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ABSTRACT

Silicon is amongst the most attractive anode materials for Li-ion batteries because of its high gravimetric
and volumetric capacities; importantly, it is also abundant and cheap, thus sustainable. For a widespread
practical deployment of Si-based electrodes, research efforts must focus on significant breakthroughs to
addressing the major challenges related to their poor cycling stability. In this work, we focus on the
electrolyte-electrode relationships to support the scientific community with a systematic overview of Si-
based cell design strategies reporting a thorough electrochemical study of different room temperature
ionic liquid (RTIL)-based electrolytes, which contain either lithium bis(fluorosulfonyl)imide (LiFSI) or
lithium bis(trifluoromethylsulfonyl)imide (LiTFSI). Their galvanostatic cycling performances with mixed
silicon/graphite/few-layer graphene electrodes are evaluated, with first cycle Coulombic efficiency
approaching 90% and areal capacity =2 mAh/cm? in the limited cut-off range of 0.1—2 V vs. Li*/Li’. The
investigation evidences the superior characteristics of the FSI-based RTILs with respect to the TFSI-based
one, which is mostly associated with the superior SEI forming ability of FSI-based systems, even without
the use of specific additives. In particular, the LiFSI-EMIFSI electrolyte composition shows the best
performance in both Li-half cells and Li-ion cells in which the Si-based electrodes are coupled with 4V-

class composite NMC-based cathodes.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

which chiefly include electric transportation (EVs, BEVs and PHEVs)
and energy storage from renewable power sources [1,2].

A new generation of high energy lithium-ion batteries (LIBs)
with improved characteristics such as cycling stability, safety and
enhanced energy/power density is required to guarantee the
massive market deployment of high-demanding applications,
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The output performance of secondary batteries is necessarily
linked to the cell chemistry involved and, so far, LIBs are the only
proven commercial technology where stable storage at high energy
density is achieved for thousands of reversible cycles [3,4]. Anode
materials with high practical capacity as compared to standard
commercial graphite (theoretical specific capacity limited to
372 mAh/g) are critical for the purpose, as well as highly ionic
conducting, safe and electrochemically stable electrolytes (stan-
dard carbonate-based liquid electrolytes are toxic, and their flash
point, well below 100 °C, poses significant safety issues) [5]. In this
context, silicon (Si) is the most desirable LIB anode candidate due to
its high theoretical capacity (even exceeding 4000 mAh/g for
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Li»»Sis, which is the highest known value for a LIB anode material),
average de-lithiation potential of about 0.3—0.4 V vs. Li*/Li®, which
likely avoids lithium dendrite formation during charge, high
abundancy reserves (about 28%, the second most abundant
element in the Earth's crust, being surpassed only by oxygen) and
relatively low cost (much lower in terms of US$/Kg compared to
lithium metal and slightly lower even compared to pure natural
graphite, which is also included in the 2020 EU list of Critical Raw
Materials — CRM) [6—8]. However, Si undergoes significant volume
variations upon lithium alloying/dealloying (up to = 400%),
resulting in dynamic (unstable) interface formation and, eventually,
anode pulverisation upon prolonged cycling, which breaks the
electrical contact within the active material particles as well as with
the current collector. This phenomenon may lead to the continuous
disruption, propagation and thickening of the solid electrolyte
interphase (SEI) layer, which gives rise to undesirable side reactions
with the electrolyte, resulting in its dynamic consumption/refor-
mation during operation and, in turn, rapid deterioration of cell
capacity and operational life. In addition, Aurbach and coworkers
previously reported that Si has a poor electronic conductivity in its
delithiated form (1 mS/cm) [9] and the lithium diffusion coefficient
in the material structure is low (10~4=10"3 cm?/s) [6—8,10].

To circumvent these issues and enhance stable and reversible
lithium storage performances, Si-based materials and silicon-
carbon (Si—C) composites with different dimensionality from mi-
cro/nanoparticles to 3D architectures were proposed [8,10,11].
These include various nanostructure designs (e.g., nanoparticles,
nanowires, nanotubes/pillars, nanoflakes, and nanoporous films),
often combined, dispersed or enwrapped in various carbonaceous
matrices, either graphitic or amorphous and even porous. More
recently, several works were proposed, which included graphene
(G) in its different forms (e.g., graphene oxide — GO and reduced
graphene oxide — RGO, and few-layer graphene — FLG flakes)
[12—15]. Despite these strategies being useful to buffer Si volume
variations and increase the anode conductivity, the increased sur-
face area amplifies the issues related to the interfacial reactions
with the electrolyte upon cycling, due to the aforementioned
recurring disruption/formation of the SEI layer [8,16]. One of the
most practised routes to stabilise the SEI layer consists in the use of
functional additives, such as vinylene carbonate (VC),
fluoroethylene carbonate (FEC), silanes, compounds bearing
nitrogen-containing functional groups, such as nitrile and isocya-
nate moieties, and boron-containing lithium salts [16,17].

Electrolytes based on room temperature ionic liquids (RTILs) have
been widely investigated and proven to be a viable alternative
enabling reversible operation of laboratory-scale cells with Si-based
anodes for hundreds of cycles, outperforming in many cases the
liquid electrolytes based on standard organic carbonates [18—21].
Additionally, RTILs possess several superior properties in terms of
safety (low vapour pressure and flame retarding ability) and stability,
both thermal and electrochemical [22—25], which are highly attrac-
tive for practical operation in the EV battery market [1]. RTILs with
phosphonium-, pyrrolidinium-, piperidinium-, and imidazolium-
based cations were investigated in combination with Si-based an-
odes [1,2,17—19,26—28]. Notably, both the rate and long-term cycling
performances were found to be drastically affected by the anion,
when a direct comparison was provided. In particular, systems with
bis(fluorosulfonyl) imide (FSI~) showed a neat improvement over the
bis(trifluoromethansulfonyl) imide (TFSI™) counterparts due to their
lower interfacial resistance, better transport properties and SEI-
forming ability, which can also prevent the detrimental co-
intercalation of RTIL cations into graphite [1,2,17—19,27—30]. Never-
theless, FSI-based systems show a lower decomposition temperature
(Tq) as compared to their TFSI counterparts, particularly LiFSI, for
which Tjy is also affected by adsorbed water and impurities, and can
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vary from 70 to 180 °C (whereas Tq > 380 °C for LiTFSI) [30—33].
Therefore, mixed RTIL-based systems are desirable, including both
FSI™ and TESI™ anions, and such systems already demonstrated the
ability to tune the electrolyte properties for improving cell perfor-
mance [20,21,34]. Electrolytes with a Li* salt:RTIL molar ratio of 1:4
were proven particularly promising [35,36].

In the framework of the H2020 European (EU) project Si-DRIVE
(https://sidrive2020.eu/), we are now focusing our research on
developing novel optimised materials to achieve high energy density,
long-term operation LIBs able to meet the present challenges of EVs
and related EU market opportunities. Si-DRIVE is intended to deliver
on the challenge of safer, higher-performing LIB chemistries for future
EVs by the integrative development of full cells that can deliver high
energy density (>350 Wh/kg at 6C and >1000 primary cycles by the
end of the project) by exploiting a nanostructured Si-based active
material anode, a high-capacity Li-rich layered oxide cathode and a
safe, highly ionically conducting RTIL-based electrolyte. In this
context, electrodes based on silicon and FLG obtained by a wet jet-
milling process are investigated in this work. Similar binder-free Si-
FLG electrodes have already demonstrated excellent performances in
lab-scale cells, with a specific capacity =2300 mAh/gs;, and only 11%
irreversible capacity loss during the first cycle using a carbonate ester-
based electrolyte [37,38]. Yet, with a RTIL-based electrolyte containing
TESI, reversible cycling of Si-FLG could only be observed at 80 °C,
with significantly lower specific capacity (<800 mAh/gs;) [39]. In
contrast, promising results with TFSI-based RTIL electrolytes in
combination with several different silicon-based anodes have been
reported, implying the need to select the electrolyte depending on the
electrode composition and morphology [17]. Therefore, starting from
the significant amount of work regarding different Si-based anodes in
combination with RTIL based electrolytes [18,40,41], we performed
and assessed various RTILs with different cations and anions. Specif-
ically, here we address the compatibility with the Si-FLG electrode
material used in this work, which is also distinguished by the cycling
protocol adopted (e.g. lower voltage cut-off of 0.1 V vs Li*/Li®) to limit
Si volume variations and exclude the contribution of the carbon
material to the delivered capacity. In this respect, the reported elec-
trochemical investigation revealed the superior performance of the
Si-FLG-based electrodes in combination with RTIL-based electrolytes,
compared with organic solvent-based electrolytes. Additionally, sys-
tems including FSI and TFSI are investigated, evidencing differences in
the electrochemical performance depending on the cathode loading
and the RTIL cation.

Thus, as a result of the screening performed in the framework of
Si-DRIVE project, here we report a comparative investigation of the
most promising electrolyte compositions, which include RTILs con-
taining FSI~ anion and 1-ethyl-3-methyl imidazolium (EMI") or
pyrrolidium-based (Pyrig) cations, added with either LiFSI or LiTFS,
to allow stable cycling of nanostructured Si-based anodes at high
performance, an utmost important topic in the LIB field [18,37—40].
The effect of the different RTILs, lithium salts and additives, such as
VC and FEC, on the electrochemical performance of Si-based elec-
trodes, was evaluated in lab-scale lithium metal cells and discussed.
Selected electrolytes then underwent constant-current testing in
lab-scale Li-ion cells, where Si-based anodes were coupled with
NMC-based cathodes, which demonstrated reversible cycling at
ambient temperature and different current regimes up to 1C rate,
thus confirming their promising prospects for practical application.

2. Experimental
2.1. Materials

The different RTILs (>99.9 wt%, moisture content <5 ppm),
including 1-ethyl-3-methyl-imidazolium bis(fluorosulfonyl)imide
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(EMIFSI), N-methyl-N-propyl-pyrrolidinium  bis(fluorosulfonyl)
imide (PYRy3FSI) and 1-methyl-1-(2-methoxyethyl)pyrrolidinium
bis(fluorosulfonyl)imide (PYR1(201)FSI), the lithium salts (>99.9 wt
%, moisture content <5 ppm), including lithium bis(fluorosulfonyl)
imide (LiFSI) and lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI), and battery-grade additives (i.e., fluoroethylene carbonate
— FEC, and vinylene carbonate - VC) were synthesized by Solvionic
(Toulouse, France) and used as received.

Commercial silicon micron-sized particles (Silgrain, e-Si 400
from Elkem), carbon additives (Super C-45 and C-65 from Imerys,
formerly Timcal), NMC 532 (LiNig5sMng 3C0q .2, BASF), polyvinylidene
fluoride (PVdF, Solef 5130 from Solvay), and few-layer graphene
flakes obtained by a wet jet-milling process [42] were used as
received. Lithium hydroxide (LiOH-H,0), polyacrylic acid (PAA),
and N-methyl pyrrolidone (NMP) were supplied by Sigma-Aldrich
(now Merck).

The battery grade reference electrolyte (LiPFg 1 M in EC/PC/EMC/
DEC + 2 wt% VC) was provided by Capchem and used as received.

2.2. Preparation and characterisation of the RTIL-based electrolytes

The RTIL-based electrolyte formulations were prepared within a
controlled Ar-atmosphere dry glovebox (MBraun UNILab, H,0 and
0, content <1 ppm): proper amounts of selected lithium salt were
dissolved in each RTIL by stirring at ambient laboratory tempera-
ture for few hours. The RTIL:lithium salt molar ratio was fixed equal
to 4:1 [36]. Additional samples were prepared by adding FEC or VC
to each electrolyte solution. The compositions of all electrolyte
formulations under study are given in Table 1.

The ion transport properties of the RTIL-based electrolytes were
investigated in terms of ionic conductivity (o) vs. temperature
dependence. The measurements were carried out in a wide tem-
perature range of —40 to 80 °C at a very slow heating scan rate
(<1 °C/h) for better evidencing the phase transitions [22]. A
conductivity-meter AMEL 160, allowing to run impedance mea-
surements at a fixed frequency (i.e., 1 Hz or 1 kHz, depending on the
conduction value of the sample under test) was used, whereas the
temperature control was allowed by a climatic test chamber
(Binder GmbH MK53). The electrolytes (handled in the dry glove-
box) were housed in sealed glass conductivity cells (AMEL 192/K1)
equipped with two porous platinum (Pt) electrodes. The cell con-
stant (i.e., depending on the geometric characteristics of the cell
under test) was determined through a 0.1 N KCl aqueous solution
with a known ionic conductivity value. To fully crystallise the RTIL
electrolytes, the cells were dipped in liquid nitrogen for 60 s and,
then, immediately transferred into the climatic chamber
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(previously set-up at —40 °C). This protocol was repeated until the
frozen RTIL samples remained solid at —40 °C. In a previous work,
the incomplete crystallisation of RTILs was demonstrated to result
in pseudo-equilibrium (metastable) states affecting both their
thermal and transport properties [43]. Finally, the cells were kept
at —40 °C for at least 24 h before the conductivity measurements.
To confirm the reproducibility of the ion conduction values and
for gaining knowledge about phase transition phenomena within
the RTIL-based electrolyte formulations, the specific conductivity
values were also determined by electrochemical impedance spec-
troscopy (EIS). During the measurement, an alternating sinusoidal
voltage was applied to the electrochemical cell under examination
in a given frequency range, with frequency sweep towards pro-
gressively decreasing values. At high frequencies, the impedance
response is related to fast processes (ion transport in the electro-
lyte), whereas, at progressively decreasing frequencies, it allows
obtaining information on slower processes (charge transfer at the
electrolyte/electrode interface, diffusion within the electrolyte and
electrode, etc.). In addition, the electrochemical system under ex-
amination can be simulated using a circuit model consisting of
resistors and/or capacitors (connected in series and/or parallel),
which represent the contributes to the overall impedance of the
system. Through a proper fitting program, it was possible to sepa-
rate the contributes to the overall impedance of the investigated
electrolyte and, therefore, determine its resistance value. EIS
measurements were performed (using a Schlumberger Solartron
1260 frequency response analyser) by applying, to the conductivity
cells described above, a sinusoidal voltage signal (AV) equal to
10 mV in a frequency range between 100 kHz and 1 Hz. The
impedance measurements were conducted in the —40/+80 °C
temperature range, and immediately after carrying out the
conductometric measurements. The ionic conductivity (o) was
determined through the following relationship (Eq. (1)):
a=k/R (1)
where k is the cell constant and R represents the (ionic) resistance
(determined by EIS) of the RTIL electrolyte under examination.

2.3. Preparation of the Si-based and NMC-based composite
electrodes

The Si-based electrode tapes (namely, SiGPAA) were obtained
from an aqueous slurry containing 80 wt% of a mixture (1:1 ratio) of
Si particles and graphene flakes as the active materials, 10 wt% of C-
45 and 10 wt% of LiPAA binder. LiPAA binder was previously

Table 1

Composition and properties of the RTIL-based electrolytes under study.
Electrolyte RTIL/Li mole ratio RTIL/Li wt.% Additive content g (-10°C) g (0°C) g (20°C)

|wt.% /(mS/cm) /(mS/cm) /(mS/cm)

EMIFSI
+ LiFSI 4/1 86.2/13.8 0 23+02 38+04 8.4 +0.8
+ LIiTFSI 41 80.2/19.8 0 1.5+0.1 26+03 6.0 + 0.6
+ LIiTFSI/VC 4/1 77.8/19.2 3 — — -
-+ LiTFSI/FEC 4/1 77.8/19.2 3 - - -
Pyri(201)FSI
+ LiFSI 4/1 87.4/12.6 0 0.65 + 0.06 1.2+ 01 30+03
+ LIiTFSI 4/1 81.9/18.1 0 0.52 + 0.03 1.0+ 0.1 27+03
-+ LITESI/VC 4/1 79.4/17.6 3 — — —
+ LiTFSI/FEC 4/1 79.4/17.6 3 — - -
Pyr13FSI
+ LiFSI 4/1 86.8/13.2 0 1.1+£01 1.8+02 43+04
+ LIiTESI 4/1 81.1/18.9 0 0.63 + 0.06 1.1+0.1 30+03
+ LIiTFSI/VC 4/1 78.7/18.3 3 - - -
-+ LiTFSI/FEC 4/1 78.7/18.3 3 — — —
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prepared as a 4 wt% aqueous solution of LiOH-H0 in stoichio-
metric amount and PAA. The slurry preparation was performed by
means of a mechanical mixer equipped with a sparger. First, gra-
phene flakes were added to the binder solution and stirred for
20 min to allow homogeneous particle dispersion. C-45 was then
added under slow continuous stirring, followed by a fast mixing
step of 10 min. Lastly, the Si particles were slowly added to the
slurry, followed by a high shear rate mixing step of 60 min. A final
30 min step of gentle mixing in vacuum was performed to remove
any air bubbles. The slurry was deposited onto a 250 mm wide and
10 pm thick Cu current collector foil by means of a semi-automated
doctor blade coater, using two different gaps to obtain two different
mass loading values (namely, 1.03 + 0.03 and 2.54 + 0.04 mg/cm?).
Water was removed by drying the casted electrodes during two
consecutive steps (60 min each) at increasing temperatures of 70
and 120 °C, respectively.

The NMC-based composite positive electrodes were obtained
from a slurry containing 94 wt% of NMC as the active material, 3 wt
% of C-65 as the carbon additive and 3 wt% of PVdF as the binder.
PVdF was pre-solubilised in a 10 wt% NMP solution as basis for the
slurry preparation. The slurry was deposited onto a 250 mm wide
and 20 um thick Al current collector foil by means of a semi-
automated doctor blade coater. The solvent was removed by dry-
ing the casted electrode during two consecutive steps (30 min
each) at increasing temperatures of 70 and 120 °C. Eventually, the
SiGPAA and the NMC electrode tapes were cut into disks, dried at
120 °C under vacuum for 24 h and stored in the Ar-filled dry glo-
vebox before their assembly and testing in lab-scale test cells.

2.4. Assembly of laboratory-scale Li-metal and Li-ion cells and
electrochemical testing

The Li-metal cells for the electrolytes comparison were assem-
bled by sandwiching the components in a Li/electrolyte/SiGPAA
configuration, with lithium metal (Albemarle) counter and SiGPAA
(with a mass loading of 2.54 + 0.04 mg/cm?) working electrode
disks having an area of 2.01 cm? The Li-metal cells for the deriv-
ative dq/dV analysis of the first lithiation were assembled with
SiGPAA electrodes having a loading of 1.03 + 0.03 mg/cm?. The Li-
ion cells were assembled in a SiGPAA/electrolyte/NMC configura-
tion, with SiGPAA anodes and NMC cathodes having an area of
2.54 cm? and a mass loading of 1.18 + 0.06 and 7.97 + 0.06 mg/cm?,
respectively. Two glass fiber (Whatman® GF/A) 100 um thick disks
(2.54 cm? area) were used as separators, drenched with 200 pL of
selected RTIL-based electrolyte. The above detailed cell assemblies
were housed in ECC-Std lab-scale test cells (EL-Cell Gmbh), which
were used for carrying out the electrochemical testing. The lab-
scale cells were assembled inside the dry glovebox and cycled at
ambient temperature under constant current (CC) regime with an
Arbin BT2000 battery tester. Based on previous work evaluations
[38], the maximum practical specific capacity of Si-graphene
composites is = 2500 mAh/gs; in the 0.1-1 V vs Li*/Li° range.
Here, for the Li//SiGPAA cells, we used C-rate values of C/10, C/5, C/2
and 1C, corresponding to 250, 500, 1250, 2500 mA/gs;, respectively.
The CC cycling was carried out in the cut-off voltage range 0.01-2 V
vs Li*/Li® (for the first cycle, to ensure the formation of the SEI and
the amorphisation of Si) and 0.1—1 V vs Li*/Li® (for the following
cycles), see Fig. S1 in the supporting information. For the SiGPAA//
NMC Li-ion cells, the CC cycling test was carried out in the range
4.25-3 Vvs Li*/Li® with a constant voltage step at 4.25 V after each
CC charge, which was kept until the current reached the value of C/
50. The 1st CC charge was carried out at C/10 based on the charge
capacity of the NMC used (=200 mAh/g, viz. =15 mAh/cm?, see
Fig. S2). For the following CC steps, the C-rate was calculated based
on the estimated cell capacity, which was obtained by subtracting
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the irreversible capacity of the anode (computed as the difference
between the lithiation and de-lithiation capacity during the 1st
cycle in lab-scale Li-metal cells, see Fig. S3 and Table 3) from the
charge capacity of the NMC used. The N/P ratio (the ratio between
the delithiation capacity of the negative electrode and the
discharge capacity of the positive electrode) is also given in Table 3.
The discharge capacity of the NMC positive electrode used
is = 190 mAh/g, viz. =1.4 mAh/cm? (see Fig. S2).

2.5. ATR-FTIR characterisation of the SEI

ATR-FTIR analysis was performed on post-mortem electrodes
collected from Li/electrolyte/SiC half-cells after 10 cycles at C/10.
Model composite electrodes were manufactured starting from
commercial silicon nanoparticles (Sigma Aldrich, <100 nm particle
size) added with carbon black and FLG, following a procedure
similar to what described in Ref. [44]. Electrodes for ex situ analysis
were collected in the following steps: cell de-assembling in an Ar-
filled glove box followed by electrode washing in tetrahydrofuran
and vacuum drying at room temperature. Post-mortem materials
have been stored in sealed vials in the Ar-filled glove box. Fast
Fourier transform infrared spectra in attenuated total reflectance
(ATR-FTIR) were collected at the SMIS beamline of Synchrotron
Soleil in air 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.,
Latvia). The spectra were recorded in the mid-infrared spectral
range (from 400 cm~! to 4000 cm™!) using synchrotron light as
source, a KBr beam-splitter and a liquid nitrogen cooled MCT de-
tector. All the reported spectra were obtained by adding up 500
scans, with a spectral resolution of about 2 cm~,

3. Results and discussion
3.1. Properties of the RTIL-based electrolytes

The electrolyte solutions were prepared as detailed in the
experimental section, and their compositions are summarised in
Table 1.

The impedance responses obtained for the investigated RTIL-
based electrolyte formulations are shown as Nyquist diagrams
(real part Z, vs. imaginary part -jZ") at different temperatures, as
illustrated in Fig. 1 for the electrolyte comprising LiFSI and EMIFSI
reported as an example (i.e, all investigated electrolyte formula-
tions have shown analogous qualitative behaviour). At low tem-
peratures (—20 °C, viz. below the melting point of the electrolyte),
the sample shows the typical impedance response of an electrolyte
sandwiched between two blocking electrodes (panel A). The
diameter of the high frequency semicircle (100—1 kHz), originating
at the point of intersection of the axes, is associated with the ionic
resistance of the electrolyte (R,) [45]. The impedance diagram is
only slightly depressed, indicating that the overall resistance of the
electrolyte is substantially given by a single contribute [45]. The
qualitative shape of the Nyquist diagram changes considerably at
temperatures > —15 °C (panel B): the disappearance of the high
frequency semicircle is observed with the increase in temperature,
due to the decrease of the electrolyte resistance (note that the
frequencies of the points of the semicircle fall at frequencies higher
than the full scale of the instrument). The distance between the
origin of the axes and the high frequency diagram intercept with
the Z' axis is associated with the electrolyte resistance (panel D)
[45].

The inflexion recorded at medium-high frequencies suggests
the presence of a second contribution (negligible at low tempera-
tures since the Ry, value is very high), which, however, cannot be
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Fig. 1. Representative Nyquist diagrams (Z’' vs. -jZ") of the impedance responses ob-
tained for the LiFSI-EMIFSI electrolyte in a conductivity cell with porous Pt electrodes
at: A) — 20 °C below the melting point; B) different temperatures in the range between
the melting point and 20 °C, as noted in the legend; C) different high temperatures as
noted in the legend, D) 20 °C, including the fitting lines and the attribution of the
spectral features to the bulk resistance (Rp,) and resistance due the electrode surface
roughness behaving as a porosity (Rp).

attributed to heterogeneous phase since, at —15 °C, the LiFSI-
EMIFSI sample is in the liquid state. Furthermore, the value of the
capacitance (Cp) associated with the aforementioned contribute is
excessively high (of the order of mF) with respect to that related to
a geometric and/or grain boundary capacitance [45]. Data reported
in the literature [46] show how this capacitance is attributable to
the high surface roughness of the electrode, which behaves like a
porous surface. Therefore, the effective area of the electrode is
significantly amplified, resulting in an increase in terms of capaci-
tance equal to several orders of magnitude with respect to that
associated with smooth electrodes. The additional contribute to the
overall cell impedance is ascribable to the resistance (Rp) encoun-
tered by the ions in crossing the roughness, behaving as a porosity,
of the electrode (panel D). Finally, the straight line at lower fre-
quencies (<1 kHz) is due to the capacitive behaviour at the Pt
blocking electrode. An increase in temperature above —15 °C
(panels B and C) does not produce any change in the shape of the
Nyquist diagram and results only in a progressive shift of the high
frequency intercept towards lower resistance values ascribable to
the decrease of the electrolyte resistance (with the temperature
increase).

The analysis of the impedance responses was performed by
defining an equivalent circuit model considering all the possible
contributions to the impedance of the electrolyte under investi-
gation [47,48]. The validity of the chosen circuit was confirmed by
means of a non-linear fitting program (NLLSQ) [47,48]. The good-
ness of the fitting operation was quantified by the parameter 2
only interpolations with XZ < 10~* were considered acceptable. The
equivalent circuit (Fig. S4 in supporting information), adapted for
the interpolation of Nyquist diagrams obtained up to —20 °C (panel
A), consists of the resistance Ry (electrolyte resistance) placed in
parallel with the geometric capacitance of the electrolyte (Cg). The
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RypCg circuit net is in series with the double layer capacitance at the
electrolyte/electrode interface (Cq;) [45]. Conversely, the AC re-
sponses obtained at T > —15 °C were fitted with the circuit model
shown in panel B, consisting of the resistance R}, placed in series
with the RyC, (i.e, the additional R, and Cp, elements, with respect
to the circuit model A, take into account the roughness of the
electrodes) and, subsequently, with the capacitance Cy;.

The temperature dependence of the ionic conductivity of the
investigated binary electrolytes is shown in Fig. 2. The ion con-
duction values determined by EIS are very close to those obtained
through the conductivity-meter (data not reported). The LiFSI-
EMIFSI sample (panel A) shows a jump in the ionic conductivity
of about four orders of magnitude, just above —20 °C, related to the
melting of the RTIL electrolyte.

Conversely, LiTFSI-EMIFSI exhibits progressively increasing
conductivities from —40 °C, indicating a gained ion mobility with a
knee around —-20 °C. This behaviour, also observed for the
PYR1(201)FSI (panel B) and PYRy3FSI (panel C) based samples, is
likely ascribable to solid-solid phase transition [49] occurring
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within the RTIL electrolytes prior to melting. For instance, ionic
conductivities above 107> Sjcm are exhibited already at —30 °C,
which is undoubtedly interesting for electrolytes being in the solid-
state. Incorporating an oxygen atom into the pyrrolidinium cation
increases the melting temperature (indicated by the sudden slope
change in the ionic conductivity vs. temperature plot). An analo-
gous trend, previously observed for tetra-alkyl-ammonium [36]
and imidazolium RTILs [50], is likely ascribable to repulsive in-
teractions of the oxygen electron lone pairs with the neighbouring
anions. At temperatures > —15 °C (i.e., above the melting point of
the IL electrolytes), all of the samples under study are in the liquid
state and show a VTF trend (witnessed by the non-linear trend of
the Arrhenius conductivity plots), typical of RTIL electrolytes
[22,36], up to 80 °C. EMIFSI-based electrolytes show faster ion
transport properties with respect to those based on pyrrolidinium
cations. This behaviour was previously reported in the literature
[22,36] and might be attributed to the smaller steric hindrance and
the planar configuration of the imidazolium cation, which can slide
through the ionic medium more easily compared to the pyrrolidi-
nium one. The LiFSI-containing electrolytes provide moderately
higher ion conduction due to their lower viscous drag deriving from
the smaller steric hindrance of the FSI™ anion if compared to TFSI".
The PYR1(201)FSI based electrolytes display a slightly lower ionic
conductivity than the PYRy3FSI based ones, which is linked to the
more significant steric hindrance of the methoxyethyl chain with
respect to the n-propylene. The ion conduction values of the
investigated RTIL are summarised in Table 1. All the investigated
systems show ionic conductivity exceeding 10~* S/cm (or 1073 S/
cm) already at —10 °C, i.e., appealing values for application in sec-
ondary batteries operating even at low temperatures. In all cases,
high ionic conductivity values ranging from 10~ to 1072 S/cm are
obtained at ambient temperature (20 °C).

3.2. Electrochemical behaviour in Li-metal cells with Si-based
anodes

For the proper selection of a safe electrolyte formulation to be
exploited in combination with Si-based anodes, the compatibility
and characteristics of the different RTIL-based electrolyte formu-
lations were preliminarily tested, in terms of galvanostatic charge/
discharge behaviour, in laboratory-scale Li-metal cells. SiGPAA
anode is used as the reference material for the testing [38],

Table 2
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characterised by a practical capacity value of =2500 mAh/gs; (see
Table 2 and Fig. S1), utilising the carbonate-based liquid electrolyte.
The SiGPAA electrode delivers a relatively good capacity in the
conventional carbonate-based electrolyte; however, the specific
capacity at 1C and the capacity retention after the rate capability
test are poor (=100 mAh/gs; and 66%, respectively). It suggests
poor quality of the passive layer, which is highly resistive and
ineffective in stabilising the electrochemical performance, thus
leading to significant capacity fading and the deterioration of the
cell performance at high current regimes [18]. The proper selection
of the electrolyte can mitigate the limited performance of the Si-
based anode; particularly, ILs-based electrolytes are considered
extremely promising to guarantee improved performances
[1,2,17—19,26—28].

To further investigate this aspect, Li/SiGPAA cells (SiGPAA
loading = 1.03 mg/cm?, i.e. = 0.41 mgs;/cm?) were assembled and
tested by means of galvanostatic cycling at low current (0.047 mA/
cm?, i.e. 115 mA/gs;) with a lower cut-off voltage of 0.01 V (see
Fig. S5). Fig. 3 shows the derivative dQ/dV analysis plot for the first
lithiation.

In the presence of EMIT, a peak is clearly visible at = 0.7 V (inset
in Fig. 3), indicating an electrochemical process occurring, which is
absent in the other cases; it can be attributed to EMI™ decompo-
sition at the surface of the SiGPAA electrodes. Limiting the SiGPAA
electrode loading (=~1.03 mg/cm?) and the current density
(115 mA/g) leads to good cell performance, regardless of the elec-
trolyte composition. Under this condition, the de-lithiation areal
capacity delivered in the range 0.01—2 V is up to 2 mAh/cm?.
Operation in the voltage range 0.01-2 V is fundamental to ensure
the SEI formation and the amorphisation of Si during the first cycle
[51]. However, during the following cycles, the cut-off voltage
window can be limited to 0.1-1 V to avoid extreme volume varia-
tions of Si upon the lithiation/de-lithiation processes as a trade-off
between the delivered specific capacity and the cycling ability [38].

Considering Si-DRIVE project targets, in line with EV application
requirements, cells with a practical areal capacity of =2.5 mAh/cm?
in the range of 0.1—1 V (Fig. S1), corresponding to a Si mass loading
of =1.0 mg/cmZs;i (2.5 mg/cm? for the complete electrode), were
tested. Fig. 4 shows the selected voltage vs. specific capacity profiles
(Fig. 4A—C) and the specific capacity vs. cycle number (Fig. 4D—F)
delivered by Li/electrolyte/SiGPAA cells upon galvanostatic cycling
at different C-rates with either LiFSI or LiTFSI dissolved in the RTILs.

Comparison of the laboratory-scale Li-metal cell (Li/electrolyte/SiGPAA) performances at 250 mA/gs; (0.255 mA/cm?) in the voltage range 0.01—2 V vs. Li*/Li° (1st cycle) or

0.1-1 V vs. Li*/Li° (following cycles) with different RTIL-based electrolytes.

CE. Specific capacity* Areal capacity* Capacity retention *

% mAh/gs; mAh/g mAh/cm? % %

1st cycle 2nd cycle 2nd cycle 2nd cycle 11th cycle 53rd cycle
Pyri(201)FSI
+ LiFSI 89.9 2025 813 2.1 83 74
+ LiTFSI 62.7 288 116 0.3 84 79
+ LiTFSI/VC 711 145 58 0.1 75 83
+ LiTFSI/FEC 124 122 49 0.1 61 57
Pyr3FSI
+ LiFSI 89.1 1652 663 1.7 83 74
+ LIiTFSI 67.5 129 52 0.1 89 86
+ LiTFSI/VC 77.2 218 88 0.2 76 77
+ LiTFSI/FEC 75.6 345 139 04 87 85
EMIFSI
+ LiFSI 78.0 2067 830 2.1 83 70
+ LIiTFSI 83.1 1700 683 1.7 70 55
+ LiTFSI/VC 70.8 515 207 0.5 78 67
+ LiTFSI/FEC 80.1 635 255 0.6 89 89
Liquid electrolyte** 90.0 2803 1126 29 72 66

* lithiation, ** composition: LiPFg 1 M in EC/PC/EMC/DEC + 2 wt% VC.
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The cells were operated in the voltage range 0.01—2 V (insets in
Fig. 4A—C) during the first cycle, and subsequently in the range
0.1-1 V (see Fig. 4A—C) [38]. With FSI™ as the anion in both the
lithium salt and the RTIL, the specific lithiation capacity delivered
by the cells during the first cycle is 4494, 3778 and 3128 mAh/gs;
(see insets in Fig. 4A—C) with Coulombic efficiency (C.E.) values of
78.0, 89.9 and 89.1% for EMIFSI, Pyr1(201)FSI and Pyr3FSI, respec-
tively (see Table 2). The lower C.E. obtained with EMIFSI accounts
for EMIT decomposition at the surface of the SiGPAA electrodes.
During the following ten cycles at C/10, the delivered capacity is
lower than that exhibited at the first cycle due to the reduced
voltage cut-off. Under these cycling conditions, the lithiation ca-
pacity retention after 10 cycles at C/10 is about 83% for all the
investigated systems utilising only FSI™ anion. In these systems, at
higher C-rates, the electrochemical behaviour is relatively similar
for the Pyr-based electrolytes, whereas EMIFSI systems guarantee a
higher delivered capacity of =800 and 450 mAh/gs; at C/2 and 1C
(2500 mA/gsi, viz. 2.50 mA/cm?), respectively. The superior per-
formances of EMIFSI-based electrolytes can be most likely ascribed
to the higher ionic conductivity and lower viscosity of the system.
The cells utilising only FSI™ anion showed capacity retention of
70—75% after increasing C-rates cycling protocol (rate capability
test) when the current was lowered back to C/10, thus suggesting
structural stability of the SiGPAA electrode and the good SEI
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forming ability of the FSI™-based RTIL electrolytes, despite the
absence of any further additive [18,20].

For Pyr-based electrolytes containing LiTFSI as the Li* ion
source, the cell performance is remarkably reduced under the same
cycling conditions: with Pyry(201)FSI and Pyry3FS], the specific ca-
pacity delivered by the test cells cycled in the reduced voltage
window is below 300 mAh/gs; even at low C/10 rate. For the LiTFSI-
EMIFSI electrolyte, the specific lithiation capacity and C.E. of the
first cycle are 3412 mAh/gs; and 83%, respectively. The capacity
retention in the reduced voltage window is 70% after ten cycles at
C/10 (see Table 2). The specific capacity delivered by the cell is
below 1000 mAh/g at C/5, dropping to =130 mAh/gs; at 1C. The
capacity retention at C/10 (0.255 mAj/cm?) after 52 cycles at
different current densities is about 54%.

Overall, the cells assembled with the RTIL-based electrolyte
formulations containing the LiFSI salt outperform their counter-
parts with LiTFSI salt using SiGPAA electrodes with an overall mass
loading of =2.5 mg/cm?, particularly with pyrrolidinium-based
RTILs. In this respect, it is worth noticing that using SiGPAA elec-
trodes with a lower mass loading, the CC cycling at 0.255 mA/cm?
(corresponding to C/10 and~C/4 for the SiGPAA electrodes with an
overall mass loading of 2.54 and 1.03 mg/cm?, respectively) leads to
a strongly improved cell performance with LiTFSI (specific capacity
up to 1908 mAh/ggs;, see Fig. S5). However, the corresponding areal
capacity delivered under this condition is only about 0.88 mAh/
cm?, which is less than half of that achieved at C/10 by the best cells
with a SiGPAA loading of =2.5 mg/cm? in the same cut-off voltage
window (see Table 2). The decreased electrode performance at
increased active material loading can be linked with the expected
increased electrode mechanical instability and polarisation,
requiring specific additives and/or additional electrode
manufacturing optimisation to be mitigated [52].

In a bid to improve the passive layer quality and cell perfor-
mance in the presence of LITFSI at higher SiGPAA mass loading
(=2.5 mg/cm?), the addition of 3 wt% FEC or VC to the RTIL-based
electrolytes was evaluated. Indeed, the use of these organic addi-
tives to RTIL-based electrolytes containing TFSI~ was found to
improve the cycling performance with both graphite [53,54] and Si
(nanowires) [21] anodes due to their substantial influence on the
composition of the SEI layer. Fig. S6 and Table 2 summarise the
ambient temperature electrochemical behaviour results in lab-
scale Li/electrolyte/SiGPAA cells. A slight improvement is
observed with Pyry3FSI, particularly with FEC (the specific capacity
at C/10 is more than doubled compared to the pristine formulation,
and the 1st cycle C.E. increased by 8%). Nonetheless, the specific
capacity delivered by the cell is below 400 mAh/gs; at C/10. In the
case of the electrolytes based on Pyry(01)FSI and EMIFSI, the ad-
ditives are detrimental both in terms of specific capacity and 1st
cycle C.E. Overall, we can conclude that SEI-forming additives in the
presence of RTILs containing FSI™ anion do not lead to a substantial
improvement of the electrochemical performance. A similar phe-
nomenon was observed upon the addition of VC to RTIL-based
electrolytes having FSI anion in combination with graphite elec-
trodes [55], and it might be attributed to the formation of a thicker
and resistive SEI layer. In this respect, the concurrent role of the
RTIL cation, additive and carbon content in the electrode are worth
further investigation focused on the interface characterisation
rather than the electrochemical performance, which is out of the
scope of the present work.

Overall, EMIFSI is the only RTIL investigated, enabling accept-
able cell performances with both LiFSI and LiTFSI, despite lower
capacity retention with the latter. Therefore, to shed light on the
nature of the SEI layer upon cycling, we studied the chemical
composition of the surfaces of post mortem silicon electrodes
collected after cycling using EMIFSI-based electrolytes with LiTFSI-
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Fig. 4. Voltage vs. gravimetric specific capacity profiles during the CC cycling in the range 0.01-2 V vs. Li*/Li® (1st cycle at C/10 i.e. 250 mA/g;, insets) and 0.1-1 V vs. Li*/Li®
(following cycles at different C-rates) of Li/electrolyte/SiGPAA half-cells (A—C) and corresponding gravimetric specific de-lithiation capacity and Coulombic efficiency vs. cycle
number (D—F). The RTIL-based electrolytes contain either LiTFSI (dashed lines in A-C, orange in D-F) or LiFSI (solid lines in A-C, violet in D-F) dissolved in (A,D) Pyry201yFSI, (B,E)
Pyr3FSI, or (C,F) EMIFSI. Open symbols = Coulombic efficiency, solid symbols = de-lithiation specific capacity. The gravimetric specific capacity is referred to the active Si content
only. The SiGPAA mass loading is 2.54 mg/cm? (= 1.0 mgs;/cm?; maximum practical capacity = 2.5 mAh/cm? in the range 0.1-1 V vs. Li/Li%.

or LiFSI salts (Fig. S7). Two Si-based electrodes were collected from
lab-scale Li-metal cells after 10 cycles at C/10 for ATR-FTIR ex situ
analysis to highlight the impact of the anion on the chemical nature
of the SEIL The comparison of the two ATR-FTIR spectra are shown
in Fig. S7 in the supplementary data. The surface of electrodes
collected post-mortem show vibrational fingerprints due to the
accumulation of organic and inorganic by-products originating
from the SEI components. In particular, evidence of LiyO, Li,COs, as
well as organic (poly-)carbonates/(poly-)anhydrides/(poly-)esters
with aliphatic groups can be observed in both cases. However,
samples collected from TFSI-containing electrolytes are richer in
the inorganic components, i.e. Li;O and Li»CO3, compared to elec-
trodes collected from the EMIFSI-LIFSI electrolyte. Considering the
different mechanical properties of inorganic carbonates/oxides in
respect to polymers, this evidence is a direct clue of a stiffer SEI
layer originating from TFSI-containing electrolytes compared to the
all-FSI—based one. One may speculate that a rigid SEI layer can

only poorly follow the considerable volume variation of the silicon
nanoparticles and likely breaks, thus exposing fresh surfaces of
reduced silicon directly to the electrolyte. This mechanism can
justify the accumulation of thicker and more resistive SEI layers
using EMIFSI-LIiTFSI in respect to the EMIFSI-LiFSI electrolyte and,
therefore, the worse capacity performance. Based on the consid-
erations above reported, the EMIFSI-based electrolytes were
selected to compare galvanostatic cycling in laboratory-scale SiG-
PAA/electrolyte/NMC full Li-ion cells.

3.3. Laboratory-scale Li-ion cells with EMIFSI-based electrolyte

The SiGPAA/electrolyte/NMC Li-ion cells electrodes capacity
balance is reported in Table 3.

Based on the estimated cell capacity (see the experimental part),
the lab-scale Li-ion cells were cycled at ambient temperature and
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Table 3
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Laboratory-scale Li-ion cells (SiGPAA/electrolyte/NMC) design with EMIFSI-based electrolytes. M.A. = active material content considered for the calculation. Ch = charge,
L.C. = irreversible capacity. The estimated cell capacity was computed as detailed in the experimental part.

Loading (A.M.) 1st Ch capacity Ist I.C. N/P Estimated cell capacity
mg/cm? (%) mAh/cm? mAh/cm? mAh/cm?
NMC SIGPAA NMC SIGPAA NMC SIGPAA
LiFSI 8 (94) 1.2 (100) 1.504 2.375 0.143 0.450 135 0.979
LiTFSI 8 (94) 1.2 (100) 1.504 2.266 0.143 0.419 1.44 1.010
A 1.0 100 different C-rates from C/10 to 1C. The areal capacity vs. cycle
. anolo 027% ¢ c600 |90 number and the voltage vs. areal capacity plots are shown in Fig. 5.
£ %209 The LIiFSI-EMIFSI based cell discharge capacity is stable above
2 084, #2535, 5 80 = 80% up to C/2, decreasing to =60% and =20% at C/2 and 1C,
% ®3a5l70 > respectively. The cell capacity retention is = 83% after 30 cycles
> leo S when the current is lowered to C/10. Overall, the full FSI"-based
Fl 0640 ®ag00 g battery cell shows better rate capability and C.E., essential for long-
o 50 io term cycling, with respect to the TFSI™-based electrolyte. Under the
o lap 2 same cycling condition, the LiTFSI-EMIFSI electrolyte reveals a
g 0.4+ ' [ 30 g substantial capacity decrease with increasing the C-rate and about
£  LiFSI 3 a 50% capacity fading after only 30 cycles. The cycling response
% LiTFSI r20 © confirms the superior characteristics of the FSI™-based electrolyte
< 024 930230000 L10 formulation; it is in agreement with the Si-based Li-metal cell
g crno | cs | C2 1c cno 0 testing and the ATR-FTIR analysis here reported, suggesting the
0 5 10 15 20 25 20 adoption of the formulation for advanced Li-ion cell application.
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Fig. 5. — Ambient temperature electrochemical response of SiGPAA/electrolyte/NMC
Li-ion cells during the CC cycling in the range 3—4.25 V vs. Li*/Li® with EMIFSI-based
electrolyte containing LiFSI (violet/solid lines) or LiTFSI (orange/dashed lines). The C-
rate values are based on the computed estimated cell capacity in Table 3. A) Areal
discharge capacity and Coulombic efficiency vs. cycle number; B) corresponding
voltage profiles vs. the 1st cycle areal capacity. The computed estimated cell capacity is
tagged on the x-axis; C) voltage profiles vs. areal capacity during selected cycles at
different C-rates.

Although, we did not focus on optimising the cell configuration for
long-term cycling stability tests, the excellent compatibility of the
proposed electrolyte, both with Si-based anodes and NMC cath-
odes, accounts for its attractive properties for successful adoption
in advanced secondary Li-ion cells directed to electric trans-
portation and large-scale energy storage applications.

4. Conclusions

EMIFSI, PYR3FSI and PYR1(201)FSI RTILs combined with the LiFSI
and LiTFSI salts (mole fraction equal to 0.2) were used as electrolyte
solutions for high-energy lithium-based battery systems with
improved safety levels.

The ion transport properties of the RTIL-based electrolytes were
investigated in a wide (—40/+80 °C) temperature range. The
EMIFSI-based and the LiFSI-containing samples were found to be
more conductive than the pyrrolidinium ones. lonic conductivities
higher than 104 S/cm are obtained at —20 °C, and values ranging
from 1073 to 1072 S/cm are achieved at room temperature, making
the proposed RTIL-based electrolytes appealing for wide range of
operational temperatures. The compatibility of the proposed RTIL-
based electrolytes with high energy density Si-based anodes was
evaluated, evidencing the superior characteristics of the FSI~ and
EMI™ based electrolyte systems in terms of delivered capacity at
various current rates and stability upon cycling. The better
compatibility of the EMI-FSI based electrolyte is mainly addressed
to the improved SEI forming ability of its components. The superior
compatibility of the EMI-FSI based electrolyte is also confirmed in
laboratory-scale Li-ion cells, coupling the Si-anode with a high
energy density NMC cathode. Overall, the promising results ob-
tained pose the EMI-FSI based electrolyte as an interesting candi-
date for the realisation of high energy density Li-ion batteries
characterised by an elevated safety content.
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