit software®* to deconvolute the peaks. The
composition of the detected species was identified based on the chemical shifts of the different
resonances observed from the various spectra. The spinning sidebands were also taken into

account.>>%

. 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.®’ Integrated intensities from the ‘Li and °F NMR combined with
these curves allow us calculating 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.

3. RESULTS AND DISCUSSION
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3.1 Electrochemical Performance in Different Phosphonium IL Electrolytes

Fig. 1 displays the cycling behavior of full Si/NMC622 Li-ion cells in three different
phosphonium-based IL electrolytes at 50°C, cycled at a rate of C/5. The corresponding charge-
discharge profiles for representative cycles are displayed in Fig. S3-b and S3-c. An almost
similar rate of capacity decay upon cycling is observed. However, the cells cycled in P1o2,FSI-
LiFSI and Pi111i4FSI-LiFSI evidently display higher capacity compared to that cycled in
P1isiaisFSI-LiFSI. Because the difference among these electrolytes is mainly the size of the
cation, it can be expected that the observed electrochemical behavior is due to the length of the

IL cation alkyl chains.
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Figure 1. a) Electrochemical performance of Si/NMC622 cells at 50°C showing the Si specific
capacity vs. cycle number of the cells cycled in the superconcentrated IL electrolytes and b)
cumulative irreversible capacity loss as a function of the cycle number for P;11;4FSI-LiFSI and

P14isisiFSI-LiFSI. Specific capacities are given in mAh per gram of silicon (mAh.g ;)

We have previously **?? demonstrated the impact of IL cation nature on the electrochemistry and
SEI of Si-based batteries. Here, our results suggest that the size of the IL cation also has a role to
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play in the behavior of the batteries. The size of the species making up the electrolyte typically
affects the viscosity and ionic conductivity. The influence of the IL cation size is easily
demonstrated by rate capability tests to evaluate how the electrolytes can sustain different current
densities. Fig. 2 shows that the P122,FSI and P111i4sFSI systems exhibit almost similar full cell rate
capabilities, sustaining good areal capacities from C/10 up to C/2 at 50°C. This is expected
because both electrolytes have approximately the same ionic conductivity (~0.9 mS cm™ at
50°C)**% and viscosity (~100 mPa s at 50°C)*°. On the other hand, the PiiisisFSI-based
electrolyte shows poor rate capability even at low cycling rates. The poor rate performance is
exacerbated at high rates, e.g. 2C, where the transport of Li ions through the electrolyte becomes
very restricted. This can be attributed its lower ionic conductivity and higher viscosity”® because
of the bulky IL cation structure. At first sight, this result appears contradictory with previous

studies reported by Hilder et al.*® and Kerr et al.*®
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Figure 2. Full-cell rate capability performance of Si negative electrode with NMC622 positive
electrode in @) 3.2 m LiFSI in P125,FSI, b) 3.2 m LiFSI in P111i4FSI, and ¢) 2.0 m LiFSI in
P1isisisFSI at 50°C. Specific capacities are given in mAh per cm? of silicon electrode.
While the successful use of P1i4isisFSI IL as a battery electrolyte was previously reported on a Na
metal system by Hilder et al.*®, Kerr et al.** prepared a similarly bulky tetraalkylphosphonium,
namely trimethylisobutylphosphonium(P1444)-FSI, for Li metal cells but did not succeed in

cycling the batteries. In their work with Na metal, Hilder et al. reported a drastic capacity loss for
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the cells cycled in highly concentrated (45 mol%) PiisisisFS1-NaFSI, with only 11% of its initial
capacity remaining after 100 cycles. On the contrary, a stable cycling was achieved with
P111i4FSI-NaFSI (42 mol%). The trend observed for the capacity retention aligns with the general
trend obtained from this work, where the P1i4isisFS1 system yields a 46% capacity retention after
100 cycles while the P1220FSI and P111i4FSI systems exhibit better capacity retentions of 50% and
60%, respectively (Table 1). In their work, Hilder et al. associated the cycling behavior to the
electrochemical impedance spectra of the cells, where the bulky phosphonium system displayed
an increasing impedance upon cycling, while the contrary was observed in the small
phosphonium system. The Nyquist plots of the SI/NMC622 cells, obtained in a 2-electrode cell
configuration and cycled in the various IL electrolytes in this work are presented in Fig. S5.
While there is no significant change in the impedance even after 50 cycles, the impedance of the
cells cycled in Pjsi4isFSI-LIFSI is larger compared to those cycled in the small phosphonium IL
electrolytes, i.e. 150 Q for P1jsisisFSI-LiFSI vs. 120 Q for P12,FSI-LiFSI and 70 Q for P1111i4FSI-
LiFSI after the 50" delithiation. In addition, the electrolyte resistance is considerably larger for
P1i4igiaFSI-LiFSI (30 Q for PiigisisFSI-LIFSI vs. 8 Q for P122,FSI-LiFSI and P1111i4FSI-LIFSI) in
agreement with its lower ionic conductivity”. The larger impedance in the bulky cation system
suggests a more blocking passivation of the electrode surface while more clearly separated semi-
circles are observed with respect to the case of smaller phosphonium cations. This second,
clearly defined semi-circle, could be assigned either to the formation of a surface film or SEI
with different properties, or to a change in the charge transfer process that could be, in turn,
linked with a different electrolyte structuration near the electrode surface, which both warrant
further investigation. As a result, the structure of the electrolyte components near the electrode

surface was studied here using differential capacitance measurements and is discussed in the
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succeeding section. Furthermore, the impedance of the full cells cycled in the IL electrolytes
appears to be more stable upon cycling compared to those in carbonate electrolytes reported in
the literature®®. This highlights the promising use of IL-based electrolytes in controlling the
dynamic nature of the SEI formed on Si electrodes. In fact, the stability of the
electrode/electrolyte interfacial resistance points towards the question of the evolution of the
electrode/electrolyte interphase in terms of its amount and composition. The characterization of

the SEI at the Si electrode is discussed in section 3.3.

Finally, compared to what is reported in the literature with Li-metal batteries®®, the results
obtained here with the Piisisis-based electrolyte for a Si negative electrode are noticeably
superior. These contrasting results may be due to the to the nature of the electrode surface, i.e.

metallic or semiconductive, which is worth investigating in future research.

One notable difference between half cell and full cell performance of the Si negative electrode is
the faster capacity loss in the latter case. After 100 cycles, the Si electrode cycled in the highly
concentrated P12,,FSI-LiFSI electrolyte still maintains a capacity of about 80%? in the half cell
format, while only 50% of the capacity remains in the full Li-ion cell. The stable half cell
performance of Pi1154FSI-LiFSI are displayed in Fig. S6, which have also been previously

reported by Kerr et al.*

The amount of available Li is usually expected to be responsible for
these results since in full Li-ion batteries, the supply of Li is limited and is governed by the
positive electrode material. Hence, it becomes more difficult to maintain the performance of the
cell as Li ions are consumed in the SEI formation in every cycle or in other parasitic side
reactions, resulting in a continuous capacity fade. Many studies®***® have in fact ascribed the

capacity loss in full cells based on Si or Si-graphite negative electrodes and carbonate

electrolytes to the exacerbated loss of Li inventory during cycling due to the uncontrollable
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growth of the SEI. In addition to the contribution of Si, there are several phenomena happening
at the NMC positive electrode that may result in capacity decay. For instance, the dissolution of
transition metal ions, e.g. Co, Mn, Ni, from the positive electrode has been frequently reported.*®
*® This may lead to the migration of such ions to the negative electrode, a phenomenon called
crosstalk, to participate in the SEI formation. The characterization of the SEI forming at the

positive electrode will be also discussed below, in section 3.3.

The first Coulombic Efficiency (CE) of full cells is controlled by the electrode (positive or
negative) which has the highest first irreversible capacity loss, hence the lowest first CE. The
typical first CE of Si-based electrodes varies from 70 to 85%>" while Ni-containing positive
electrodes have initial CEs ranging from 85-90%°. In this study, CEs for the first cycle in half
cells were measured in the 85% to 94% range for NMC622 electrode in our IL electrolytes (see
Figs. S4c and S4d) while CEs between 81% and 85% were found for Si electrodes (see Table 1),
thus indicating that the CE of the first cycle of our full cells is controlled by the Si electrode. The
first cycle CE results presented in Table 1 are very promising, indeed very close to the first cycle
CE values measured for Si electrode in half cells. The possible contribution of the CEI (Cathode

Electrolyte Interphase) at subsequent cycles will be also explored below.

Table 1. First irreversible capacity with the corresponding first Coulombic Efficiency and
capacity retention of the SI/NMC622 full cells cycled in the IL electrolytes at 50°C. Specific

capacities are given in mAh per gram of silicon (mAh.g ™)

1% Irr. Capa. 1* Coulombic Efficiency Capacity retention
Electrolyte 1 fter 100 cvel
(mAh g”si) Full cell Halfcell (Sivs. Li)  after 100 cycles
3.2 LiFSI in PyyFSI 680 81% 850 (611 mAh.g~s;) 50%
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3.2 m LiFSI in Py14j4FSI 675 81% 83% (650 mAh.g™ sj) 60%

2.0 m LiFSI in PyigigiaFSI 580 83% 81% 46%

3.2 Near-Electrode Structure of the IL Electrolyte Components

Differential capacitance (DC) measurements have been widely employed in supercapacitors to
obtain information regarding the structure of the electrical double layer (EDL) of various
electrolytes and assess their capability to store energy non-Faradaically. This concept is applied
here to provide similar information at the electrode/IL electrolyte interface which can be useful
in explaining the observed electrochemical behavior. A glassy carbon electrode was used to
represent the Si electrode by virtue of their similar semiconductive nature. The same setup was
previously?® used for a similar type of investigation in which the results were validated by
computational methods. The DC profile of P1i4isisFSI-LiFSI produces a U-like profile as shown

5354 and are also

in Fig 3. This profile is typical of those performed on glassy carbon electrodes
similar to what we reported in the case of P12»,FSI and CsmpyrFSl-based electrolytes®. The
addition of Li salt strongly affects the capacitance especially on the FSI-dominated region, i.e.
more positive polarization. The capacitance gain in the highly concentrated system compared to

the neat as seen in Fig. 3a is attributed to the high Li concentration that leads to more charge per

volume, hence the higher capacitance at the electrode.

The influence of the IL cation size is demonstrated by comparing the DC profile of P1jsi4isFSI to
that of P122oFSI (Figs. 3b and 3c). The bulkier IL with longer alkyl chain length has a lower
capacitance, regardless of salt content, i.e. neat or with LiFSI salt. This is because of its thicker
double layer, which is inversely proportional to the capacitance of the system. The structure of

the double layer, hence, the capacitance, can be linked to the packing of the ions with respect to
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the electrode surface. The effect of cation size has already been explored a long time ago.
Lockett et al.> observed a similar pattern for 1-methyl-3-ethylimidazolium chloride (emimCl),
1-methyl-3-butylimidazolium chloride (bmimCl), and 1-methyl-3-hexylimidazolium chloride
(hmimCl), where the capacitance is increasing in the order: hmimcCl, bmimCI, and emimCl. In
this previous work, the IL cation size was also observed to influence the interaction of FSI
anions with the electrode. A similar effect can thus be expected here with an altered interaction
between FSI anions and the surface of the electrode depending on the different packing of the IL

+

cations e.g. the small Pix," or the bulky Pisisis’. A Further investigation of the cyclic
voltammetry (CV) presented in Fig. S7 reveals one notable feature upon careful examination of
the P1isisisFSI CV curve. A small cathodic hump appears at approximately -1.36 V vs. Fc|Fc”
which is assigned to the decomposition of FSI™ anions®®. The result is consistent with the
previous capacitance measurements and it is inferred here that the bulky nature of the Piigiis~
cation which packs poorly based on its lower capacitance provides increased access to the FSI
anions to reach the electrode and potentially to undergo decomposition. In contrast, the absence
of the said feature in the P122,FSI system (Fig. S7) could indicate a more efficient and compact
packing of the IL cations at the electrode surface, which diminishes FSI anions interaction with
the electrode. This very important result suggests that reactions at the electrode/electrolyte
interface will be different and may lead to SEIs with different compositions and properties,
depending on the size of the IL cation, its packing close to the surface controlling the interaction

between FSI anions and silicon surface. In the following sections, we explore the SEI

composition for the two IL electrolytes, based on the small P125;" and bulky Piisis” cations.
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Figure 3. Differential capacitance curves of a) neat P1iisiaFSI vS. P1i4isisFSI-LIFSI b) neat
P1isigiaFSI vs. neat P122,FSI, and ¢) P1j4isisFSI-LIFSI vs. P122,FSI-LiFSI electrolytes measured at

55°C with a GC working electrode.
3.3 SEI Characterization

The cycled electrodes were initially analyzed with TEM to obtain information about the
microstructure of the Si nanoparticles after extended cycling. From the high-angle annular dark-
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field (HAADF) images in Figs. 4a to 4b, it appears that the Si particles are not severely broken
down after 100 cycles in the various electrolytes investigated. This result is in contrast with the
state of the electrodes after the same extent of cycling in half-cell configuration?, where the
particles were evidently pulverized (Fig. S8). The reason for this is that the Si electrodes were
cycled without capacity limitation in half cells, utilizing all the available Si for lithiation (and
delithiation). In such case, the volumetric expansion is maximized and leads to the ultimate
breakdown of the particles. The full capacity is particularly utilized in the early stages of cycling,
giving above 3000 mAh.g™s. In the case of full Li-ion cells (negative electrode is slightly in
excess), the charging (lithiation) is limited by the available Li at the positive electrode which
does not take up all the available Si. As seen in Fig. 1, the full capacity of Si, i.e. ~ 3579 mAh.g™
si, 1S not attained in the first cycle and conceivably in the succeeding cycles. This result is
consistent with the Si particles having undergone a considerably reduced mechanical stress upon
cycling and that after repeated lithiation and delithiation, the well-documented pulverization

process of the Si particles has not occurred or has occurred to a much lesser extent.
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Area #1

Figure 4. TEM images of the Si electrode after 100" delithiation in STEM-HAADF mode (a)
and STEM-EDX mode (c) for P111i4FSI with 3.2 m LiFSI and STEM-HAADF mode (b) and
STEM-EDX mode (d) for P1isisisFS1 with 2.0 m LiFSI. (Areas delimited in yellow correspond to

the regions analyzed for elemental quantification in Table S2)

STEM-EDX analysis focusing on Si element (Fig. 4c and 4d), appearing in red confirms clearly
that the complete pulverization of Si towards filament-like bundles of nano-particles, as observed
in the case of half-cells (Fig. S8) and in other studies®, has not occurred here. STEM-EDX
analysis was also performed to reveal the interfacial makeup of the Si electrodes after cycling.
Figs. 4c to 4d focus on F and Si elements to examine how the SEI, which typically contains F
stemming from FSI™ degradation, is distributed throughout the Si particles. The presence of other

elements (oxygen, phosphorus, sulfur) was also examined and is presented in Fig. S9. As can be
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observed, the SEI seems to uniformly cover the Si particles and appears to contain breakdown
products of IL anions, as in the case of half-cells, since the expected N:S:F and O:S ratios of the
non-degraded FSI anion are not met (Table S2). Scans for positive electrode elements, e.g. Mn,
Co, Ni, were performed to investigate the occurrence of crosstalk phenomenon but no sign of
such elements were detected on the negative electrode. The SEI composition is then further

investigated quantitatively with XPS and MAS NMR in the succeeding paragraphs.

XPS confirmed the chemical composition of the interphase formed on the Si electrode surface
after cycling in the IL electrolytes (Figs. 5a and 5b). The F 1s, N 1s, and S 2p spectra reveal the
presence of both intact and decomposed LiFSI. The pristine LiFSI peaks rise at about 687.4 eV,
399.4 eV, and 169.5 eV*® in the F 1s, N 1s, and S 2p spectra, respectively. The Li salt
decomposition results mainly in LiF (684.6 eV in F 15)*** and S=0O groups®®, e.g. -S5O, (168.2
eV for P111i4FSI and 168.3 eV for P1iisisFSI in S 2payn)*® and SOs% (167.0 eV for P111isFSI and
166.9 eV for P1iisisFSI in S 2ps)™. The -SO,% group could be assigned to Li;SO4. The S 2p
spectrum of the electrode cycled in P111j4FSI-LiFSI also indicates the formation of LiS or Li,S,
corresponding to the minor signal within the range of 160-165 eV®. The possibility of X-ray
beam-induced salt degradation® can be ruled out because no signs of pristine phosphonium
cation degradation was observed, i.e. beam damage (if present) should affect both the IL cation

and anion.

The P 2p spectra (rightmost figures in Figs. 5a and 5b) confirm the stability of both the small and
bulky phosphonium cations even after the 100" delithiation. The signals at 132.7 eV (2ps) and
133.6 eV (2pu2) correspond to the intact P1q3i4~ cation, whereas the P 2p peaks for the unaltered

Piisisia” Cation appear at 132.6 eV (2ps) and 133.5 eV (2p1y2).
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Figure 5. XPS F1s, N 1s, S 2p, and P 2p spectra of the Si electrodes after the 100"

delithiation in @) P111i4FS1 with 3.2 m LiFSI and b) P1iisisFSI with 2.0 m LiFSI.

23

Ex situ MAS NMR was used to obtain both qualitative'**** and quantitative®” information
about the composition of the SEI layer that formed from the interaction of the electrodes with the
IL electrolytes. The 3P MAS NMR spectra obtained after 100 cycles and illustrated in Fig. S10
confirm the stability of the phosphonium cations in full cells. The main resonances arising at
approximately 22 ppm, 26 ppm, and 35 ppm?® for the Si electrodes cycled in the Pi11iFSI-,
P1isisiaFSI-, and P122,FSI-based electrolytes, respectively, is assigned to a non-degraded IL which
verifies that the cation remains intact after extended cycling. The said resonances have a sharp
component that corresponds to more mobile species and a broad component that indicates the

presence of less mobile species that can be reasonably assigned to trapped IL cations




incorporated into the SEI layer or less mobile IL cations near the electrode surface. The *!P
NMR spectra of the positive electrode (Fig. S13) also indicate the presence of unaltered
phosphonium cations. However, their intensity is noticeably less than those in the negative
electrode, e.g. ~ 3x less based on integrated intensity for the P111isFSI-LiFSI system. This
suggests a possible preferential involvement of IL components in the SEI formation on the

negative electrode or a sign of a thinner CEI on the positive electrode side.*

Figs. 6a and 6b present the 'Li NMR spectra of the Si electrodes cycled in the phosphonium-
based electrolytes and stopped at the end of the 5™ and 100™ delithiation. The normalized
integrated intensities show one major resonance at about 0 ppm which is typically associated
with diamagnetic Li species. Moreover, the chemical shift is leaning towards more negative
values, indicating contributions from fluorinated products.*® The signal consists in a prominent
broad component and a sharp constituent in most cases. The broad contribution may contain
several overlapping peaks from various lithiated species which may include LiF, Li,O, Li,S,
LiOH, LisSiOs, LiySO4 and LiFSI.3%%%3% The r NMR spectra in Fig. S11 confirm the
presence of LiFSI and LiF, which appear at approximately 54 ppm and -204 ppm, respectively.
The *F LiFSI signal contains sharp components that are attributed to mobile species and broad
components that are assigned to confined products. On the other hand, the LiF resonance only

exhibits a broad profile which indicates that it is indeed embedded within the SEI.

The normalized integrated intensities as seen in the ’Li spectra in Figs. 6a to 6b suggest that there
is no significant change from the 5™ until the 100" delithiation in either the small or bulky
phosphonium-based electrolyte. The same results can be deduced from the corresponding *°F
spectra (Fig. S11). This result is important as it suggests a more stable SEI, for instance,

compared to the SEI formed in half cells where the intensity of the NMR spectra clearly
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increases upon cycling (Fig. S12). From the spectra alone, it seems that the film making up the
SEI of the Si electrode is similar in half and full cells. However, quantitative analysis of the
species, i.e. LiF and other lithiated products, using combined ‘Li and °*F NMR*" reveals
important differences between the IL electrolytes and between the two cell configurations as
elucidated in the following discussions. We refer here to other lithiated products in the case of
the typical diamagnetic lithiated species, apart from LiF, forming from the salt degradation and
having very similar ‘Li chemical shifts, in the -2 to 3 ppm, such as LiFSI, LiOH, Li,S and
Li,SiOy, already observed in our previous work**??, Their very similar ‘Li NMR chemical shifts
prevent any accurate discrimination and quantification. On the contrary, the very specific *°F
chemical shift for LiF allows a much easier and reliable spectral separation from other species.
The quantities of the SEI products derived from calibration curves?” and summarized in Figs. 6¢
and 6d highlight the comparable amount of LiF (1.2 pmol.mg eectoe) @ Well as Li found in
other lithiated species altogether (4.8-5.0 pmol.mg ™ eiectrode) after 5 and after 100 cycles in the
case of the P111isFSI with 3.2 m LiFSI electrolyte. This surprising result confirms an extremely
stable SEI at least from the LiF and detected Li point of view, which is supported by the very
stable impedance as observed in the Nyquist plot (Fig. S5). An almost similar behavior is
observed for the PiisisiaFS1 with 2.0 m LiFSI electrolyte, with a slight evolution from 0.6 pmol.
Mg erectrode 10 1.4 pmol. Mg eiectroge OF LiF and 5.2 umol. mgerectroge t0 5.9 pmol. mg ™ ejectrode Of Li
involved in species other than LiF. On the contrary, in the case of half cells, the amount of LiF
and other lithiated components from the 10" to the 100™ delithiation increased from 3.5 to 5.5

and 1.0 to 5.9 pmol. mg eiectrode, respectively (Fig. S12).
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Figure 6. 'Li MAS NMR spectra of the Si electrodes upon cycling in @) P111isFSI with 3.2 m
LiFSI and b) P1isi4isFS1 with 2.0 m LiFSI; Amounts of LiF and other lithiated products
obtained from "Li and *°F MAS NMR spectra of the Si negative electrodes after c) 5 cycles
and d) 100 cycles in the superconcentrated IL electrolytes. Amounts of LiF and other

lithiated products are given in umol per milligram of electrode.

A plot of the cumulative irreversible capacity loss (CICL) was generated (Fig. 1b) to check
whether the evolution of the capacity loss is consistent with the MAS NMR quantification of Li
ions trapped in the SEI. As can be seen, the steady increase in CICL does not correlate with the

stable SEI composition upon cycling as observed in the case of the IL electrolytes from the 5" to
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the 100" delithiation. This result indicates that the primary cause of the capacity fading observed
in the case of the full-cells, cycled with a superconcentrated IL-based electrolyte, is not the

consumption of Li ions necessary to form the SEI.

A first observation concerning the overall similar amount of Li detected by MAS NMR in the
SEI at different stages of the cycling indicates that the amount of Li involved in the SEI does not
evolve significantly between the 5™ and the 100™ cycle. In addition, the comparison of the
quantities of the SEI products presented in Figs. 6¢, 6d and Fig. S12 points towards the lower
amount of Li ions involved in parasitic reactions creating the SEI at the surface of Si particles in
the case of the full cell configuration after 100 cycles. Concerning the Si electrode side, 5.5
umol.mg ™ eiectrode and 5.9 pmol.mg ™ eiectroce (total of 11.4 umol.mg eiectroge) OF Li are consumed in
half cell configuration to create LiF and other lithiated species, respectively. For the full cell
configuration at the Si side, 1.2 pmol.mg  eiectroge and 4.8 pmol.mgeiectroce (total of 6 umol.mg"
Latectrode) OF Li are consumed to create LiF and other lithiated species, respectively. The amount of
Li consumed in parasitic reactions at the Si electrode appears to be lower by a factor of
approximately 2 for the full cell configuration compared to the half cell configuration. Moreover,
the amount of Li consumed in parasitic reactions at the positive NMC side appears quite
negligible, i.e. 0.7 pmol.mg™ (3.2 m LiFSI in P111i4FSI) and 0.4 pmol.mg™® (2.0 m LiFSI in
P1isisiaFS1) after the 100™ delithiation, considering that the total available Li from NMC is 10.3
umol.mg™*nwme. These results indicate that the steeper capacity fading observed in the case of the
full-cell configuration cannot be attributed to a continuous consumption of the limited amount of

initially available Li for the positive NMC electrode.

Discussion:
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The above characterization results presented the full cell performance of Si-based Li-ion
batteries as well as the characteristics of the formed interphase and the evolution of the Si
particles. We showed, from MAS NMR quantification, that the consumption of
available/cyclable Li* ions to form the passivation layers on negative and positive electrodes
cannot explain the continuous capacity fading observed upon the cycling of the full cells. The
first striking result here is the very stable amount of LiF and other lithiated species (assigned to
LiFSI, LiOH, Li,S and Li;SiO, from XPS analyses) deduced from quantitative ‘Li and *°F MAS
NMR measurements. The scenario of SEI evolution is already different from that in half cell
configuration, considering the same silicon-based electrode and similar phosphonium-based IL
electrolytes®. In this latter case, although the overall order of magnitude of the amount of both
LiF and other lithiated species (also assigned to LiFSI, LiOH, Li,S and LisSiO4 from XPS
analyses) remains similar to that detected for the full cell configuration, a clear increase is clearly
detected for the half cell configuration, as explained in details in the above section. The SEI
formation and evolution in IL electrolytes are however very different from what is usually
observed for carbonate-based electrolytes®” When carbonate-based electrolytes are used, lithiated
organic species such as alkyl-carbonates and semi-carbonates are typically found®® in the outer
part of the SEI, covering usually inorganic lithiated species such as Li,CO3 and LiF. A further
comparison from the point of view of SEI species amount, as quantified by MAS NMR,
indicates that twice the amount of LiF can be expected for a LP30 + 10 wit% FEC electrolyte
after 100 cycles?® when comparing similar silicon electrodes cycled in half cell configuration.
Moreover, whereas decomposition products stemming from the degradation of carbonate
solvents are not present in the SEI when IL electrolytes are used (simply because there is no

source of such carbonates), the amount of Li involved in organic lithiated species can reach up to
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10 or 15 times that of LiF®®. This significant consumption of cyclable Li has typically drastic
consequences in full cell configuration. Moreover, it has been also shown, using ex situ XPS and
STEM-EELS on silicon electrodes cycled in full cell configuration®, that the degradation of
carbonate solvents does not stop when all the cyclable Li, available from the positive electrode
material, has been consumed. This leads to the formation of non-lithiated organic carbonates
species that can be observed on the outer part of the SEI. Again, these non lithiated organic
carbonates are obviously not present in the SEI formed when IL electrolytes are used. Scenarii of
SEI formation and evolution appear then extremely different between IL and carbonate —based
electrolytes. While the significant consumption of cyclable Li in full cell using carbonate
electrolytes can usually explain the observed capacity fading upon cycling, such an explanation
does not seem to apply in the case of the IL systems studied here since the capacity fading cannot

be correlated with a growth of the SEI.

We will discuss now, the possible reasons of the steeper capacity fading in full cell. It appears
that the gradual but steeper capacity decay in full cells could be due to one of -or the combined

effects of- several phenomena:
i) The breakdown of the Si particles that constantly creates a dynamic SEI:

The breakdown of the particles is less severe compared to the case of half cells. While this
process leads to a lesser extent of pulverization of the Si particles and lower the quantity of
fresh Si surface exposed to the electrolyte at each cycle, the hindering of the pulverization of

Si particles might also lead to a lower porosity of the electrode.

i) Thickness of the SEI.
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A thicker SEI could in fact, clog the intrinsic porosity of the electrode and hinder the
electrolyte supply through the tortuous porosity in parts of the electrode. According to the
electrochemical performance in full cell configuration presented in Fig. 1, the Si electrode
delivers approximately 70% of its full capacity (estimated from the first delithiation
capacity), indicating that the full capacity is not utilized. As seen from the less severe
disintegration of the Si particles in TEM images after the extended full-cell cycling, it is then
reasonable to consider that a more restricted surface of fresh Si is created to be exposed to
the electrolyte at each cycle. However, the overall amount of Li trapped in species forming
the SEI at the surface of the Si particles after 100 cycles for the full cell is approximatively
twice lower than that for the half cell. In fact, only the amount of LiF seems to be lower in
the case of the full cell configuration, resulting in a 1.8 ratio for the overall amount of Li
trapped in decomposition species in the SEI between half cell and full cell configuration. It is
not possible to evaluate accurately the total surface created after the pulverization process of
the Si particles after 100 cycles. The less pulverized state of Si particles in full cells
compared to half cells creates much less surface area in the former case, hence a thicker SEI
could be expected to form in the full cell configuration. However, the stable EIS between the
5™ and 100" cycles does not appear to be consistent with this scenario, unless entire regions
of the Si negative electrode are insulated from the ionic percolating network, explaining both
the capacity fading and the stable EIS measurements. Nevertheless, at this stage, no
straightforward link between the stable EIS and the quite linear evolution of the capacity

decay could be found.

iii) Loss of electronic percolation within the electrode architecture
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Another hypothesis, also involving the insulation of entire regions of the Si negative
electrode implies the loss of electronic percolation. In that case, initial electronic contacts
provided by the carbon conductive agent may be lost upon the unavoidable movements and
rearrangements of Si particles that still exists although to a much lesser extent compared to
the case of half-cells. While the thorough pulverization of Si particles could help in a better
redistribution of carbon particles to maintain the electronic percolation, the less intense
mechanical strains endured in the case of the full cell combined with a stable SEI could lead
to a loss of electronic contact points between particles and insulate electronically an entire
region of the Si negative electrode, also explaining the capacity fading and stable impedance

upon cycling.

iv) Lithium metal electrode volume variation

On the one hand, the massive volume change of the Li metal®™

negative electrode at each
cycle probably leads to an additional cell internal pressure and may also contribute to the
exacerbated fracturing of the Si particles in the case of half cell. Furthermore, Li metal will
dissolve and move back and forth upon cycling and will accompany the Si
expansion/contraction. On the other hand, the NMC622 positive electrode material in the
case of SI/NMC622 full cell does not undergo significant volume change and the internal
pressure in the cell is driven by the changes of the Si electrode volume. This could lead to
much greater pressure variations upon cycling between the charged and discharged states of

the Si electrode in the case of full-cell. Such phenomenon, which remains to be investigated,

could contribute to the more rapid capacity fade as well.

Additional experiments with further in-depth characterization are needed to verify the validity of

the above points and discriminate the possibility of active mass disconnection from the
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percolating network from other reasons that could explain the capacity fading. It appears
nevertheless that neither an extensive Li* consumption nor the uncontrolled formation of
blocking electrode/electrolyte interphases are the cause for capacity fading in full-cell
configuration, cycled with superconcentrated IL-based electrolytes. The characterization of
cycled electrodes rather points towards mechanical reasons, complete disconnection of part of
the electrode, or internal mechanical stress, to explain the progressive capacity fading in full cell

configuration.

Concerning the differences in composition of the SEI with respect to the cell configuration, a
second observation concerning the quantities of the SEI products presented in Figs. 6¢ and 6d is
the significantly less amount of LiF compared to the other lithiated species. Comparing the cases
of half vs. full cells, the amount of Li involved in species other than LiF is quite similar after 100
cycles (5.9 pmol.mgeectroge in the case of half cell and 4.8 umol.mg™ cieciroce in the case of full
cell). However, the amount of detected LiF is significantly varying from 1.2 umol.mg™ in the
case of Pi11is System in full-cell configuration to 5.5 umol.mg™ ejectroce in the case of the Py
system in half-cell configuration. We considered here the two phosphonium cations to be
equivalent in terms of size and the corresponding electrolytes to display similar intrinsic
transport and viscosity properties and to lead to equivalent electrochemical performance. It
seems therefore that such a difference in terms of LiF amount may come from the cell format
itself. In fact, this result indicates a lower extent of the decomposition of the electrolyte from its
interaction with the Si electrode in full cells. This, again, can be due to the more restricted use of
the Si particles during cycling. The less severe particle breakdown compared to half cells creates
fewer fresh surfaces during cycling that serve as potential sites for electrolyte decomposition.

Furthermore, the typical defluorination of FSI™ anions can rapidly lose fluorine which can react

32



with the infinitely available Li in the case of half cells to form more LiF. Moreover, the
reduction cutoff potential reaches 0.01 V in half cells, when the Si electrode is cycled versus Li
metal, while the reduction potential of Si in a full Li-ion batteries is most probably higher (lower
cutoff potential for Si vs. NMC622 is 2.8 V). In this work, full cells were cycled in a 2-electrode
configuration and the determination of the exact potential experienced by the Si negative
electrode would require the use of 3-electrode cells. Nevertheless, considering that for the first
cycle, only 70% of the Si capacity is delivered, it is reasonable to consider that the full lithiation
of Si is not completed and a more positive potential is reached at the end of reduction. This
difference in potential might in fact limit the extent of degradation reactions and explain an

overall lower amount of LiF.

We are considering now the influence of the IL cation size on the SEI composition: while the
quantification of the detected SEI products confirmed that their amounts do not change
drastically from the 5" to the 100" cycle, a slight difference in the relative amount of LiF/other
lithiated species can be observed for the small and bulky phosphonium systems. For example,
the amount of LiF, 1.2 umol.mg  eectroge, in the electrode exposed to P111isFSI-LiFSI electrolyte
remains the same after 100" delithiation. However, a slight increase of LiF from 0.6 to 1.4
Hmol.mg™ eectrode s Obtained for the PiisisiaFSI-LiFSI. The explanation of such a different
behavior between the two appears to lie in the different packing of IL cations as deduced from
differential capacitance experiments (see section 3.2). The more compact packing of the smaller
phosphonium IL cations near the electrode seems to hinder or reduce the access of FSI™ anions to
the surface, whereas the slightly looser structure of the bulky phosphonium allows more FSI’
anions to reach the electrode and participate in the formation of an increased amount of LiF

compared to the case of the smaller phosphonium. This particular result further strengthens the
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hypothesis that the other lithiated components are most likely residual or trapped LiFSI%. These
findings, along with the lower conductivity of the P1jsisis—based electrolyte, are in agreement with
the observed electrochemical performance, where the electrolytes containing small phosphonium
cations displayed better cycling behavior and smaller impedance compared to those with the
larger phosphonium. The same trend is found for the other lithiated products, but the difference
is nearly negligible or within the error of the measurements. Overall, the total Li amount detected
after 5 cycles is larger in the case of the short P111i4 phosphonium-containing electrolyte, due to a
slightly larger amount of LiF. An exact inventory of the lost Li ions and concomitantly
consumed electrons in degradation reactions is delicate to perform here without taking into
account the Li ions trapped at the positive electrode side but this result appears to be in line with
the larger irreversible capacity measured at the very beginning of cycling for the short Pi11i4
phosphonium-based electrolyte (675 mAh.g™s; and 580 mAh g™ s; for the 1% cycle for P111i4 and

Paiaisia Systems, respectively).
4. CONCLUSIONS

In this work, the full cell performance of Si negative electrode was linked to the formed
interphase using a combination of qualitative and quantitative ex situ techniques such as TEM /
STEM-EDX, XPS, EIS, and MAS NMR. Whereas the diminishing Li inventory upon cycling
upon which the lost Li is incorporated in the SEI formation after each cycle is usually the main
cause of capacity fading when full cells and half cells are compared, the overall similar amounts
of Li detected by MAS NMR in the SEI at different stages of the cycling of the full cells (5" and
100" cycles) at the surface of the Si electrodes lead us to rule this explanation out in the case of
IL-based electrolytes. Moreover, Li quantification using ‘Li MAS NMR indicated that the

amount of Li trapped at the positive electrode side is negligible and is therefore not responsible
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either for the observed progressive capacity fading. Moreover, the absence of transition metals
(from the positive electrode) on the Si electrode surface indicates that crosstalk does not take
place during cycling. IL electrolytes, especially based on phosphonium cations appear here as
extremely efficient to control and master the composition and properties of the SEI at the surface
of the Si electrode. Nevertheless, replacing carbonate electrolytes with IL-based ones introduces
an additional parameter to be taken into account: the structuration of IL ions near the surface of
the electrode appears to play a significant role, in terms of the extent of LiFSI degradation and
relative amount of LiF. Changing the size of the IL cation appears also as a way to modify or
alter this structuration. As deduced from the capacitance measurements, the somewhat looser
packing of the bulky P1j4isis 1L cation near the surface of the electrode permits a better access of
the FSI™ anion to the silicon surface and lead to an exacerbated decomposition, visible on the
cyclic voltammetry and confirmed by ‘Li MAS NMR quantification. Capacitance measurements
appear then here as a quite appropriate method to access fine and subtle information permitting
to link the different packing of species near the surface of the electrode with the reactions of SEI

formation and evolution.

Finally, the gradual but steeper capacity decay in full cells could be due to the combined effects
of the following phenomena: (i) the hindering of the pulverization of Si particles might lead to a
lower porosity of the electrode. (ii) the progressive disconnection of active material from the
ionic and/or electronic percolation network. Considering the lesser extend of Si particles
breakdown, a thicker SEI could be expected. Such an SEI could also clog the intrinsic porosity of
the electrode and block the electrolyte supply through the tortuous porosity in parts of the
electrode. Moreover, the combination of this extremely stable SEI at the surface of the Si

particles and the less exacerbated movements/rearrangements/partial breakdown of Si particles,
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preventing intra-electrode components redistribution, could lead to electronic contact loss
between Si particles. Both hypotheses would lead to progressively insulate, ionically or
electronically, entire regions of the Si negative electrode explaining the capacity fading.
Nevertheless, this may not be reflected in the stable Nyquist diagrams. (iii) lithium metal

electrode volume variation.

Further work is obviously needed and underway to investigate these hypotheses in particular the
impact of an electrochemical cycling of Si electrodes in half cell configuration, with limited
capacity to reduce the mechanical stress undergone by Si particles as well as the possibility of
actual disconnection of entire parts of the electrode. Overall, our findings in this work provide a
new interpretation and perspective to the capacity fading in full cells which is traditionally linked

to the loss of Li inventory but appear here to be linked to more mechanical reasons.
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