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ARTICLE INFO ABSTRACT
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A binder-free electrode made of polycrystalline carbon-coated silicon nanoparticles encapsulated in few-layer
graphene flakes is coupled with a PEO-based crosslinked bilayer polymer electrolyte (BLPE). A soft polymer
electrolyte layer enriched with a pyrrolidium-based ionic liquid (Pyr;4TFSI) is deposited on top of the electrode
and UV cured by an in situ process to achieve optimal interfacial contact. A hard layer consisting of a crosslinked
PEO-based polymer electrolyte film with a lower amount of Pyr;4TFSI is integrated with the electrode/elec-
trolyte assembly to improve the self-standing and shape-retention abilities. Proof-of-concept lab-scale Si-C||Li-

metal polymer cells demonstrate a reversible specific discharge capacity up to 1044 mAh gg; ™ at 80 °C, largely
outperforming the one with Pyr;,TFSI/LiTFSI liquid electrolyte under the same experimental condition. Our
results highlight the beneficial effect of the crosslinked PEO-based polymer matrix on the cycling performance,
despite the absence of any SEI-forming agent.

1. Introduction

The quest for Li-ion batteries (LIBs) with high energy density,
chiefly for application in electric vehicles, calls for anode materials with
improved practical specific capacity as compared to the theoretical
capacity of 372 mAh g~ ! of graphite [1,2]. Overcoming limitations of
organic carbonate-based liquid electrolytes due to the complex inter-
facial chemistry and flammability is also fundamental in designing safer
LIBs [3]. In this regard, research efforts are devoted to replace the li-
quid electrolytes with highly-conductive solid electrolytes aiming to
improve cycle life, obtain compact stacks without separators and reduce
the countermeasures commonly used to ensure safety [4,5]. To address
these issues, a high-capacity Si-based anode (theoretical capacity
3579 mAh g~ 1) [6] and safe crosslinked polymer electrolytes encom-
passing room temperature ionic liquids (RTILs) are herein proposed.

The development of Si anodes faces major issues related to the large
expansion/contraction upon lithiation/delithiation (> 300%) leading
to Si pulverization, electrical contact loss, disruption of the solid elec-
trolyte interphase (SEI) and, eventually, cell failure [7,8]. To this end,
nanosized Si, combined with carbon in Si-C composites, is extensively
investigated to enhance conductivity and mitigate pulverization.
Among the C-based components, highly electronically conducting and
elastic 2D structured materials like graphene are particularly effective
in buffering extreme volume variations [2,8]. A facile method for the
preparation of composite electrodes comprising few-layer graphene
(FLG) embedding Si nanoparticles (Si-NPs) was proposed [9,10]. The
resulting binder-free Si-FLG electrodes already demonstrated excellent
electrochemical performances, achieving high specific capacity
(> 1800 mAh gSi‘l) and Coulombic efficiency (CE = 99%) in lab-scale
cells. These results were obtained with a reference electrolyte (LP30:
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1 M LiPFg in a 50/50 v/v mixture of DMC/EC) added with 10% (v/v) of
fluoroethylene carbonate (FEC) [10].

FEC is one of the most effective SEI-forming agents for Si-based
anodes, due to its ability to form thin and dense passivation layers rich
in inorganic fluorides [11]. In this regard, RTILs with bis(tri-
fluorosulfonyl)imide anion (TFSI") have been found to have poor SEI-
film forming ability, particularly when compared to their bis(fluor-
osulfonyl)imide (FSI") based counterparts [12,13]. Nevertheless, there
are several reports of Si-based anodes working with TFSI” based RTILs,
which points at the fundamental role of each peculiar electrode mate-
rial composition and morphology in determining the SEI quality and the
cell performance [14]. RTILs are widely investigated as electrolyte
components in LIBs, mainly due to their non-flammability, high ionic
conductivity, excellent electrochemical and thermal stabilities [15].
Accordingly, advances in the synthesis method are leading to eco-
friendly and low-cost processes to enable scalability [16].

In this work, we present a bilayer polymer electrolyte (BLPE) that
combines Pyr;4TFSI and LiTFSI with a poly(ethylene oxide) (PEO)-
based crosslinked polymer host to deliver a solid-state Li polymer cell.
Additives that are commonly used for Si-anodes, such as FEC and vi-
nylene carbonate (VC) are not used in this BLPE. Direct in situ deposi-
tion and crosslinking [17] onto the binder-free Si-FLG electrode is
exploited to achieve an intimate electrode|electrolyte interface and
enhance the electrochemical performance as compared to liquid
Pyr14TFSI/LiTFSI.

2. Experimental procedures

Binder-free Si-FLG composite electrodes were prepared using Si-NPs
(< 100 nm, Alfa Aesar) and FLG flakes obtained by wet-jet milling
exfoliation of graphite (4100 mesh, Aldrich), following a previously
reported procedure [9,10]. Briefly, equal masses of Si-NPs, FLG and
poly(acrylic acid) (PAA) were dispersed in ethanol, followed by ultra-
sonication for 90 min. The obtained dispersion was deposited onto a
copper disk (@ 18 mm) by drop casting and dried in air. The resulting
film was annealed in a tubular furnace under a reducing atmosphere
(vacuum + 5 sccm of H,) for 30 min at 750 °C (heating rate
15 °C min~ ! up to 700 °C, and 5 °C min~* to reach 750 °C). The re-
sulting composite electrode has a Si content of 57% by weight, corre-
sponding to a Si mass loading of 0.28 = 0.04 mg cm ™2

To prepare the RTIL-based liquid electrolyte (IL_liq), Pyr,,TFSI and
LiTFSI (battery grade, Solvionic) were mixed under stirring at a
6:1 molar ratio, respectively. To obtain the RTIL-rich “soft” polymer
electrolyte layer (PEO-SL), IL lig, PEO (Mn 200000 Da, Aldrich, va-
cuum dried 48 h/50 °C) and benzophenone (BP, Aldrich) were homo-
genized into a paste at 70 °C. BP is a hydrogen-abstracting photo-
initiator, which induces crosslinking between polymer chains [17,18].
The weight percentages of IL lig, PEO and BP are 78.3, 20.7 and 1.0,
respectively. To obtain the electrode/electrolyte composite (Si-FLG/
PEO-SL), PEO-SL paste was deposited on the Si-FLG electrode and hot-
pressed (10 bar, 70 °C) between two polypropylene (PP) sheets, using
=~ 60 pm spacers for thickness control. The resulting Si-FLG/PEO-SL
composite was crosslinked for 1.5 min under UV light (UV-curing) using
a medium pressure Hg lamp (Helios Italquartz), and detached from the
PP sheets. To prepare the “hard” polymer electrolyte film (PEO-HL),
LiTFSI, Pyr,4TFSI, PEO and BP (15.8, 41.1, 41.1 and 2.0 wt%, respec-
tively) were homogenized into a paste at 70 °C. In both PEO-SL and
PEO-HL, the EO/Li molar ratio is 17. The PEO-HL paste was placed
between two PP sheets with spacers, and processed into a film by hot-
pressing (70 °C, 10 bar) and UV-curing for 1.5 min in order to peel-off
one of the PP sheets. The PEO-HL film was sandwiched with the Si-FLG/
PEO-SL electrode/electrolyte composite, and the resulting Si-FLG/BLPE
assembly was sealed under vacuum to guarantee optimal contact be-
tween the components. Si-FLG/BLPE was then UV-cured for 3 min to
join the polymer layers and finally cut into a 20 mm diameter disk (to
avoid any short circuit, as the Si-FLG disk has @18 mm). The BLPE for
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the ionic conductivity measurement was prepared following the same
procedure used for Si-FLG/BLPE, but no electrode was used in this case.

The Si-FLG/BLPE was assembled in an ECC-Std cell (EL-cell,
Germany) with a 18 mm Li metal disk anode (200 um thick,
Albermarle) in a two-electrodes configuration. The Li||Si-FLG cell with
IL_lig was assembled using a glass wool Whatman separator drenched
with 200 pL of electrolyte. Test cells were galvanostatically cycled (GC)
at 80 °C with an Arbin BT2000 battery tester, between 0.01 and 2 (1st
cycle) and 0.1-1 V (subsequent cycles), at 250 mA gsfl, based on the
maximum  practical capacity of the electrode material
(=2500 mAh gg; %, in the 0.1-1 V range) [7]. The specific capacities are
based on the amount of Si in the electrodes. The ionic conductivity was
obtained from electrochemical impedance spectroscopy (EIS, freq.
range 300 KHz — 1 Hz, Voc = 20 mV) on a VMP3 workstation (Bio-
logic), using stainless steel (SS) electrodes in symmetric SS|PEO-HL|SS
ECC-Std cells. The spectra were collected at 10 °C intervals between
—20 and 80 °C, inside an environmental simulation chamber (MK-53,
Binder), with 1.5 h equilibration time at each temperature. Electrolyte
preparation and cell assembly were carried out in an Ar-filled glove box
(Jacomex GP2, O»/H,O < 1 ppm). Hot-pressing and UV-curing were
carried out in transparent bags sealed under vacuum. Viscosity ()
measurement was carried out on an Anton Paar MCR 102 device in
rotation mode using a cone (15 mm) and plate technique (60 °C at
100 rpm). The glass transition temperature (T,) was evaluated by dif-
ferential scanning calorimetry (DSC) during the second heating cycle
between —150 and 220 °C (N, flow, heating rate 10 °C min~ 1) using
DSC 2500 by TA instruments. Morphological analysis was carried out
with a VEGA3 TESCAN Scanning Electron Microscope (SEM) equipped
with an Energy-Dispersive X-ray microanalysis (EDX).

3. Results and discussion

Fig. 1a shows the ionic conductivity data extracted from EIS of
symmetric SS|BLPE|SS cells. The BLPE film shows a high ionic con-
ductivity of 0.1 and 1.4 mS cm ™! at 30 and 60 °C, respectively.

The Si-FLG electrode preparation includes a thermal treatment
under reducing condition, allowing the pyrolysis (carbonization) of
PAA, thus increasing electronic conductivity and binding between Si-
NPs and FLG flakes. The resulting binder-free nanostructured Si-FLG
comprises horizontally oriented FLG flakes entrapping the Si-NPs
(Fig. 1b, more details and complete characterization of the Si-FLG
electrode in [7]). As for enhancing active material utilization, an in-
novative bilayer polymer electrolyte concept is attempted here. Both
polymer electrolyte layers consist of PEO, Pyr;,TFSI, LiTFSI, and a
photoinitiator; the “soft” PEO-SL component contains more RTIL
(70.3 wt%) than its “hard” PEO-HL (41.1 wt%) counterpart. The lower
n at 60 °C of the PEO-SL precursor (31.6 Pa s) as compared to PEO-HL
(200 Pa s) allows for the direct deposition on top of the Si-FLG electrode
and in situ crosslinking (Fig. 1c-1, [17]), enabling the penetration of the
paste through the open structure and voids of the electrode film, as
confirmed by cross-sectional SEM analysis (Fig. 1d, e) and elemental
maps (Fig. 1f, g). Due to the high amount of Pyr;4TFSI, PEO-SL (EO/
RTIL = 10/3.5 by mol, T, = —77.4 °C) is a sticky film that loses its
mechanical properties upon elongation, consistent with the literature
about crosslinked PEO-based systems at high RTIL content (e.g. at EO/
RTIL = 10/4 by mol) [18]. Therefore, PEO-HL layer (EO/RTIL = 10/1
by mol, T, = —63.2 °C) was finally integrated to the Si-FLG|PEO-SL
followed by UV-curing, to confer mechanical integrity, yielding the Si-
FLG|BLPE assembly (scheme of Fig. 1c) as detailed in the experimental
section. After UV-curing it results in a thermoset shape-retaining elastic
film with self-standing ability (Fig. 1c-2).

Fig. 2a shows the voltage vs. specific capacity profiles upon GC of
the proof-of-concept Si-FLG|BLPE|Li cell. During the first cycle, the
lower cut-off voltage was set to 0.01 V, to ensure proper amorphization
of polycrystalline Si [10]. The shoulder at =0.7 V (inset to Fig. 2a)
during the first charge (lithiation) probably accounts for the partial
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Fig. 1. a) Arrhenius plot of ionic conductivity vs. T of BLPE bilayer polymer electrolyte. b) SEM images of the Si-FLG electrode at different magnifications. c) Digital
photographs of crosslinked Si-FLG/PEO-SL electrode/”soft” electrolyte composite (1) and Si-FLG/BLPE electrode/bilayer electrolyte assembly (2), with related
sketched scheme below. d, e) Cross-sectional SEM images of Si-FLG/BLPE at different magnifications, and f, g) corresponding EDX elemental maps.
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Fig. 2. Voltage vs. specific capacity profiles for selected cycles of Si-FLG|BLPE|Li (a) and Si-FLG|IL liq|Li (c) cells and (b, d) their respective plots of specific capacity

and CE vs. cycle number.

degradation of electrolyte components, leading to a CE of 32% in the
first cycle (Fig. 2b). The intercalation of Pyr;4* into the FLG may take
place, similarly to what occurs in Li||graphite cells with Pyr;4TFSI/
LiTFSI-based electrolytes at 0.9 and 0.5 V according to the literature
[19]. Nevertheless, the specific capacity delivered upon discharge (de-
lithiation) is as high as 1637 mAh g5 ™. Despite additional optimization
work is clearly needed to improve the initial CE with the polymer
electrolyte [20], it is worth noting that under the same cycling condi-
tions, the cell with IL_liq delivers 687 mAh g¢ ' upon discharge, with
an initial CE of 7% (Fig. 2c). In this latter, the profile for the first dis-
charge (inset to Fig. 2c¢) shows an irregular plateau at ~0.2 V, sug-
gesting a prolonged degradation process.

In the following cycles, the cut-off voltage window of Si-
FLG|BLPE|Li cell was reduced to 0.1-1 V to improve the cycling ability
at the expense of the practical specific capacity (from 3500 to
~2300 mAh gg; ™) [10]. In this range, the Si-FLG|BLPE|Li cell delivers a
maximum discharge capacity of 1044 mAh g5, with a capacity re-
tention of 65% after more than 30 cycles (Fig. 2b). The CE is stabilized
at > 95% after 10 cycles. Under the same cycling condition, the IL liq-
based cell shows charge capacity values of 692 and 334 mAh gg;™', with
CEs of 49 and 72% at the 2nd and 30th cycle, respectively (Fig. 2d).
This result is consistent with literature reports that account for poor
cycling performance of Si-based anodes with RTILs containing TFSI™
[12,21]. Here, the crosslinked PEO matrix provides a protective func-
tion, preventing major degradation processes due to RTIL. This is likely
related to the formation of a more effective SEI-passivation layer in the
co-presence of PEO [22,23]. Alternatively, the effect of PEO might be
related to a change in the coordination of Li*, damping down the ir-
reversible decomposition of the electrolyte due to the interactions with

FLG, similarly to what observed with oxygen-containing binders pre-
venting the intercalation of Pyr;," into graphite according to the lit-
erature [24].

4. Conclusion

The first example of a nanostructured binder-free electrode com-
prising Si-NPs encapsulated within few-layer graphene flakes combined
with a crosslinked PEO-based bilayer polymer electrolyte containing
Pyr,4TFSI is here presented. The bilayer concept enables direct in situ
polymerization to achieve excellent inter-penetration between the ac-
tive material and the polymer electrolyte while ensuring shape-reten-
tion ability upon thermal stress, accounting for enhanced safety.

As a result, despite the absence of any specific SEI-forming additive,
a proof-of-concept Li-metal polymer cell demonstrates a reversible
specific capacity of 1044 mAh g¢; ' upon charge, with higher CE, spe-
cific capacity and capacity retention as compared to its liquid RTIL-
based counterpart. The UV-crosslinked BLPE concept proves to be ef-
fective in preventing substantial degradation observed with the RTIL-
based liquid electrolyte, which along with the remarkable preliminary
electrochemical results, demonstrates its potential for the use in high-
performance and versatile Li-metal polymer batteries.
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