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1. Introduction

1.1 Electrochemical energy storage

Fossil fuels, i.e., coal, oil, and natural gas, are the most widely used energy resource worldwide
[1]. In 2022, the global consumption of primary energy for natural gas, oil, and coal was 26.7%,
31.6%, and 23.5% of the total world energy consumption, respectively (Figure 1.1), as published by
the Energy Institute (EI) in the “2023 Statistical Review of World Energy”. The contribution of fossil
fuels will still account for 78% of the energy production in 2040 [2]. Risks related to the fossil fuel
production, such as resource depletion, environmental pollution, and political unrest, have led to the
emergence of renewable and cleaner energy sources (i.e., wind, solar, and wave) which are to be
supported by energy storage systems (ESSs) [3]. In fact, the main drawback related to the renewable
energy sources is the discontinuous production, resulting in a considerable difference between
demand and production while destabilizing the grid. As a result, efficient, practical technologies
include batteries, capacitors, and supercapacitors capable of storing electrical energy for appropriate
utilization on or off the electrical grid and have drawn significant attention over the last decade [4].
The ESSs play a determinant role in the harvest and conversion of energy-requiring transportation,

power generation, industry, and domestic use [5].

Global Energy Consumption by Fuel Type (2022)
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Source: Statistical Review of World Energy, June 2023
Figure 1.1: World energy consumption by source (2015).



The EESs do offer a well-established approach for improving grid reliability and utilization, and are
involved in time dimension, providing electricity when is needed. Energy storage technologies
available for large-scale applications can be divided into four types: mechanical, electrical, chemical,
and electrochemical [6]. In Figure 1.2 are illustrated the characteristics of several EESs in terms of

power rating, which identifies potential applications, and duration of discharge.
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Figure 1.2: Comparison of discharge time and power rating for various EES technologies. The

comparisons are of a general nature because several technologies have broader power ratings and

longer discharge times than illustrated [3].

The storage can integrate the renewable resources accommodating the peak loads. Load shifting
represents one of more attractive opportunities for EESs, because they can store energy when
generated in excess and release it at times of larger demand [3]. As shown in Figure 1.2, several
energy storage technologies are based on batteries. In general, electrochemical energy storage
possesses several desirable features, including pollution-free operation, high round-trip efficiency,
flexible power, and energy characteristics to meet different grid functions, long cycle life, and low
maintenance [3]. Batteries represent an excellent energy storage technology for the integration of
renewable resources. Their compact size makes them well suited for use at distributed locations, and
they can provide frequency control to reduce variations in local solar output and to mitigate output
fluctuations at wind farms.

An electrochemical rechargeable cell converts chemical energy directly into electric energy by

means of an electrochemical oxidation-reduction (redox) reaction. A (rechargeable) battery consists
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of more electrochemical cells, with external connections for powering electrical devices, connected
in series and/or in parallel for providing the required voltage and capacity, respectively [3]. Each cell
is composed of a positive (cathode) and a negative (anode) electrode, where the redox reaction takes
place, separated by an electrolyte, i.e., usually an organic solution containing dissociated salts
enabling ion transfer between the two electrodes. The electrodes are connected externally, allowing
the chemical reaction to proceed with the simultaneous liberation of electrons, that provide tapped
current by the users [7,8]. The energy storage properties for most of the common rechargeable

batteries are shown in Figure 1.3 [3], with additional details summarized in Table 1.1 [3].
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Figure 1.3: Gravimetric power and energy densities for different rechargeable batteries. Most of these

systems are currently being investigated for grid storage applications [3].

Table 1.1: Energy and power characteristics for batteries being considered for grid storage

applications. The range of values reflects variations associated with battery design and performance.

Battery Type Voltage Range | Energy Density Specific Energy | Specific Power | Cycleability
v) (WhiL) (Whlkg) (Wikg)

Lead Acid*? 2.1-1.8 60-75 30-40 60 - 110 100 - 500

Nickel-Cadmium®*** 1.3-0.8 130 - 150 40 - 60 40 - 100 2000

Nickel-Metal Hydride>>*®*  1.3-0.9 250 -330 70- 100 70-200 1000

4.2-2.5 200 - 250 120- 160 200- 300 300 - 1000

3.5-25 120-150 80-90 200 - 300 1500 - 2000
40-24 100 - 110 100 - 110 130-170 600
2.1-1.8 70-150 60 - 120 15-70 4000

2.6 20-140 50 - 100 30-150 3000
Vanadium Redox Flow®’ 16-1.1 10-20 10- 20 1-4 5000




The electrochemical energy systems can be divided by the mechanism use to store energy [9]: i)
batteries (energy storage through charge transfer reactions; ii) redox-flow cells (energy storage in the
redox species continuously circulating through the cells); iii) supercapacitors (energy storage via a
capacitive process arising from an electrochemical double layer at the electrode-electrolyte interface).
Supercapacitor are attracting much attention for their higher power density and longer lifetime [10]
with respect to batteries [7]. This technology is of interest for power quality applications, and it is
expected to be used in conjunction with the batteries themselves to provide future grid storage

solutions.

1.2 Li-ion batteries

The Li-ion batteries (LIBs), firstly commercialized in 90’s by Sony, are based on the reversible
intercalation of the Li* species, e.g., the Li ions migrate across the electrolyte sandwiched between
the two electrodes as reported in Figure 1.4. The anode material is a graphitic carbon able of hosting
Li* cation between its layers whereas the cathode is a Li-intercalation compound, usually an oxide
because of its higher potential that often is characterized by a layered structure. Both electrodes,
separated by a non-aqueous electrolyte able of transporting Li* ions, are able of reversibly inserting
and removing lithium ions into/from their respective structures [11]. On charging, Li* cations are
removed (deintercalated) from the layered oxide (cathode) and intercalated into the graphite (anode)
layers. Electrons are released from the cathode and move towards the anode side through an external
electric circuit. During the discharge process, the reverse process occurs. Cell reactions of a typical
LIB can be defined as follows:

Charge process:

LiCoO2 = Li1xCoO; + xLi* + xe” (1.1)
XLi* + xe” + Ce > LixCs (1.2)
Discharge process:

Li1xCoO2 + xLi" + xe” 2 LiCo0> (1.3)
LixCs = XxLi*+ xe- + 6C (1.4)

The benefits related to the Li-ion technology lies in its low molecular weight, small ionic radius
(promoting its motion through electrolyte and electrodes) and low redox potential (E°i+Liy= - 3.04
V vs. standard hydrogen electrode (SHE) [12]). The latter enables high output voltages and, therefore,
high energy densities. These favorable properties, coupled with its long cycle life and rate capability,
have enabled the Li-ion technology for the portable electronic market and, moreover, for powering
the next generation of hybrid (HEVs) and plug-in hybrid (PHEVS) electric vehicles, also considering

that further improvements can be achieved in terms of performance, cost, and safety [13].
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Figure 1.4: Scheme of a LIB system.

Many advances have been made in the LIB field in terms of particle size, composition, structure,
and morphology aiming to optimize the electrode/electrolyte components [14]. For instance, an
improvement of the electrode material has been achieved using sub-micrometer and smaller sized
active materials combined with carbon-coating approach, obtaining core-shell morphologies [15].
Moving from bulk materials to nanosized particles has enabled: i) use of new Li reaction mechanisms,
such as conversion-reaction electrodes which show enormous capacity gains [16]; ii) introduction of
anode electrodes based on alloy reactions, such as Tin (Sn) and Silicon (Si)-based materials [17]; iii)
identification of poorly conducting polyanionic compounds or fluorine-based compounds displaying
excellent electrochemical performance [18]; and iv) transformation of the poorly conducting lithium
iron phosphate (LiFePOa) electrode into the most used electrode material for electric vehicles [19].
LiFePQy is very attractive for its lower cost, safety, and operating voltage, highly compatible with
the thermodynamic stability of the major of electrolytes [3]. Particularly, LiFePO4-based batteries are
being evaluated in stationary energy storage systems [3].

Actually, the scientific community is moving towards the development of electrode materials
based on abundant and available chemicals, in particular synthesized through ecofriendly processes
and containing sustainable 3D metal redox elements such as Manganese (Mn) (lithium-manganese
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oxide LiMn20g), Iron (Fe) (LiFePOs, Li2FeSiOs) and Titanium (Ti) (TiOz, LisTisO12) [20]. Also,
attention is attracted by low-temperature-solution chemistry routes, i.e., hydro(solvo)thermal,
ionothermal, and bio-mineralization processes requiring temperatures > 500°C lower than traditional

powder synthesis [21].

1.3 Na-ion batteries

LIBs are currently the most used energy storage technology, but the increasing worldwide energy
demand for the large-scale applications is expected to skyrocket the price of lithium, affecting
reserves as well, as it is not a naturally abundant element [22]. The overall global consumption was
nearly 21280 tons in 2008 and present mineable resources could be sustained for approximately 65
years at a maximum average growth rate of 5% per year [23,24].

Sodium is the fourth most abundant element on the Earth [25], with 23 billion tons of soda located
in the United States alone. The high abundance of Na resources and the lower cost related to the
production, about $135- 165 per ton for sodium carbonate against about $5000 per ton in 2010 for
lithium carbonate, provide a compelling reason for the development of Na-ion batteries (SIBs)
[26,27]. The electrochemical mechanism and the battery component of LIBs and SIBs are basically

the same, except for their ion carriers, as displayed in Figure 1.5.
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Figure 1.5: Schematic representation on SIBs [22].

The intercalation chemistry of sodium in cathode materials is very similar to that of lithium,

making it possible to use similar compounds for both systems [22]. However, even if the knowledge
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gained from the Li-ion technology is being transferred to the Na-ion one, new generations of Na-
intercalation compounds will be required for the development of sustainable and environmentally
benign room-temperature Na-ion cells [28]. For instance, there are some obvious differences between
these systems. Na* ions (1.02 A) are larger compared to Li* ions (0.76 A), which affects the phase
stability, transport properties, and interphase formation [29]. Sodium is also heavier than lithium (23
g mol™ compared to 6.9 g mol™?) and has a higher standard electrode potential (-2.71 V vs. SHE as
compared to -3.02 V vs SHE for lithium); thus, SIBs will always fall short in terms of energy density
[22]. However, the weight of cyclable Li or Na is a small fraction of the mass components, and the
capacity depends by the characteristics of the electrodes. Hence, there should be no dramatic energy
density consequences of the transition from LIBs to SIBs [26]. Moreover, the aluminum can be used
as anode current collector in SIBs (no alloy with Na* cations), which is a cost-effective alternative to
the heavier and more expensive copper [30]. However, significant efforts are still needed for
enhancing the capacity value/retention of the electrode materials with high initial coulombic
efficiency [30], thus allowing the NIB technology of penetrating into the market. Different types of
cathode materials were studied, especially based on intercalation reactions, showing high capacity
and good cyclability [22]. These electrode materials can be classified in three main groups: layered
oxides, polyanionic materials (phosphates, pyrophosphates, fluorosulfates, oxychlorides), and
NASICON (Na super ionic conductor) types, included Prussian blue analogues [22]. These materials
show reversible intercalation of Na* through minimal structural change, with good cycle life.
However, the continuous Na* insertion in the host structure leads to structural evolution because of
the large Na* size (coordination number 6: 1.02 A) relative to that of Li* (coordination number 6:
0.76 A). In addition, sodiated transition metal materials are highly hygroscopic, even if briefly
exposed to external [31], causing formation of NaOH (insulating compound) on its surface that
degrades the electrode performances.

In contrast with the wide variety of cathode materials, the sustainable choice is more limited for
the anode materials [32]. The search for an anode with appropriate voltage storage, large reversible
capacity, and high structural stability remains an obstacle for development of SIBs. Sodium titanium
oxides operating via intercalation reactions show low cyclability and alloy-based materials may suffer
from practical bottlenecks derived from the large volumetric changes related to their redox operation.
Therefore, only intercalation materials, especially the carbon-based ones have proved viability [32].
Graphite, which is common anode material in LIBs, does not properly intercalate Na ions [33,34].
Instead, non-graphitic carbonaceous materials (carbon black [35], pitch-based carbon fiber [35], and

hard carbon [36]) allow the insertion of Na ions. Particularly, hard carbons (HCs), generally
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synthetized from bio-waste precursor at high temperature [37-39], are considered the “first
generation” anode choice for SIB systems.

As well as for lithium batteries, the sodium systems did not consider, till now, Na metal as the
anode due to dendrite growth-up, high reactivity, and unstable passive layer observed in the most
organic electrolytes. These issues, here just mentioned, are even more problematic than in Li-metal
cells [22]. In addition, the low melting point of sodium (97 °C) represents further safety hazards for
Na metal cells [40].

1.4 Electrolytes

The electrolyte system, providing the migration of the active species between the two electrodes
(in the potential range used for the cell cycling), needs to display several topic peculiarities: i) fast
ion transport properties (i.e., ionic conductivity above of 102 S cm™ for LIBs and SIBs); ii)
electrochemical and thermal stability within the operative voltage (up to 4.5 V) and temperature (from
— 20 to 50 °C) of LIBs and SIBs; iii) high flash point; iv) chemical compatibility with both negative
and positive electrode materials. These requirements are well matched by electrolytes composed by
an organic solvent mixture (Figure 1.6) and a suitable lithium (or sodium) salt containing non-
coordinating anions such as hexafluorophosphate (PFe), perchlorate (ClOa), tetrafluoroborate (BFa)
or triflate (CFsSOs). Low viscosity solvents such as diethylcarbonate (DEC) [41] or dimethyl
carbonate (DMC) are combined with high dielectric constant solvent such as ethylene carbonate (EC)
[42] or propylene carbonate (PC) [43,44].

)k A
\JJ\/ /\0 )_/

DMC DEC EC PC

Figure 1.6: Chemical structure of the most common organic solvents for LIB electrolytes.

However, the above cited organic electrolytes suffer of safety concerns, associated with their high
flammability and volatility [45]. The major safety drawback is represented by the thermal runaway,
which encloses a series of chain exothermic reactions within the battery [45]. This phenomenon can
be promoted by mechanical, electrical, and thermal abuse, leading to sharp rise in the internal battery
temperature and, consequently, destabilizing the inner battery structure until failure [45]. In order to
improve the safety and reliability of LIBs different strategies have been developed such as: i)
incorporation of a wide variety of additives designed for this specific roles including flame retardant,
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overcharge protector, SEI or lithium salt stabilizer etc. [41,46-49]; ii) addition of alternative lithium
salts to the common LiPFe to reduce toxicity related to HF formation by hydrolysis [50,51]; iii)
replacement of the commercial organic solutions with ceramic, polymeric and ionic liquid (IL)
electrolytes [52-54].

1.5 lonic Liquids

The first paper describing an ionic liquid (IL) was published on 1914 by Paul Walden, who
observed the special physical properties of ethylammonium nitrate ([EtNH3][NOz]; mpy= 13 °C, Tq =
250 °C). lonic liquids are room temperature molten salts, composed of ions only [55], and exhibit
weak ion-ion interactions, owing to the combination of large cations with charge-delocalized anions.
This results in low tendency to crystallize due to flexibility (mainly anions) and asymmetry (mainly
cations) of ions [56,57]. The chemical structure of the most common IL cations and anions for LIBs
is reported in Figure 1.7: imidazolium, pyridinium, alkylammonium, alkyphosphonium and
pyrrolidinium are the most investigated cations whereas halides, BF4, PFe, and/or organic
per(fluoroalkylsulfonyl)imide (TFSI and FSI) are the most interesting anions (which can give
hydrophobic or hydrophilic characteristics to the IL [56]). A wide variety of ILs can be obtained by
the combining cations and anions, allowing to be properly designed by finely tuning the

nature/structure of the anion and/or cations [55-57].
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Figure 1.7: Structures of common IL cations and anions for LIBs and SIBs.

The ILs show several appealing physicochemical peculiarities including negligible volatility, flame

retardancy, good-high solvent power, very good selectivity, high thermal/chemical/electrochemical
14



stability, low melting point, high ionic conductivity, high polarity, recyclability [56]. Therefore, they
were proposed as innovative fluids for replacing the organic solvents with the aim to enhance the
safety and reliability of processes and devices. For instance, ionic liquids are expected to be spread
onto a wide range of today’s applications at lab and industrial scale, i.e., of green and sustainable
chemistry [55-57], synthesis, catalysis, cell biology, material science, physical chemistry,
electrochemistry, genetics heredity, nuclear physics, medicinal chemistry, engineering, etc. Figure
1.8 reports the publication number for ILs by area type [55]. Particularly, their favourable
characteristics have been boosting an impressive raise of the publications about the use of ILs as

electrolyte components for LIBs [58-60] and, recently, also for SIBs [61-63].

25000 -
o 19158
g 20000 - 18500
=
©
92
= 15000 -
3
o
k]
© 10000 -
@
-g 4495 461756736114
= 3
3 5000
11 20 41 58 224 356 532
ol—r— =
N
N \oq\ o \003\ é@‘% 56 & {,)@ @\c? \ots\ & & »s"\o \é@\ & & _Qé‘\. - \,}d
Q}Q’ \6\0 ‘\* 6\0 \,05) 0((‘ @ ‘oe((‘ \\(\'b ~<\(\0 Q\\\ 9\0 0\% \@((\ (\0\4\ ‘\0@ C}‘Q\\ & \Q\\Q Q;&
N & FS K N SR, S N S X O
e c® P 2 O S PP & & © O W & >
& o &2 C TS CTELFFTSS OIS
& N LU » NN PN N >
& S ST T o (T
& & & & & ¢
Q< 2 ¢ & £
(\(, \% ‘\0
& Qf\\'b @)
il Ca
& ¥

Web of science categories for ILs
Figure 1.8: Publication number for ILs by area type (Sourced from ISl Web of Science Search) [55].

ILs have attracted growing attention as electrolyte components to replace organic solvents
currently used not only for lithium batteries, but also in other electrochemical devices such as fuel
cells, double-layer capacitors, hybrid supercapacitors, photoelectrochemical cells, and applications
such as electrodeposition of electropositive metals [64-69], resulting in improved safety in case of
electric, thermal, and mechanical abuse [58]. These remarkably improved behavior of IL electrolytes
with respect to the organic ones were evidenced through flammability and volatility tests, as shown
in Figure 1.9, where no flammability is observed even upon prolonged exposition to fire [58], and in
Figure 1.10, where it is evidenced the increasing internal pressure of an organic electrolyte pouch
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cell (panel A) due to solvent evaporation while holding the electrochemical device at 100 °C.
Conversely, no volume change was exhibited by the IL-containing cell (panel B), which evidences
very good vacuum retention [58].

Organic electrolyte lonic liquid electrolyte

- 4

—-ﬁ

0 sec

2 sec

3 sec

Figure 1.9: Flammability tests performed on organic (left panel) and ionic liquid (right panel)

electrolytes [58].

Figure 1.10: Volatility tests performed by heating of vacuum-sealed cells based on organic (panel
A) and ionic liquid (right panel B) electrolytes [58].

The requirements which need to be satisfy for ILs to be used as electrolyte components in LIBs

are summarized on the followings:
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- high ionic conductivity (> 102 S cm™) even at sub-ambient temperature in order to assure good

Li* transport properties through the electrolyte;

- wide electrochemical stability (> 4.5 V vs Li*/Li°) to allow Li* reversible intercalation even at
high voltages without any relevant degradation (oxidation);

- high thermal stability for allowing utilization in high temperature devices;

- no hydrolysis, thus minimizing proton generation;

- hydrophobicity.

Such properties are mainly matched by ionic liquids formed by alkyl-imidazolium, saturated cyclic
aliphatic quaternary ammonium as N-methyl-N-alkylpyrrolidinium (PYR1a where the subscripts
indicate the number of carbon atoms in the alkyl side chains) or N-methyl-N-alkylpiperidinium
(PIP1a),  tetraalkylammonium  (A4N) cations in  combination  with  hydrophobic
perfluoroalkylsulfonylimide anions, e.g., FSI, TFSI, BETI, IM14 (where the subscripts indicate the
number of carbon atoms in the fluorine-containing side chains) [58], reported in Figure 1.7. In Table
1.1 are summarized the physicochemical properties of most common ILs for LIB.

The bulkiness and asymmetry of cation/anion hinder the crystal packing of the ions giving the
room or sub-ambient melting point [59,70,71]. Particularly, highly asymmetric anions as IM14 do not
allow the ionic liquid material to crystallize even in presence of symmetric cation (PYR11), resulting
in a very low melting point, i.e., < -40°C [72]. Also, the introduction of an oxygen atom in the side
aliphatic chain was seen to sharply decrease the melting temperature because of enhanced flexibility
of the ether group, this interfering with the ion packing [73,74] but affecting the thermal and
electrochemical stability of the ionic liquid [72]. Aliphatic quaternary ammonium (or imidazolium)
perfluorosulfonylimide ionic liquids show high thermal stability (Table 1.1). However, accelerating
rate calorimetry measurements, reported by Dahn and co-workers [75], have shown that not all ionic
liquids are safer than standard organic solvents used in lithium battery electrolytes. Particularly,
imidazolium FSI behaves worse than conventional carbonate-based electrolytes. Otherwise, TFSI
ionic liquids have been found to be much safer. The cations with a quasi-planar, two-dimensional
structure (i.e., imidazolium species) show higher value of ionic conductivity with respect to the three-
dimensional one of tetraalkylammonium cations [59,70,76]) leads to lower viscous drags [72].
Conversely, ionic liquid based on pyrrolidinium and piperidinium cations, having an intermediate
structure, exhibit a much wider cathodic stability, e.g., exceeding 5 V, than non-cyclic quaternary
ammonium cations [72] and, especially, unsaturated cyclic [74,77] because of the absence of acidic
protons and double bounds in the cation ring. However, a molten state conductivity around 103 S cm-
! (or higher) is generally exhibited at room temperature. It is to note how the ionic conductivity is in

good relationship with the viscosity values.
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Per(fluoroalkylsulfonyl)imides were successfully proposed as anions for lithium battery electrolytes
[67,78]. Among them, TFSI was found to be a good compromise because of its high anodic potential
stability, good conductivity and thermal stability, hydrophobicity, e.g., acting as non-hydrogen
bonding anion [78]. Particularly, McFarlane et al. [79-82], Passerini et al. [83-85] and Tatsumi et al.
[74,86] have demonstrated the feasibility of pyrrolidinium TFSI ionic liquids as lithium battery
electrolyte components, improving the performance, kinetics, cyclability and long-term stability of
the electrochemical device. Comparable behaviour in respect TFSI was displayed by the TSAC anion
as reported by Tatsumi et al. [86]. A remarkable interest has been progressively attracted by the FSI
anion since its reduced steric hindrance guarantees lower viscosity and, therefore, higher conductivity
[87,88]. In addition, FSI ionic liquids exhibit remarkably lower melting point than the corresponding
TFSI materials, resulting in large ionic conductivity even at sub-ambient temperatures, i.e., 1.3 mS
cm™? at -10 °C for PYR14FSI [89]. On the other hand, the FSI anion leads to a reduction of the
electrochemical and, especially, thermal stability since the reactivity of the fluorine atoms directly

bound to the sulfonyl groups [90,91].
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Table 1.1: Physicochemical properties of various lithium battery ionic liquids. Melting point: m. p.;

thermal stability: ther. stab.; viscosity: n (from references [72,87,92]).

Tonic Liqud m p./°C Ther. stab. /°C n/mPa s s/ mS em’ ESW/V
N, Air | 20°C  60°C | -10°C 20°C | 20°C
PYR,;TFSI 131.0 4051 3900 | solid solid | <107 2x10° | solid
PYR,,TFSI 91.8 — | solid solid | <107 - solid
PYR,;TFSI 114 72 17 | <10° 2.7 5.84
PYR,. -TFSI 6.0 —— | solid solid | <10° <107 | Solid
PYR, TFSI -6.5 3922 3811 95 21 |6.2x10* 1.8 5.83
PYRios TFSI 6.0 - -—- — — |4.0x10% 23 6.09
PYR,,..sTFSI 10.1 79 18 [1.5x107° 1.8 3.61
PYR,;TFSI 13.6 103 23 | <107 13 5.91
PYR, TFSI 22 125 24 | <10° 1.0 5.95
PYR,,;TFSI 16.7 3893 3734 131 28 | <10° 0.8 5.96
PYR,sTFSI -13.7 149 28 |7.4x107 0.54 | 5.83
PYR, 1,TFSI 9.6 210 37 | <107 033 | 5.63
PYR o TFSI | <-40°C 4148 4164 71 19 | 0.47 24 4.84
PYR; 20, TFSI | =40°C 62 17 | 041 21 438
PIP,,; TFSI 127.0 4435 4394 | solid solid | <10° 2.2x107 solid
PIP,,TFSI 89.9 —— | solid solid | 3.1x10° 3.7x10 solid
PIP,;TFSI 12.3 190 33 | <10° 092 | 5.82
PIP,,TFSI -10.0 4278 4205 240 37 |24x10% 064 | 5.80
PIP,sTFSI 3.5 280 41 | 1.5x10° 054 | 5.85
PIP, TFSI 21.7 270 39 | <107 2.0x107 5.91
PIP,,TFSI 6.2 4236 4085 330 47 | <100 026 | 5.89
PIP, TFSI 12.4 370 52 | 8.0x10° 022 | 5.89
PIP,;TFSI 46.8 —— | solid — | <107 2.0x107 Solid
PIP,,TFSI 7.5 275 37 | <10° 053 | 5.00
PIP,sTFSI 3.7 285 40 | <10° 035 | 506
EMITFSI 9.7 390 36 12 | 2.4x10° 4.7 3.98
Et;NTFSI 103.5 — | solid solid | <107 43x107°| solid
PYR,,BETI 1333 — | solid solid | <107 17x10”| solid
PYR,;BETI 6.5 204 34 | <107 053 | 5.52
PYR,,BETI 8.9 348 52| <10° 042 | 5.68
EMIBETI -13 98 22 | <107 20 3.72
Et,NBETI 83.4 | solid solid | <107 1.9x107| solid
PYR,;Im;, <-40°C - 720 97 | 0.01 0.18 | 5.39
PYR,:Im;, = 40°C - 306 54| 0024 030 | 479
PYR,.Im;, = 40°C - 556 65| 0025 028 | 551
EMIIm,, < 40°C - 150 30 | 0.15 1.1 3.69
Et;NIm;, <-40°C 790 84 43x10° 0.13 | 530
PYR,;FSI 136 240 240 45 17 | 0.08 5.6 5.48
PYR,FSI -20.0 230 230 66 21|13 41 5.50
PYR,200FSI 263 200 200 179 36 | 13 41 497
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1.6 Aim of the thesis

One of the major challenges of LIBs and SIBs is related to safety and reliability, which are mostly
connected to the nature of the electrolyte. Commercial organic electrolytes show several critical
issues [52-54], therefore different alternatives have been considered, such as polymers, ceramics, and
ionic liquids [52-54].

The experimental activities of the present PhD thesis have been structured in five sections: the first
one was focused on synthesis, characterization, and selection of IL electrolytes. The other sections
were addressed to investigation of compatibility and behaviour of the selected IL electrolytes with
LIB (2" and 3"sections) and SIB (4" and 5"sections) systems, respectively.

During the first section, different IL families were studied: in particular, imidazolium, tetra-alkyl-
ammonium, and piperidinium cations, coupled with bis(perfluroalkylsulfonyl)imide anions, were
considered as innovative safety electrolyte components for being addressed to LIB and SIB systems
[93-95]. The synthesis purification route is reported in detail and the quality level of the synthetized
ILs was validated through X-Ray fluorescence analysis, UV-Vis spectrophotometry and Karl-Fisher
titration. The thermal stability of the pure ILs was analyzed by thermogravimetric analysis (TGA)
under helium atmosphere, through both temperature heating scan and isothermal steps. Li* and
Na*-conducting electrolyte formulations, based on 1-ethyl-3-methyl-imidazolium (EMI), trimethyl-
butyl-ammonium (N1114), and N-alkyl-N-methyl-piperidinium (PIPn1) ionic liquid (IL) families were
designed and investigated. Lithium bis(trifluoromethylsulfonyl)imide, LiTFSI, and sodium
bis(trifluoromethylsulfonyl)imide, NaTFSI, were selected as the salts. The ion transport properties
and electrochemical stability have been investigated, analyzing the dependence from the nature of the
anion and the cation aliphatic side chain length.

In the second section, LIB silicon nanowire anodes were investigated in lithium metal cells using
electrolyte formulations (selected in the frame of the 1% section) based on EMITFSI, EMIFSI and
N1114FSI ionic liquids. The lithium insertion process in the silicon anode was analyzed by cyclic
voltammetry measurements, performed at different scan rates and for prolonged CV tests, combined
with impedance spectroscopy analysis. The electrochemical performances were investigated by
galvanostatic charge-discharge cycling tests. X-ray photoelectron spectroscopy (XPS) measurements
were carried out onto the silicon nanowire electrode surface to gain knowledge about the SEI (Solid
Electrochemical Interface) layer.

In the third section, LIB cobalt-free, lithium-rich, layered oxide Li12Nio2MnosO2 (LRLO)
cathodes were investigated in the selected IL electrolytes. The battery performances, after previous

screening of the IL formulations, were evaluated by prolonged galvanostatic charge-discharge cycling
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in LiI/LRLO cells. The effect of the lithium salt was also assessed. The electrochemical process of
Li*-insertion was analyzed through cyclic voltammetry measurements at increasing scan rates and for
prolonged cycles.

In the fourth section, SIB hard carbon (HC) anodes, obtained from natural biowaste, have been
investigated in EMIFSI and N1114FSI electrolytes. The Na* intercalation process was analyzed by
cyclic voltammetry tests, performed at different scan rates for hundreds of cycles, in combination
with impedance spectroscopy measurements to decouple bulk and interfacial resistances of the cells.
Also, the Na* diffusion coefficient in the HC host was determined via the Randles-Sevcik equation.
The cell performance was evaluated by room temperature galvanostatic charge/discharge cycling
tests. The evolution of the SEI (solid electrochemical interface) layer grown on the HC surface, cycled
in different electrolytes, has been studied by Raman spectroscopy, XPS and focused ion beam milling
scanning electron microscopy (FIB-SEM) analysis.

In the last section, SIB monocline sodium manganite, a-NaMnO3, cathodes were investigated in
EMIFSI and N1114FSI electrolytes. The Na* insertion process in a-NaMnO2 was analyzed through
cyclic voltammetry tests, carried out at different scan rates, combined with impedance spectroscopy
measurements. The cell performance of a-NaMnO; electrodes was validated by galvanostatic charge-
discharge cycling tests whereas the surface composition and the morphology of post-mortem cathodes
were analyzed through XPS and FIB-SEM measurements.

My PhD research activities were carried out in the frame of two Projects: i) Si-DRIVE (Silicon
Alloying Anodes for High Energy Density Batteries comprising Lithium Rich Cathodes and Safe
lonic Liquid based Electrolytes for Enhanced High VoltagE Performance), H2020-NMBP-ST-IND-
2018” (Topic LC-NMBP-30-2018) Grant Agreement 814464, founded by the European Union’s
Horizon 2020; ii) National Program (Electric Research System) Agreement (Energy storage systems
for electrical network, Activity LA1.7: lonic liquid electrolytes for sodium batteries) between the

Italian Ministry of Ecological Transition and ENEA.

21



2.Synthesis and Characterization of lonic Liquids

2.1 Experimental Section

The IL ions were selected based on the proper peculiarities aiming to optimally match the
requirements for LIB and SIB systems. Small (or planar) and asymmetric (having alkyl side chains
with different length) cations were selected to combine fast ion transport properties and low melting
point [58]. Also, the incorporation of hetero atoms into the cation main alkyl side chain was
considered as it was seen to improve the transport properties [58]. The anions were selected among
the per(fluoroalkylsulfonyl)imide family [58]: in particular, the TFSI anion was chosen for its high
thermal and electrochemical stability whereas FSI was selected for its fast ion transport properties,
low melting point and good SEI forming ability onto anodes. The asymmetric FTFSI anion was also
considered as it is expected of exhibit lower melting point (due to its asymmetric structure) and of
combining the properties of TFSI and FSI. It is worth to note that, till now, these ionic liquid families
were poorly investigated for being addressed to Si anodes and SIB electrodes. Figure 2.1 illustrates
the chemical structure of the selected ions, and Table 1.1 summarizes the IL samples

designed/synthesized.

Tetra-alkyl-ammonium Ethyl-methyl-imidazolium
@ 'Nlna - @l ‘N:::.: : CHs
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Figure 1.1: Chemical structures of the ionic liquid cations (red upper panels) and anions (blue lower
panels).
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Table 2.1: Summary of the ionic liquid samples synthesized and investigated.

Acronym lonic liquid sample

EMIFSI 1-ethyl-3-methyl-imidazolium bis(fluorosulfonyl)imide

EMITFSI 1-ethyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl)imide

N1113TFSI N-trimethyl-N-propyl-ammonium bis(trifluoromethylsulfonyl)imide

N1114FSI N-trimethyl-N-butyl-ammonium bis(fluorosulfonyl)imide

N1114TFSI N-trimethyl-N-butyl-ammonium bis(trifluoromethylsulfonyl)imide

N1114FTFSI N-trimethyl-N-butyl-ammonium (fluorosulfonyl)(trifluoromethylsulfonyl)imide

N-trimethyl-N-butyl-ammonium(trifluoromethylsulfonyl) (nonafluorobutylsulfonyl)
(trifluoromethylsulfonyl)imide

N111¢201 TFSI N-trimethyl-N(2-methoxyethyl)ammoniumbis(trifluoromethylsulfonyl)imide
N,N-diethyl-N-methyl-

N11141M14

Nazzgeon TFSI N(2methoxyethyl)ammoniumbis(trifluoromethylsulfonyl)imide

NissonFTFS| N,N-diethyl-N-methyl-N(2methoxyethyl)ammonium
(fluorosulfonyl)(trifluoromethylsulfonyl)imide

PIP1sTFSI N-methyl-N-propyl-piperidinium bis(trifluoromethylsulfonyl)imide

PIP14TFSI N-butyl-N-methyl-piperidinium bis(trifluoromethylsulfonyl)imide

2.1.1 Materials and Methods

Most of ionic liquids investigated were synthesized/purified through an eco-friendly, sustainable
procedure (developed in our laboratories), which uses deionized water as the only processing solvent
[96]. The synthesis route was performed through six steps, which are schematized as the followings:
1) synthesis of precursor (intermediate product); ii) purification of precursor; iii) anion exchange
reaction; iv) rinsing of the ionic liquid; v) vacuum drying. The Ni1:13TFSI, Ni11oyTFSI and
N122¢201) TFSI samples were provided by Solvionic (purity level > 99.9 %) and used as received. The

chemicals used for the synthesis of the ionic liquids are summarized in Table 2.2.

Table 2.2. Chemicals used for the synthesis of the ionic liquids.

Chemical Purity /% Destination
1-methyl-3-imidazole >99 Reagent
N-methyl-piperidine >99 Reagent
N-trimethyl-N-butyl-ammonium bromide > 08 Reagent
N-diethyl-N-methyl-N-methoxyethyl-ammonium bromide > 08 Reagent
Bromoethane >99 Reagent
1-Bromo-propane > 99 Reagent
1-Bromo-butane > 99 Reagent
Lithium bis(trifluoromethylsulfonyl)imide >099.9 Reagent
Sodium bis(fluorosulfonyl)imide 99.7 Reagent
Acid (trifluoromethylsulfonyl)(nonafluorobutylsulfonyl)imide > 99 Reagent
Activated carbon n. a. Sorbent material
Deionized water 100 Solvent

23



2.1.2 Synthesis/Purification of ionic liquids
1) Synthesis of precursors

The IL precursor was prepared by reacting 1-methyl-3-imidazole (or N-methyl-N-piperidine) with
the proper amount of alkyl-halide (generally bromide, which represents an optimal compromise

among reaction kinetics, chemical stability, and cost [96]) as schematized in Figure 2.2.

CHg
N '
q» + - ~Br — q» Br-
I

N

CHgz

N-methylimidazole Bromoethane 1-ethyl-3-methyl-imidazolium
Figure 2.2: Scheme of the reaction for synthesizing the 1-ethyl-3-methyl-imidazolium bromide

precursor starting from 1-methyl-3-ethyl-imidazole and bromoethane.

The amines, used in slight excess (< 1 wt.%) with respect to the stoichiometric amount to increase
the reaction yield and minimize the halide impurities in the ionic liquid [96], was diluted in deionized
water (1:1 volume ratio) and loaded into a glass reactor. Then, the alkyl bromide was loaded within
the reactor: conversely to the amines, this chemical is immiscible with water and formation of two
separated phases was observed (i.e., the lower phase is constituted by the alkyl bromide as its higher
density than the water/amine solution).

Successively, the chemicals were stirred at 70 °C until full disappearance of the second phase (i.e.,
the precursor, progressively formed during the reaction schematized in Figure 2.2, is soluble in
water), generally observed after 30-60 minutes. A yellowish concentrated aqueous solution of

precursor was obtained with a yield approaching 100 % in mole.

i) purification of precursors

The aqueous precursor solution (Figure 2.3A), obtained from step (i) was treated with activated
charcoal (AC) to remove contaminants (coming from the chemicals). Analogously, the N-trimethyI-
N-butyl-ammonium bromide and N-diethyl-N-methyl-N-methoxyethyl-ammonium  bromide
precursors (provided by Solvionic) were dissolved in deionized water. A proper AC amount
(previously purified through water rinsing) was loaded (precursor: carbon weight ratio = 2:1) into the
glass reactor. The resulting slurry, further diluted with deionized water to reduce the viscosity, was
stirred for three hours at room temperature [8]. The solid fraction (AC) was separated from the liquid

one (aqueous solution of precursor) by vacuum (oil-free pump, <1 mTorr) filtration (polyamide filter
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membranes with porosity < 0.2 um) of the slurry. The liquid fraction (clear and colorless) was
separately collected for the synthesis of the ionic liquid.

The solid fraction was rinsed in situ with deionized water in order to recover the precursor fraction
(i.e., about 30 % of the overall amount) trapped through the sorbents. A water: sorbent weight ratio
equal to 2:1 allows of fully recovering the precursor without any impurities release from the carbon
[10]. Finally, the liquid phase from rinsing, constituted by a clear and colorless diluted aqueous
solution of purified precursor, was combined with the liquid fraction (FigureB) obtained upon

vacuum filtration.

Figure 2.3: Aqueous solution of the 1-ethyl-3-methyl-imidazolium bromide precursor before (panel

A) and after (panel B) purification route.

iii) Anion exchange reaction

The lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) or sodium bis(fluorosulfonyl)imide
(NaFSl) or (trifluoromethylsulfonyl)(fluorosulfonyl)imide (LiFTFSI) salt, previously dissolved in the
minimal (deionized) water amount, was added (into the glass reactor) to the aqueous precursor
solution coming from the purification step. The acid (trifluoromethylsulfonyl)(nonafluorobutyl
sulfonyl)imide (HIMa4), provided as a 60 wt.% water solution, was directly loaded into the reactor.
The precursor:LiTFSI (or NaFSI or LIFTFSI or HIMy) mole ratio is equal to 1:1. However, the
lithium (or sodium) salts and the HIM14 acid were used in slight excess (2-3 wt.%) to enhance the
yield of the anion exchange reaction [8]. The ionic liquid was obtained through the reaction

schematized in Figure 2.4.

CHs Li* CHs
N 0 .0 N o _o0
14 Y\ g TR 4 3 TR
N I F Fgc—ﬁ—N—ﬁ—CFg_ S N F3C_|S|_N_ﬁ_CF3 + Li*Br

O @) O O
kCH;; kCH3

EMIBr precursor LiTFSI salt EMITFSI ionic liquid LiBr by-product
Figure 2.4: Scheme of anion exchange reaction for obtaining the EMITFSI ionic liquid starting from

the EMIBTr precursor and the LiTFSI salt.
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Formation of hydrophobic ionic liquid, insoluble in water, was quickly observed. The solution was
stirred for 1 h at room temperature and then, kept in rest at 5 °C to reduce the dissolution of the ionic
liquid in the aqueous phase [96]. After 30 minutes, complete phase separation took place. The upper
phase (clear and colorless), mainly constituted by an aqueous solution of LiBr (or NaBr or HBr) as
the by-product of the anion exchange reaction, was separated from the lower one by vacuum
aspiration. Conversely, the lower phase (colorless and slightly cloudy) is mainly formed by the ionic
liquid, and very small amount of LiBr (or NaBr or HBr) and LiTFSI (or NaFSI or LiFTFSI or HIM14).
iv) Rinsing of the ionic liquid

The ionic liquid obtained from the anion exchange reaction (iii) contains contaminants as halides
and Li* (or Na*), which must be carefully removed. Halides are rather unwelcome because, oxidizing
to halogens, reduce the electrochemical stability window of the ionic liquid. Therefore, the ionic
liquid phase, after removal of the aqueous phase, was subjected to consecutive rinsing steps with
deionized water [96]. The H2O:ionic liquid mixture (volume ratio = 1:1 in each rinsing step) was
intimately mixed by magnetic stirring for 10 minutes at room temperature.

After decanting (in a refrigerator at 4-5 °C for 30 minutes), the aqueous phase was removed by
vacuum aspiration. The rinsing steps was repeated until the disappearance of halides in the aqueous
phase, checked by means of a 0.1 N solution of AgNO3 and, eventually, highlighted by a pale-yellow
solid precipitate due to AgX (highly insoluble in H2O). Briefly, 1.0 ml of the aqueous phase was
added to 1.0 ml of AgNOs solution and was centrifuged for a few minutes for better highlighting any
AgX formation. No halide content was detected upon six rinsing steps. Finally, the ionic liquid was
filtered under vacuum (polyamide membrane with porosity < 0.2 um) in order to remove any finer
solid particles.

v) Vacuum drying

The ionic liquid as obtained from step (iv) was vacuum dried in a rotary evaporator at 90 °C for
2-3 hours to massively remove the water content. The final drying step was carried out at 20°C for 1
hour, then at 60°C for 1 hour and finally at 120°C for additional 18 hours. Figure 2.5 depicts a picture
of a few samples of the synthesized ionic liquids.

Recovery of the ionic liquid

The ionic liquid, even if insoluble in water, undergoes a very modest dissolution (about 6 % of the
overall amount) in the aqueous phase [96] due to the presence of LiBr (or NaBr or HBr) and LiTFSI
(or NaFSI or LiFTFSI or HIM14) excess in the aqueous phase. The Li* (or Na* or H3O") cations
interact with the TFSI (or FSI or FTFSI) anions, thus increasing the ionic force of the water solution.

The ionic liquid losses are mainly localized in the anion exchange reaction instead in the rinsing step.

26



Therefore, the possibility to recover the IL fraction through adequate treatment of the aqueous phase
(coming from the anion exchange reaction and from the rinsing steps) was studied.

The aqueous solvent was removed (and recovered) by vacuum distillation carried out, at laboratory
scale, in a rotary evaporator at 90 °C for 3 h. A suspension composed by the ionic liquid and a white
solid precipitate of LiX (or NaX) and LiTFSI (or NaFSI or LiFTFSI) was obtained. The lithium (or
sodium) salts dispersed in the solid phase were removed (from the ionic liquid) by vacuum filtration
(using a Teflon filter with porosity lower than 0.2 um). Then, the ionic liquid was subjected to
consecutive rinsing steps (stirring for 10 minutes at room temperature each one) through deionized
water (H20:ionic liquid volume ratio = 1:1) for removing the salt fraction still dissolved. The presence
of halide in the aqueous phases (removed by vacuum suction) was checked by 0.1 N AgNOs. Upon
six consecutive rinsing steps, no presence of halide was detected. This procedure allowed for almost

full recovery of the fraction of ionic liquid dissolved in aqueous phase.
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Figure 2.5: lonic liquid samples synthesized in the present work.

2.1.3 Quality control

The synthesized ionic liquids were subjected to quality control, i.e., through X-ray fluorescence,
UV-Vis spectrophotometry and Karl-Fisher titration, to check the purity level of the prepared
samples.
i) X-ray fluorescence

The halide content was determined by X-ray fluorescence spectroscopic measurements performed
(at room temperature) using an EDX-720 Shimadzu energy dispersion spectrometer. A rhodium foil
was used as an X-ray source, which operates at an energy level of 15 (for elements from sodium to
titanium) or 50 (titanium to uranium) kV. The sample under investigation was housed in a cylindrical
cuvette (made in polypropylene) closed at one end by a polyester Mylar circular window (10 mm in
diameter and 6 um in thickness), which (blocked by a suitable ring) can be crossed by radiation. Care

was taken in housing the IL sample in order of compactly and uniformly covering the window.
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Figure 2.6: Scheme of the Br concentration vs count number dependence obtained from KBr

solutions by X-ray fluorescence measurements at room temperature. The error bars fall within the

data markers.

Before running the measurements on the IL samples, a calibration curve (Figure 2.6) was built to
establish the correlation between the count number (given by the equipment) and the halide
concentration. For bromides, aqueous solutions of potassium bromide (> 99.4%) at different Br-
concentrations (expressed in 10 mole L) were used, which were subjected to X-ray fluorescence
measurements. The Br~ concentration (corresponding to that of the KBr solutions) was reported as a
function of the number of counts recorded during the execution of the measurements, obtaining a
linear dependence (regression coefficient equal to 0.999 and absolute error equal to 0.005)

represented from the equation:
y = 0.613x (1)

where y represents the concentration of the anion Br- and x is the number of counts recorded by the
instrument. Therefore, the bromide content in the ionic liquid samples was determined (based on the

number of counts detected during the X-ray fluorescence measurement) using the equation (1).

ii) UV-Vis spectrophotometry

The overall purity level of the IL samples was checked by UV-Vis spectrophotometry, i.e., an
analytical technique based on the interaction between the sample and electromagnetic radiation
having a wavelength of 200-400 nm (ultraviolet radiation, UV) and 400-800 nm (visible radiation,
Vis). The concentration (C) of each compound, present in the sample, is determined by the Lambert-

Beer law:
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A =elC 2)

where A represents the absorbance, € the molar extinction coefficient and | the optical path in the
sample under test.

The investigated ionic liquids were previously diluted in absolute ethanol (> 99.5%) in a
volumetric ratio (ionic liquid: ethanol) equal to 1: 5, so that the absorbance values did not exceed the
full-scale value of the instrument. No interference on absorbance values was due to ethanol. The
measurements were carried out, at room temperature, using a UV-1800 Shimadzu spectrophotometer
in a wavelength range between 700 and 190 nm. The samples to be investigated (diluted in ethanol)
were housed inside a quartz cuvette (with an optical path equal to 10 mm). The reference cuvette
(identical to the one containing the sample under examination) was filled with pure ethanol. The
spectrophotometer is able to subtract the absorbance due to ethanol from the alcoholic solution

containing the ionic liquid.

iii) Karl-Fisher titration

The moisture content of the ILs was measured through the standard Karl Fisher titration, performed
in a dry room (moisture level below 10 ppm) for avoiding contamination from the external, by an
automatic Mettler Toledo DL32 coulometer titrator at 20°C. A sample amount (previously weighed
by analytical balance) equal to about 0.5 grams is introduced into the titrant solution. The humidity
value is calculated by the instrument after about twenty seconds from the introduction of the
investigated ionic liquid. For correctly determining the moisture content (to avoid underestimation),
the ionic liquid must be soluble in the titrant solution (based on methanol) and the water (contained
in it) must be released easily from the sample (absence of strong interactions between ionic liquid
and H20) in order to be quickly and fully available for titration.

2.1.4 Thermal stability

The thermal stability of the ionic liquids was studied by thermo-gravimetrical analysis (TGA)
conducted by both variable-temperature ramps and isothermal treatments. The latter approach gives
more reliable results, especially under prolonged heating time periods [58]. However, especially in
case of samples with unknown thermal stability, a preliminary heating scan is mandatory in order to
define, even roughly, the degradation temperature range.

The TGA measurements were carried out, by means of a Setaram Setsys Evolution 1200 TGA
system, under helium atmosphere with a flux of 60 ml mint. Two different kinds of experiment were
performed on each investigated IL sample: i) temperature heating scan, at a temperature rate of 10 °C
min’t, up to 700 °C; ii) isothermal steps at subsequent increasing temperatures. For the first type of
measurements, an initial mass of about 20 mg was housed is an alumina pan before to be introduced
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into the calorimeter whereas for the second one about 60 mg were loaded in the crucible. A very fast
ramp (40 °C min't) was set up for adjusting the temperature step by step, i.e., the time associated to
the temperature ramp between two consecutive (temperature) steps, differing in about 25 °C, is
extremely short (just a few seconds). The TGA measurements have been repeated, on each IL
electrolyte sample, at least twice to verify the reproducibility of the results. Each sample was
previously vacuum dried at temperatures up to 120 °C for at least 24 hours in a vacuum better than
107 mbar before TGA experiments to remove undesired water, eventually absorbed during handling.
2.1.5 lon transport properties

The ion transport properties of the ionic liquids (ILs) and their mixtures with the lithium and
sodium salts were investigated in terms of ionic conductivity vs temperature dependence. The
conductivity measurements were carried out in a wide temperature range, i.e., from — 40 to 80 °C, at
a very slow heating scan rate (<1 °C h) for better evidencing the phase transitions [58]. A
conductivity-meter AMEL 160, allowing to run impedance measurements 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 room) were housed in sealed glass conductivity cells (AMEL 192/K1) equipped
with two porous platinum electrodes (i.e., the cell constant was determined through a 0.1 N KCI
aqueous solution having an exactly known conductivity value). The samples solid at room
temperature were molten before being placed into the conductivity cells. To fully crystallize the
materials, the cells were dipped in liquid nitrogen for 60 s and then, quickly transferred into the
climatic chamber at — 40 °C. This route was repeated until the frozen ionic liquid samples remained
solid at — 40 °C. In previous work, it was demonstrated that the incomplete crystallization of ILs may
result in pseudo-equilibrium (metastable) states affecting both their thermal and the transport
properties [85]. However, a few ILs did always turn liquid as they exhibit a melting point below — 40
°C and/or no crystallization process [58]. Finally, the cells were kept at — 40 °C for at least 18 h prior

starting the conductivity measurements.

2.1.6 Electrochemical stability
Lithium-conducting IL electrolytes

The electrochemical stability of the 0.2LiTFSI-0.8IL electrolytes was investigated using carbon
working electrodes for better simulating the situation in battery cells [18]. The working electrodes
were prepared blending 70 wt.% Super C45 (IMERYS) and 30 wt.% Na-carboxymethylcellulose
(CMC, Dow Wolff Cellulosic) in water. The so-obtained slurry was cast onto aluminum (for anodic

sweep voltammetry) foils (30 um thick). The coatings were initially dried in ambient air and, then,
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under vacuum at 150 °C overnight. Finally, disk electrodes of 10 mm diameter (corresponding to a
geometrical area of 0.78 cm?) were punched.

The positive electrode disks were housed, together with a lithium disk (10 mm diameter) and a
Celgard 2325 separator (19 mm diameter), within EI-Cell ECC-std containers. Cell manufacturing
was performed in an argon filled glove box (moisture and oxygen content below 1 ppm). While
assembling the cells, the selected 0.2LiTFSI-0.8IL electrolyte was spread (5 pL) onto the positive
electrode before matching with the separator to facilitate its adhesion. A further amount of electrolyte
(25 uL) was then dropped onto the separator. To secure a deep penetration of the viscous electrolytes
into the separator pores, the wet positive electrode-separator assemblies were subjected to a vacuum
step for 30 min. Finally, the cells were sealed using polyethylene O-ring and transferred into a climatic
chamber kept at constant temperature (i.e., 30 °C) for the electrochemical tests.

Cyclic voltammetry (CV) tests were carried out on each 0.2LiTFSI- 0.8IL electrolyte to determine
the anodic electrochemical stability limit. Additional CV measurements were run also on bare Al
working electrodes for selected 0.2LiTFSI-0.8IL electrolytes to better evaluate eventual dissolution
phenomena of the aluminum substrate at high voltages. The electrochemical cells have been stored
in a climatic chamber at 30.0 (£ 0.1) °C and tested at this temperature. The measurements were carried
out scanning (1 mV s?) the cell voltage from the open circuit voltage (OCV) value towards more
positive voltages and, successively, running consecutive CVs between the OCV value (vs Li/Li*) and
5.0 V. Clean electrodes and fresh cells were used for each test which was run, using an lvium Vertex
electrochemical testing station, at least twice on different fresh cells to confirm the reproducibility of

the results.

Sodium-conducting IL electrolytes

The electrochemical stability window was investigated by voltammetry analysis on Na metal cells,
which were prepared using two-electrode Swagelok cells (diameter = 10 mm). Two glass fiber
(Whatman™, Maidstone, UK) disk separators, soaked with a 0.1NaClO4-0.91L electrolyte solution,
were placed between a Na metal (American Elements, Los Angeles, CA, USA) coin and a Pt° (Merck
KGaA, Darmstadt, Germany), carbon or HC working electrode. Before sealing, the cells were
subjected to a vacuum for 30 min to allow full loading of the working electrode and separator by the
viscous IL electrolyte.

A preliminary study on anodic stability was conducted by linear sweep voltammetry (LSV) on Na
cells, using Pt as the working electrode to define the anodic voltage cut-off (i.e., 4.6 V), which was
applied as the benchmark. The LSV was run from the open circuit voltage (OCV) towards more

positive voltage values at a scan rate of 1 mV sX. Then, cyclic voltammetry (CV) tests were run using
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carbon-based (Super C45) working electrodes which allow much better simulation of the operative
conditions in practical devices. The CV measurements were carried out by consecutively scanning
the cell voltage between the OCV value and 4.6 V at a scan rate of 1 mV s™. The cathodic stability
was investigated by CV analysis using HC as the working electrode by consecutively scanning the

cell voltage between the OCV value and 0.01 V at a scan rate of 0.05 mV s,
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2.2 Results and Discussions

2.2.1 Preparation of lithium and sodium IL electrolytes

The synthesis route described in the previous paragraph (2.1.2) allowed the preparation of
transparent, uncolored, and odorless ionic liquid samples, which were investigated also in the
presence of lithium (LiTFSI) and sodium (NaTFSI) salts. The binary LiTFSI/IL and NaTFSI/IL were
prepared by dissolving (magnetic stirring) the proper amount of lithium/ sodium salt in the ionic
liquid at room temperature. The LiTFSI/IL mole ratio was fixed to 0.2:0.8, while for NaTFSI/IL was
equal to 0.1:0.9. The formulation (in terms of mole ratio) of Li and Na binary electrolytes were chosen
on the basis of the salt solubility in the IL medium. For instance, preliminary solubility tests have

shown NaTFSlI is fully soluble in the selected ionic liquids only up a mole fraction equal to 0.1.

2.2.2 Quality control
i) Halide content determination

The results obtained from the X-ray fluorescence investigation are reported as counter number vs
applied energy (keV) trace. Figure 2.7 plots, as an example, the diagram related to the N1114TFSI
ionic liquid before (blue trace) and after (red trace) rinsing through deionized water. The presence of
bromide in the IL sample as obtained from the anion exchange is clearly evidenced by two sharp
features, located around 13.5 keV and (in particular) 12 keV, which are seen to fully disappear (red
trace) after the rinsing process. No count was detected by the instrument, i.e., the count number was
below its detection limit, and, based on the equation (1), the bromide content was found to be below
5 ppm. All investigated IL samples have exhibited a halide (Br~ or I") content <5 ppm, this confirming

the high efficiency of the rinsing route.
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Figure 2.7: X-ray fluorescence (counter number vs energy) trace of the N111.4TFSI ionic liquid sarrl:;;lle
before (blue trace) and after (red trace) rinsing through deionized water [97].

ii) Overall purity level

The absorbance vs wavelength response obtained from UV-Vis measurements is characterized by

various features, which are ascribable to the different impurities within the IL sample. Figure 2.8
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reports, as an example, the absorbance vs wavelength dependence for N1114TFSI (previously diluted
in ethanol). In particular, the area value (error bar equal to 5%) comprised between each UV-Vis plot,
recorded in the 260600 nm range, and the X axis (i.e., reporting the wavelength number) is directly
proportional to the overall amount of impurities contained in the volume of the diluted IL sample
(subjected to the spectrophotometric measurement) and, therefore, to the contaminant content in the
pristine ionic liquid. This correlation was previously demonstrated by plotting the impurities
concentration in the IL samples vs. the area value delimited (in the 260-600 nm range) by the
absorbance curves obtained for ethanol: IL mixtures at different volume ratios (from 20:1 to 5000:1).
The results, reported in Figure 2.9, show a linear relationship up to an impurity content of 60 mg per

liter of ionic liquid.
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Figure 2.9: Dependence of the overall impurities content vs the area value delimited (in the 260-600
nm range) by the absorbance curves obtained for ethanol: IL mixtures at different volume ratios (from
20:1 to 5000:1) [97].

Therefore, the purity level of the investigated ionic liquids was determined by comparing the
absorbance curve relative to the samples prepared through the process described in the present report
(red trace of Figure 2.8) with that obtained from the same IL not subjected to any purification route
(black trace of Figure 2.8). For instance, the area values, comprised between each UV-Vis plot (260
600 nm range) and the X axis were compared. The purity level of the not purified ionic liquid ranges
from about 99 to 99.5 %, depending on the purity level of the starting chemicals. Therefore, all final
IL samples exhibited a purity level always above 99.9 %.
iii) Moisture content

The Karl-Fisher titrations have revealed, in all investigated IL samples, a water content below 2

ppm, demonstrating the high efficiency of the vacuum drying process.

2.2.3 Thermal stability

Figure 2.10 summarizes the thermal trace obtained from ramp-temperature TGA measurements
on the investigated IL samples, i.e., the relative mass variation is reported as a function of the
temperature. All the ionic liquids containing the FSI anion display a lower thermal stability than their
counterparts with the TFSI one, in agreement with previous data reported in literature [96,98]. The
FTFSI based samples behave very similarly with respect to the FSI ones. The EMITFSI sample shows
the best performance, followed by the ILs comprising the TFSI anion and the quaternary ammonium
cations. Imidazolium based ILs are known to possess high thermal stability, especially when
combined with TFSI anion [99,100]. Usually, these measurements are performed in scanning mode
and describe the so-called short-term thermal stability. To the best of our knowledge, no information
is available about the specific tetra-alkyl-ammonium ILs here investigated. Some studies of different
ammonium-based liquids were reported and showed a slight lower decomposition temperature with
respect to the imidazolium based ILs [100]. The previous literature pointed out that, in general, the
short-term thermal stability probes the decomposition of ILs. Decomposition occurs by various
mechanisms [99,100]: i) as a first step, the loss of the alkyl chain of cations takes place; ii) in other
cases, the anions replace the alkyl chain or the break of the C-N bond produces alkenes; iii) the
opening of the cation ring, for imidazolium-based ILs, occurs at much higher temperatures. The
incorporation of an oxygen atom in the main cation alkyl side chain is seen to moderately affect the
thermal stability, i.e., N111(201) TFSI and N122¢01) TFSI (panel A) are seen to be stable up to 300 °C.
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Figure 2.10: Ramp-temperature TGA trace summary, related to the investigated ionic liquids,

obtained in He atmosphere with a flux of 60 ml min™ and a scanning rate of 10 °C min* [101].

The main purpose of the isothermal TGA measurements is to investigate the (thermal) behavior of
the IL samples as a function of time (long-term thermal stability). Figure 2.11 compares the
(isothermal) curves obtained for all investigated ionic liquids at different temperatures. At a first sight,
all investigated ILs show lower thermal stability than that observed in the ramp-temperature traces,
this fact is ascribable to the peculiarities of the isothermal technique which allow to much better
evidence the degradation phenomena than the ramp-temperature method. The two types of
measurements, in general, can give different information: while scanning TGA mainly detects the
decomposition of materials, the isothermal treatments are able to also study the evaporation of
samples. The ionic liquids comprising the TFSI anions display a much higher stability than the FSI
and FTFSI-based ones. EMIFSI and N1114FSI start to exhibit a weight loss above 150 °C whereas the
TFSI-based samples show no (or negligible) thermal degradation up to 225-250 °C (depending on the
nature of the cation). Conversely to what was observed in the ramp-temperature traces of Figure 2.10,
the N1114FTFSI sample displays a thermal stability about 50 °C higher with respect to that of the FSI
ones: this apparent discrepancy is once ascribable to the better reliability of the isothermal technique,
which must be preferred for evaluating the thermal stability of the IL electrolyte especially under
prolonged overheating periods. This is of relevant importance for practical devices as it gives
information about the robustness of the battery system. The incorporation of an oxygen atom in the
cation alkyl side chain does not seem to affect the (thermal) stability of the ionic liquids, except for
the FTFSI samples. For instance, the N12201)FTFSI sample shows weight loss above 120 °C (vs 227
°C of N1114FTFSI).

36



0.00 \ 0.00 ] 0.00
-0.05 -0.05] ’ 0.05
g 0101 152°C g 010 | 0.10- BC
< — 212°C - E —— 175°C
£ 262°C £ ‘ —— 200°C
< -0.15 — 282°C <015 sz < -0.15 225°C
— 202°C —— 250°C
- T
0.20 | -0. —— 300°
v — s 25 G N, TFSI
— 325°C
EMIFSI o EMITFSI N s50°C || NyyiaTFS
T e ——— -0.25 = i . ) . . | -0.. T T T T
0 1,000 zo‘oo 3,1300 4.&00 5000 6,000 7,000 0 1,000 2000 3,000 4,000 5000 6,000 7,000 0 1,000 2,000 3.090 4,000 5,000 6,000 7,000
Time /s Time /s Time /s
0.00- 0.00 — 0.00 4
40 054\ YT 0051
] |——195°C
] |— 216°C
0.10 -0.104
E SR E 230°C
1| —— 246°
£ £ IS 1 246 °C
<-0154 N.. _FSI < -0.15 | < -015]
1114 i
— 150°C —21°C |
5 — 252°C 0201
D201 — g;g g -0.20 S | 0.20
==t 302°C 1
21°C — 324°C N,y TFSI N, FTFSI
0.25 7Y s r—" A e e | 20.25 4ty S —
0 1,000 2,000 3,000 4,000 5000 6,000 7,000 0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000
Time/s Time /s Time /s
0.00 0.00 0.00
-0.05- -0.05+ -0.05-
150 °C
— 200°C
£ -0.10] £ 010 b 010
- = 275°C £
£ = — 300°C g
< -0.154 < -0.15 & Peee el o
— 350°C — 100°C
120°C
— 225°C o
-0.204 250 °C -0.20 020 |__ :gg g
—215C N TFSI 170°C |
— 300°C 111(201) N122(zo1)TFSI —— 190°C N122(201)FTFS|
025 : , : : : : -0.25 v r . : , 025 : : :
0 1,000 2000 3,000 4,000 5000 6,000 7,000 0 1,000 2000 3,000 4000 5000 6000 7,000 0 1000 2000 3000 4000 5000 6000 7,000

Time /s

Time /s

Time /s

Figure 2.11: Relative mass variation (normalized to the initial sample weight) of the investigated

ionic liquid samples subjected to isothermal conditions at different temperatures (increased stepwise)

[101].

Table 2.3: Temperature values at which, under isothermal conditions, one observes a mass variation
of 1 and 5% in 3,600 seconds [101].

Sample T[1%] / °C T[5%]/°C
EMIFSI 212 262
EMITEFSI 300 325
N1z TFSI 300 350
Nin4TFSI 302 324
Ni114FSI 212 242
Ni1114FTFSI 216 230
NiteonTFSI 300 n. a.
Ni22¢onTFSI 300 325
Ni2200n)FTFSI 140-150 >190

Table 2.3 summarizes the value of the lowest temperature where one observes a mass variation of at
least 1 (T[1%]) or 5 % (T[5%]) in a time interval of 3600 seconds. All ionic liquids based on the TFSI

anion display mass variation of 1% in isothermal conditions above 275 °C, while for the FSI ILs such
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a temperature is reduced around 210 °C. The N1114FTFSI sample behaves similarly to N1114FSI, e.g.,
216 vs 212 °C and 230 vs 242 °C for T[1%] and T[5%], respectively, whereas N122201)FTFSI exhibits
a weight loss equal to 1 and 5 % above 140 and 190 °C, respectively (once more evidencing the
detrimental effect of the oxygen incorporation within the cation alkyl chain on the thermal stability
of the FTFSI ionic liquids).

2.2.4 lon transport properties
The temperature dependence of the ionic conductivity of the pure ILs and their mixtures with LiTFSI
and NaTFSI are compared in Fig. 2.12 and 2.14.
Lithium-based IL electrolytes

The (EMI*)-based ILs are reported in panels 2.12A and 2.12C whereas the (Nrr'r"r~")-based ones
are illustrated in panels 2.12B and 2.12D. The pure EMIFSI sample shows a stable, but low
conductivity values, i.e., around 107 S cm™, from -40 to about -20 °C, which are typical of the
crystalline state [98]. Around -15 °C the ion conductivity suddenly jumps more than four orders of
magnitude due to the melting of the ionic liquid. The conductivity vs. temperature slope of EMITFSI
shows a non-linear increase prior melting, indicating that the ions gain some mobility in the solid
phase. This is associated with the existence of low temperature solid-solid phase transitions [72]. For
instance, the material exhibits ionic conductivity above 10° S cm™ below -10 °C, which is
undoubtedly interesting for a solid electrolyte. The melting point and conductivity gain, however,
shift upward (from about -10 °C to 0 °C) going from EMIFSI to EMITFSI, likely due to the larger
anion steric hindrance affecting both the coulombic interactions with the IL cation and the viscosity
in the liquid state (leading to slower transport properties) [102]. This behavior is also observed in the
conductivity plot of the (Nrr-r"r"")-based samples (panel 12B). The ionic conductivity in the molten
state decreases with the increase of the cation alkyl chain length, i.e., in passing from N1113TFSI to
N1114TFSI (Table 2.4). This is ascribable to the larger steric hindrance of the (N1114)* cation with
respect to (N1113)", leading to a viscosity increase [92]. On the other hand, the longer N-butyl chain
(with respect to the N-propyl one) increases the asymmetry of the (Nrr-r'r *) cation, thus hindering
the ion packing, and, therefore, decreasing the melting temperature. For instance, the conductivity
jump is seen to shift from above 15 °C to around 10 °C in passing from N1113TFSI to N1114TFSI in
spite of the melting temperature shifting in the opposite direction. This behavior was also observed

for pyrrolidinium [92] and piperidinium [103] ionic liquids.
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Table 2.4: Summary of ionic conductivity values of all investigated ionic liquids and their electrolyte

mixtures with the LiTFSI salt (mole fraction equal to 0.2) at different temperatures.

lonic liquid Conductivity (-10 °C) Conductivity (20 °C) Conductivity (50 °C)
sample /Scm? /Scmt /Scm?

pure with LiTFSI pure with LiTFSI pure with LiTFSI
EMIFSI 3.39x10% 151x10° 7.71x10% 597x10° 130x10% 1.28x102
EMITFSI 242x10° 356x10% 4.69x10° 1.41x10°% 7.90x10° 3.52x103
N1113TFSI <1x10° <1x10° 2.05x10° 4.12x10° 596x10° 3.13x10°%
N1114TFSI <1x10° 498x10% 1.42x10° 3.89x10*  4.23x10°  1.93 x1073
N1114FSI 1.37 x107 1.62x10* 551 x10° 1.30x10° 9.66x10° 3.91 x1073

N1114FTFSI 6.57x10%  9.23x10° 274 x10®° 7.77x10* 8.15x10° 2.83 x103
NieoyTFSI  5.80x10° <1x10° 2.61x107 2.86x10° 597 x10° 3.81x103
NiponTFSI 247 x10* 476 x10° 1.76 x10® 563 x10*  5.44 x10°  1.95 x10*
Ni220onyFTFSI  5.90x10* n. a. 2.85 x10® n. a. 7.46 x10°® n. a.

Remarkable lowering of the melting point is observed, however, for the Ni22201)TFSI (panel B)
sample, which does not exhibit any crystalline-liquid phase transition down to -40 °C. Such a
behavior, found also in pyrrolidinium- [71,104] and imidazolium-based [105] ionic liquids upon
incorporation of an oxygen atom into the cation side alkyl chain, is likely to be attributed to: i)
enhanced flexibility of the side chain due to the ether group (i.e., higher freedom conformational
degrees), even prevailing over the polarity gain with respect to the alkyl side chain [73]; ii)
unfavorable close ion packing, resulting in lower ionic lattice energy; iii) reduction of the cation self-
aggregation within the IL, which decreases the ion-ion interactions [106]. Surprisingly, the opposite
trend is seen for the N111201)TFSI sample, i.¢., the melting point increases from about 10 up to 35 °C
in passing from N1114TFSI to N11100o1 TFSI. Analogous raise of the melting temperature, resulting
from the replacement of a methylene (—CH>-) group with an ether oxygen in the main cation aliphatic
chain, was previously recorded also in imidazolium ILs [107]. These diverging results might be due
to the strong repulsive interactions of the oxygen electron lone pairs with the neighboring anions
which predominate over the higher flexibility of the alkyl ether group, leading to significant ion
crystal packing rearrangements. However, this behavior is not still fully clarified and deeper
investigation is needed for a better understanding. As seen in Fig. 2.12 (panels A and B), the
conductivity of the pure ILs (reported for selected temperatures in Table 2.4) overcomes 102 S cm?
in the molten state. The EMI-based ILs are found displaying faster ion transport properties with
respect to those based on the (Nrr'rr~ *) cations. This behavior, previously reported in literature
[58], might be ascribable to the smaller size and to the planar configuration of the imidazolium cation,
which could better slide through the IL medium.

Panels C and D of Fig. 2.12 summarize the conductivity vs. temperature dependence of the

0.2LTFSI-0.8IL binary electrolytes. Differently from the pure ILs, EMIFSI (panel A) in particular,
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the imidazolium-based electrolytes (panel C) exhibit progressively increasing conductivities from -
40 °C, indicating for a gained ion mobility with a knee around -25 °C and -20° C for 0.2LTFSI-
0.8EMITFSI and 0.2LTFSI-0.8EMIFSI, respectively. Above these temperatures, both the EMI-based
electrolytes are fully molten. As expected, the conductivity of 0.2LiTFSI- 0.8EMIFSI is slightly
higher than that of 0.2LiTFSI-0.8EMITFSI at any temperature. The conductivity-temperature
dependence of the binary mixtures based on (Nrr'r"r~ *) cations (panel D) is rather like that of the
pure ILs (panel B), with the exception of the 0.2LiTFSI-0.8N1114FSI sample. This binary mixture,
with respect to pure N1114FSI, displays an almost linear trend prior the solid-liquid transition around
-5 °C, suggesting a more marked variation of the ion-ion interactions and/or of the IL structural
rearrangement upon incorporation of LiTFSI into N1114FSI. Such a behavior, previously observed for
pyrrolidinium-based ILs involving FSI and TFSI anions [108], can be likely associated to the presence
of two different anions in the binary mixture. Finally, it is interesting to note that, even in the presence
of a 0.2 mole fraction of the LiTFSI salt, the N122201)TFSI sample does not undergo any crystalline-
liquid phase transition down to -40 °C. The incorporation of the LiTFSI lithium salt into the pure ILs
can be regarded as the replacement of the IL cations with Li* to give mixed xLi(1-x)cation-TFSI or
xLi(1-x)cation-xTFSI(1-x)FSI materials. Fig. 2.13 reported as an example, compares the conductivity
plot of pure N1114FSI with that of the 0.2LiTFSI-0.8N1114FSI mixture. The high charge density on the
Li* cations (much higher than that of any IL cation investigated herein) results in the increase of the
ion-ion interactions, in turn increasing the viscous drag and, therefore, depleting the transport
properties [109]. For example, at 50 °C the conductivity value is seen decreasing from about 9.7 x
10210 3.9 x 103 S cm* going from pure N1112FSI to the 0.2LiTFSI-0.8N1114FSI mixture (Table 2.3).
On the other hand, the addition of the lithium salt is generally seen to lower the melting temperature
of the mixture with respect to the pure IL, resulting from the disrupted ion packing associated to the
strong Li* - anion interactions [109]. This result is particularly appealing for batteries operating at
low temperatures. For instance, a gain in conductivity of four orders of magnitude, i.e., from 1.37 x
107 t0 1.62 x 102 S cm™ at -10 °C, is observed upon addition of LiTFSI to N1114FSI (Table 2.4).
Nonetheless, an opposite behavior is revealed for the N1113TFSI sample, which is molten at 20 °C,
but turns in the solid state upon addition of LiTFSI. As a result, a conductivity drop of about two
orders of magnitude is found at 20 -C, for 0.2LiTFSI-0.8N1113TFSI with respect to the pure IL (Table
2.4). Possible explanation could be the formation of a solid LiTFSI-IL eutectic compound, previously

observed in pyrrolidinium ionic liquids [85], when the lithium salt mole fraction achieves 0.2.
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Figure 2.12: lonic conductivity vs. temperature dependence of pure ionic liquids (panels A and B)

and their electrolyte mixtures (panels C and D) with the LiTFSI salt (mole fraction equal to 0.2).

(EMI%)-based samples: panels A and C. (Nrr'r"r~ *)-based samples: panels B and D. Heating scan
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The conductivity vs. temperature dependence of the investigated ILs and their mixture with LiTFSI
displays in the molten state a VTF behavior [110-112], typical of the ionic liquid materials [8].
Therefore, the conductivity value (o) is also reported as a function of 10® (T-To) * (where To represents
the ideal glass transition temperature) according to the VTF equation, o = ¢°-exp{ -Ea /[R *(T - To)]}
[113]. The results, illustrated in Fig. 2.14, exhibit a linear dependence of the conductivity vs. 10° (T-
To) %, highlighting the good match between the experimental data and the VTF model equations. The
activation energy (Ea) and To parameters, calculated by fitting the experimental data into the VTF
equation, are summarized in Table 2.5. The data analysis convergence, estimated in terms of ?, is
also illustrated in Table 2.4 and compared with that obtained using the simple Arrhenius fitting. First
of all, the VTF equation represents with better accuracy the experimental conductivity compared to
the Arrhenius one. Secondly, the convergence of the VTF fitting is much better for the LiTFSI-IL
mixtures compared to the pure ILs. As reported in literature [8], but for other ILs, the ideal glass
transition temperature is seen to increase with the addition of LiTFSI and the anion size (both in pure
ILs and in LiTFSI-IL mixtures). Conversely, the activation energy shows a scattered trend as
illustrated in Table 2.5, suggesting that it is differently (positively or negatively) affected by
competitive phenomena. Turning to the ammonium cations, the longer alkyl side chain of N1114TFSI
compared to N1113TFSI leads to a decrease of To, but an increase of the activation energy (with and
without LiTFSI). Furthermore, the introduction of oxygen atoms in the alkyl chain of the ammonium
cation, i.e., N111on TFSI and Ni22201)TFSI, leads to a decrease of To in comparison t0 N1114TFSI
(with and without LiTFSI), but more scattered changes are observed for the Ea value. This behavior
is clue of remarkable variability on the local coordination of ILs and their mixtures with LiTFSI in
the molten state driven by the size of the anions (TFSI vs. FSI), the presence of Li* cations, and the

structural flexibility/local polarity of the cations’ alkyl side chains.
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Table 2.5: Summary of the VTF fitting parameters calculated from the ionic conductivity values of
the pure ionic liquids and their electrolyte mixtures with the LiTFSI salt (mole fraction equal to 0.2).
Errors have been estimated by the linearized VTF fittings results assuming a 99.9% confidence.

IL sample E./ kJ mol™ To/K
pure with LiTFSI pure with LiTFSI

EMIFSI 906 49+1 110+ 20 181+3
EMITFSI 41+1 47+ 1 170+ 10 189+3
N1113TFSI 134 £7 60+10 130+20 23010
N1114TFSI 1699 69+4 126 £5 202+ 3
N1114FSI 122+ 4 56+ 3 121+9 191+ 3
N1114FTFSI n. a. n. a. 160 + 10 198+ 5

Ni11ponyTFSI 130+10 103+ 6 140 + 20 169 +3
N122001) TFSI 170+ 10 190+ 10 130+ 10 131 +3
N122(201)FTFS| n. a. n. a. 182+ 3 n. a.

Sodium-based IL electrolyte

The ion transport properties of the sodium-based electrolyte have been studied as a function of the
temperature and the obtained results are reported in Fig. 2.15A (EMI-based electrolytes), 15B (N11114-
based) and 15C (PIP1a-based), respectively. The conductivity—temperature diagram of the
0.1NaTFSI-0.91L electrolytes containing TFSI-based ionic liquids (EMITFSI, N1114TFSI, PIP14TFSI)
exhibits ion conduction values around 107’S cm™ (i.e., typical of a crystalline solid state)
[58,114,115] from —40 °C up to the melting point, evidenced by a step increase (from two to three
orders of magnitude) of the ionic conductivity. Conversely, the mixtures containing FSI-based ILs
(EMIFSI, N1114FSI) show, in the low-temperature range, an almost linear increase in conduction,
likely attributable to an ion mobility gain due to solid—solid phase transitions occurring prior the
melting [89]. A similar trend is also observed for the 0.1NaTFSI-0.9P1P13TFSI sample, in agreement
with the conductivity results reported elsewhere for pure PIP13TFSI [103]. A two-orders-of-
magnitude jump (not registered for the FSI-based electrolytes) is, however, detected around the
melting temperature. A comparison among the conductivity—temperature plots highlights solid—liquid
transitions, recorded in the FSI-based electrolytes, occur at lower temperatures with respect to those
observed in the TFSI ones. The melting point of an IL material is determined by the strength of its
crystal lattice which, in turn, is controlled by competitive factors, such as surface charge density,
intermolecular forces (Van der Waals) and molecular symmetry [73], which have opposite effect.
Therefore, the lower VVan der Waals forces, due to the smaller steric hindrance of the FSI anion, might
counterbalance the higher surface charge density (which, conversely, tends to increase the melting

point), thus decreasing the melting temperature with respect to the TFSI electrolytes [58].
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No sudden conductivity raise is seen for the 0.1NaTFSI-0.9N11141M14 electrolyte, indicating the
absence of any solid-liquid phase transition in the investigated temperature range. This is likely
attributable to the high asymmetry of the 1IM14 anion with respect to FSI and TFSI (symmetrical),
which strongly hinders the ion packing and, therefore, the IL crystallization. In the molten state, the
0.1NaTFSI-0.9IL samples display a VTF behavior, typical of the ionic liquid electrolytes [58].
Further increases in temperature beyond that of the melting lead to a progressive raise in conductivity,
due to the convective thermal motions within the ionic liquid media. The ionic conduction values, in
the liquid state, progressively decrease with increasing the steric footprint of the anion in the
following order: FSI > TFSI > IMu4. This behavior, reported in the literature for other IL electrolytes
[58], is due to the progressive increase in viscosity (linked to the size of the ions), which slows down
the mobility of the ions within the IL material [58].

In the molten state, a moderate decrease in conduction is observed for the 0.1NaTFSI-
0.9PIP14TFSI electrolyte with respect to 0.1NaTFSI-0.9PIP13TFSI, attributable to the longer cation
alkyl chain (n-butyl compared to n-propyl), which increases the steric bulk and, therefore, the
viscosity of the piperidinium IL [103]. Conversely, the increase in alkyl chain length leads to a greater
asymmetry of the cation, hindering the formation of the crystalline lattice and, therefore, producing
a decrease in the melting temperature of the ionic liquid, i.e., the PIP14TFSI electrolyte exhibits a
melting point of approximately 20 °C lower than that of the PIP13TFSI one, once more in agreement
with the results obtained for the pure ILs [103].

The ionic conductivity data, determined at selected temperatures, of the 0.1NaTFSI-0.9IL sodium
electrolytes are summarized in Table 2.6. At —20 °C only the EMI-based samples exhibit conduction
values (i.e., from 10™#to 103 S cm™) of interest for practical devices, making these electrolytes
appealing for low temperature applications. At 20 °C all investigated NaTFSI-IL electrolytes, except
for the NaTFSI-ON11141M14 sample, largely overcome 1074 or 102 S cm™. The EMI-based samples
display higher conductivity values than those containing (N1114)* and piperidinium cations, due to the
lower viscous drag ascribable to the smaller size and planar configuration of the imidazolium cation
[58]. At 80 °C, the conductivity value of all sodium IL electrolytes largely exceeds 102 S cm™; in

particular, that of EMI- and FSl-based electrolytes widely overcomes 1072 S cm™.
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Table 2.6. Summary of ionic conductivity values of all investigated ionic liquids and their electrolyte

mixtures with the NaTFSI salt (mole fraction equal to 0.1) at different temperatures.

lonic liquid T (-20 °C) /S cm™

T(10°C)/Scm™ T (50°C)/Scm™

PIPLTFSI <le® (L9+02)x10°  (3.3+0.3)x10°
PIPLTFSI  (6.4+0.6)x10°  (3.9+0.4)x10% (2.6 + 0.3)x10°
Ni11FSI (31+03)x10°  (32+0.3)x10° (9.7 + 0.9)x10°
N1114TFSI <le® (9.8 £0.9)x108 (4.2 £0.4)x103
N1114lM14 (2.0 +0.2)x10° (6.1+£0.6)x10°  (7.0+0.7)x10*
EMIFSI (27+03)x107  (6.2+0.6)x10° (1.3 + 0.2)x10?
EMITFSI  (33+03)x10%  (35+0.4)x10°  (7.9+ 0.8)x10°

2.2.5 Electrochemical stability
Lithium-based IL electrolytes

The electrochemical stability is among the most important requirements for any electrolyte,
especially for those to be applied to electrochemical systems operating at high voltages. This
parameter was evaluated for the 0.2LiTFSI-0.8IL binary mixtures by anodic cyclic voltammetry
performed on Li/electrolyte/C cells. However, the 0.2LiTFSI- 0.8N1113TFSI and 0.2LiTFSI-
0.8N111201) TFSI electrolytes were not investigated as they are solid at room temperature (Fig. 2.10D).
The results, illustrated in Fig. 2.16, evidence relatively low current flows (normalized with respect to
the geometrical area of the carbon working electrode) in the first anodic scan (dotted line). Table 2.7
summarizes the voltage values at which the current density through the cell reached 10 and 20 pA
cm during the 1st and 2" anodic scans: the 20 pA cm™ threshold is passed at cell voltages equal or
even higher than 4.7 V vs. Li*/Li°. A remarkable reduction of the current flow is observed in the
following cycles (solid traces), suggesting that the irreversible oxidation processes (taking place
during the first anodic scan) are likely associated to impurities (even if in very low content) rather

than to the ionic liquids and/or the LiTFSI salt [109]. Overall, the 0.2LiTFSI-0.8IL mixtures show
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electrochemical stabilities against oxidation well above 4.5 V. From a more accurate analysis of the
results in Table 2.7, it is evident that the nature of the cation plays a role in determining the oxidation
stability, although this is expected to mainly involve the anion [58]. EMI-based electrolytes (panels
A and B) are seen not to exceed 10 pnA cm™ below 4.5 V vs. Li*/Li° (in particular, 4.50 V for
0.2LiTFSI-0.8EMIFSI and 4.66 V for 0.2LiTFSI-0.8EMITFSI) in the 2" anodic scan whereas current
densities of 20 pA cm™ are recorded only above 4.90 V. Analogously, the N1114TFSI-based sample
(panel D) is electrochemically more stable towards oxidation than the N1114FSI -based one (panel C).
These results confirm the higher stability of TFSI than FSI [72,98] due to the lower reactivity of the
S-CFs bond with respect to the S—F one [91,116,117]. Additionally, a wider oxidation stability is
observed for the (Nrr'r'r" *)-based mixtures, displaying current flows below 20 pA cm™ even at 5 V
vs. Li*/Li° during the second (and following) anodic scans. Finally, the ether oxygen in the cation’s
side chain (panel E) does not seem to affect the electrochemical stability towards oxidation of the
LiTFSI-IL mixtures.

»‘E, 40 {ivrsienes 0 resiems = LTFSEN, . FSI
< 30, | 30 30
> 20! Al 20
g |
g 10 10
E | £ 1“cyce B
3 0. , -10 A0 ——
30 35 40 45 50 . 30 35 40 45 50 30 35 40 45 50
Voltage vs Li'/Li® / V Voltage vs Li/Li*/V Voltage vs Li'/Li*/ V
g LITFSIN,  TFSI 4 LITFSIN,,, . TFSI
< 30
> 2
¢
g 10
g 0
3 -10'-

; ; 10! :
30 35 40 45 50 30 35 40 45 50
Voltage vs Li'/Li®/ V Voltage vsLi'/Li°/ V

Figure 2.16: Anodic CV scans of the 0.2LiTFSI-0.8EMIFSI (panel A), 0.2LiTFSI- 0.8EMITFSI
(panel B), 0.2LiTFSI-0.8N1114FSI (panel C), 0.2LiTFSI- 0.8N1114TFSI (panel D) and 0.2LiTFSI-
0.8N1220201) TFSI (panel E) ionic liquid electrolyte mixtures. Carbon as the working electrode. Lithium
metal as the counter electrode. Scan rate: 1 mV s™. Temperature: 30 °C. The current density value
was obtained by normalizing the current flow with respect to the geometrical surface area of the

working electrode.
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Table 2.7. Voltage values (vs the Li*/Li° redox couple), determined by voltammetry tests carried out
on selected 0.2LiTFSI-0.8IL binary electrolyte mixtures, recorded when the current density through
the cell reached 10 and 20 pA cm during the 1% and the 2" anodic scan. Carbon and lithium metal

were used as working and counter electrode, respectively. Temperature: 30 °C.

lonic liquid Voltage (1* scan) / V Voltage (2" scan) / V
mixture (10pAcm (20 pAcm?) (10 pAcm™ (20 pA cm?)
9) 9)

EMIFSI 4.31 4,68 450 491
EMITFSI 434 4,95 4.66 4,94
N1114FSI 423 493 4.75 >5.00
N1114TFSI 4.87 >5.00 >5.00 >5.00
N122(201)TFS| 4.48 4.90 4.84 >5.00

Figure 2.17 depicts the results obtained from CV tests run in Li/Carbon cells containing the
0.2LiTFSI-0.8N1114FTFSI and 0.2LiTFSI- 0.8N122¢201)FTFSI ionic liquid electrolytes. The current vs
voltage profiles evidence low current flows (normalized with respect to the geometrical area of the
carbon working electrode) in the first anodic scan. A remarkable reduction of the current density (<
20 pA cm) is observed in the following cycles up to the massive degradation (oxidation) of the
electrolyte samples (occurring around 4.8 V vs the Li*/Li° redox couple). This suggests that the
irreversible oxidation processes, taking place during the first anodic scan, are likely associated to
impurities, even if in very low content, rather than to the ionic liquids and/or the LiTFSI salt [109].
The drastic decay of the current flow through the cell after the 1% anodic sweep also supports for a
high purity content of the investigated samples. Overall, the FTFSI electrolytes show electrochemical

stabilities against oxidation well above 4.8 V, fully matching the Si-DRIVE targets.
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Figure 2.17: Anodic cyclic voltammetries of the 0.2LiTFSI-0.8N1114FTFSI (panel A) and 0.2LiTFSI-
0.8N122(201)FTFSI (panel B) ionic liquid electrolytes. Carbon as the working electrode. Lithium metal
as the counter electrode. Scan rate: 1 mV s™*. Temperature: 20 °C. The current density value was

obtained by normalizing the current flow with respect to the geometrical surface area of the working
electrode.
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Selected electrolytes, 0.2LiTFSI-0.8EMIFSI and 0.2LiFSI-0.8EMIFSI were subjected to
prolonged (one-hundred cycles) anodic voltammetry tests carried out on Li/Carbon cells. The results,
illustrated in Figure 2.18 (panels A and B), evidence relatively low current flows (normalized with
respect to the geometrical area of the carbon working electrode) in the first anodic scan (thick blue
trace). A relevant reduction of the current flow, i.e., from about 50 down to 20 pA cm, is observed
in the following cycles (black traces), suggesting that the irreversible oxidation processes (taking
place during the first anodic scan) are likely associated to contaminants (even if in very low content)
rather than to the ionic liquids and/or the lithium salt [109,118]. Both binary electrolytes are seen to
not exceed 20 pA cm™ up to 4.8 vs Li*/Li° in the 2" anodic scan whereas progressively decreasing
current density values are recorded in the following scans, i.e., just 10 pA cm™ are observed in the
100" cycle. No electrolyte degradation and/or parasitic phenomenon (corrosion of the Al current
collector) is observed even prolonged voltammetry cycles. The results confirm, one more again, the
very good electrochemical stability, i.e., up to 4.8 V, of the 0.2LiTFSI-0.8EMIFSI and 0.2LiFSI-
0.8EMIFSI electrolyte formulations; no practical difference in terms of robustness towards oxidation
IS seen between the two electrolytes.
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Figure 2.18: Anodic cyclic voltammetry of Li/C cells containing the 0.2LiTFSI-0.8EMIFSI (panel
A) and 0.2LiFSI-0.8EMIFSI (panel B) electrolytes, respectively. Scan rate: 1 mV s, T =20 °C.

Compatibility with the aluminum current collector

The degradation phenomena at the current collector are an important issue in lithium battery
technology, especially if the device must operate at high voltages. The TFSI and especially FSI anions
are known to promote (or rather not to prevent) corrosion of the aluminum collector lacking the
capability of forming an LiF passivation film upon decomposition [119-122]. Therefore, additional

CV tests were carried out on carbon-coated aluminum electrodes to verify the reproducibility of the
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results, as well as on bare Al collectors for comparison purpose. Analogously to the CV results
presented in Fig. 2.16, an evident reduction of the current flow (Fig. 2.19) is observed in any case
after the initial cycle (dashed trace). Overall, no current increase is recorded in the following cycles,
both for bare and carbon-coated collectors, suggesting no evident Al dissolution during the anodic

scans. Lower current flows are seen (as expected) for the smoother bare electrodes with respect to
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those detected for the carbon-coated ones (exhibiting a much larger surface area).

Figure 2.19: Anodic CV scans of 0.2LiTFSI-0.8EMIFSI (panels A and D), 0.2LiTFSI-0.8EMITFSI (panels
B and E), and 0.2LiTFSI-0.8N122¢01) TFSI (panels C and F) ionic liquid electrolyte mixtures in bare (panels A,
B and C) and carbon-coated (panels D, E and F) Al working electrodes, respectively. Lithium metal as the
counter electrode. Scan rate: 1 mV s. Temperature: 30 °C. The current density value was obtained by

normalizing the current flow with respect to the geometrical surface area of the working electrode.
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The SEM micrographs (right panels of Figure 2.20) taken on the cycled current collectors further
support the results of the CV experiments and confirm all carbon-coated electrodes are free of obvious
corrosion spots that might lead to defects in the carbon layer on-top of the Al foil. The small cracks,
which are visible on all electrodes including the pristine one (analyzed for comparison purpose), can
be ascribed to shrinkage of the carbon film after coating from an aqueous binder suspension and
subsequent drying. This protective effect, due to the carbon coating, was previously observed in other
TFSI- and FSl-based IL electrolyte systems [109,123,124]. A more detailed investigation of the
corrosion phenomena on the bare Al current collectors (left panels of Figure 2.20) reveals the
possibility of modest corrosion events, which seem to be most-pronounced in the case of the FSI-
based electrolytes. For instance, the Al foils subjected to CV scans in TFSI-based ILs display hardly
any significant difference to the pristine one, whereas the surface of the Al collector cycled in the
FSl-based electrolyte is scattered with small amounts of contaminants that especially agglomerate
near remains of the separator. However, this preliminary examination cannot fully exclude that those
contaminants are simply a leftover of crystallized IL-salt after recovering the Al foils from the cycled
cells. An in-depth XPS analysis upon long-term cycling tests with the different electrolytes might
give more conclusive information, but it would be beyond the scope of the present manuscript.
Finally, itis to note that even the purity level of the electrolyte can play an important role in promoting

eventual dissolution phenomena of the Al collector [121].
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Figure 2.20: SEM micrographs taken on bare (left panels) and carbon-coated (right panels) Al current
collectors upon consecutive CV scans (reported in Figure 2.21) in 0.2LiTFSI-0.8EMIFSI,
0.2LiTFSI-0.8EMITFSI and 0.2LiTFSI-0.8N122¢01)TFSI) ionic liquid electrolyte mixtures. SEM
images, taken on pristine Al collectors (both bare and carbon coated) are reported for comparison
purpose. Magnification: 1.00 kX [118].
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Figure 2.21: Anodic CV scans of 0.2LiTFSI-0.8EMIFSI (panels A and D), 0.2LiTFSI-0.8EMITFSI
(panels B and E), and 0.2LiTFSI-0.8N1220201)TFSI (panels C and F) ionic liquid electrolyte mixtures
in bare (panels A, B and C) and carbon-coated (panels D, E and F) Al working electrodes,
respectively. Lithium metal as the counter electrode. Scan rate: 1 mV s™. Temperature: 30 °C. The
current density value was obtained by normalizing the current flow with respect to the geometrical

surface area of the working electrode.
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Sodium-based IL electrolytes
Preliminary LSV Test

LSV tests have been preliminarily carried out on Na/Pt cells for roughly estimating the anodic
limit voltage of the Na-conducting electrolytes. The LSV-specific current curves (normalized with
respect to the geometric working electrode area) relative to the cell voltage are shown in Figure 2.22.
All samples exhibit an electrochemical stability above 4.5 V vs. Na*/Na°® backed up by a very low
current flow (< 5 pA cm2) up to the anodic break down voltage; this is highlighted by a steep current
increase due to the massive degradation of the electrolyte at high voltages. A few IL samples show
weak features (i.e., not exceeding 10 pA cm) located from 2.0 to 3.0 V, which is probably ascribable
to the irreversible oxidation of minor contaminants at the platinum working electrode. However, apart
from this negligible electrochemical signal, no appreciable current increase is observed up to the
massive degradation of the electrolyte. The electrolytes containing EMIFSI, N1114FSI, PIP13TFSI and
PIP14TFSI as the ionic liquid are very stable up to about 5 V (vs Na*/Na°®). Meanwhile, the LSV curve
of the N11141M14 electrolyte does not exhibit a sudden current increase but rather, a moderate raise
around 5.3 V. This behavior, previously observed in other IM14 ionic liquid electrolytes [102,125], is
likely due to the ability of the IM14 anion species to form an insulating by product upon irreversible
oxidation. The accumulation of these insoluble degradation species likely leads to a resistive and less
electronically conductive passive layer on the working electrode surface. Based on the LSV results,
a cut-off voltage equal to 4.6 V (at which a current density lower than 10 nA cm~2 was observed) was

adopted for the CV tests (i.e., carried out on carbon working electrodes for all sodium IL electrolytes).
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Figure 2.22 Current-voltage traces obtained through LSV tests run on Na/Pt cells containing EMI

(panel (A)), N1114* (panel (B)) and PIP1a* (panel (C)) electrolytes. lonic liquid: LiCIOs mole ratio =
9:1. Scan rate: 1 mV s*. Temperature: 20 °C. The voltage values are referred to the Na*/Na°® redox

couple.

CVs on carbon electrodes
The ESW of the sodium-conducting electrolytes has been investigated by cyclic voltammetry tests

run both in anodic and cathodic regions. The anodic stability was evaluated using carbon-based
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electrodes, in which the electrolytes are deliberately stressed up to 4.6 V in order to evaluate their
robustness under severe operative conditions. The results, reported in Figure 2.23 as CV profiles,
highlight a similar behavior for all investigated electrolytes. The undesired current increase of 20-50
HA cm observed starting from 3-3.5 V in the first anodic scan (dotted traces), is limited to the first
cycle as it disappears in the following cycles, where the current values never exceed 10 pA cm™ up

to4.5V. Itislikely that the initial raise in current is due to the irreversible oxidation of contaminants
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Figure 2.23: Current-voltage profiles obtained by anodic CV measurements run on Na/C cells

containing different 0.1NaClO4-0.9IL electrolytes (panels from (A-G)). Scan rate: 1 mV s>
Temperature: 20 °C.
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which, in our case, are fully degraded during the initial CV cycle despite their ability to catalyze the
electrolyte decomposition [58]. Overall, the very low current values recorded up to the massive
electrolyte degradation (mostly ascribable to the oxidation of the anion even if the cation may play a
role) [58], which were highlighted by the rise onset around 4.5 V, confirms the high purity level of
the IL electrolytes. The anodic limit voltage values (EA), taken when the current flow recorded during
the CV measurements (Figure 2.23) achieves 10 (EA;) and 20 (EA;) A cm™, are summarized in
Table 2.8. All IL electrolytes show good anodic stability well above 4 V vs Na*/Na° (i.e., current
values lower than 20 A cm are detected up to 4.6 V in the second anodic scan), fully matching the
requirement for application in NIB systems. The electrolytes based on the EMI cation show current
values higher than those of the IL samples consisting of piperidinium and N1114 cations and containing
an analogous anion (FSI or TFSI), attributable (at least partially) to the greater ionic conduction of 1-
ethyl-3-methylimidazolium [93]. However, as previously reported in the literature for similar types
of ionic liquids [58], such behavior suggests that the nature of the cation plays an active role in the
electrochemical oxidation process, although it is mainly attributable to the anion. Finally,
voltammetric measurements performed on piperidinium-based electrolytes (PIP13TFSI, PIP14TFSI)
suggest that the anodic stability does not appear to be appreciably affected by the length of the alkyl
side chain linked to the cation. To summarize, the stability towards oxidation of the investigated IL
electrolytes follows the sequence TFSI > IM14 > FSI, in agreement with the results reported in the
literature [72,98,118].

Table 2.8. Anodic voltage values (EA) determined by the CV measurements (reported in Figure 2.23)
run on 0.1NaClO4-0.91L electrolytes at 20 °C. The voltage, referred to the Na*/Na° redox couple,
were taken when the current density through the cell reached 0.01 (EA:) and 0.02 (EA2) mA cm™

during the 1tand 2" anodic scan, respectively. The error bar is equal to 0.001 V.

. 1%tanodic scan / V 2" anodic scan/ V
Electrolyte mixture

EA, EA; EA, EA;

0.9EMIFSI:0.1NaClO4 3.984 4,142+ 4311+ 4,589+
0.9EMITFSI:0.1NaClO4 3.453 3.789+ 3.166 4.093
0.9N1114FSI:0.1NaClO4 4,092 4.372 4514 >4.8
0.9N1114TFSI:0.1NaCIO,  4.464 >4.8 >4.8 >4.8
0.9N1114IM4:0.1NaClO4 4.381 >4.8 4.598 >4.8
0.9PIP13TFSI:0.1NaClO,  3.947 >4.8 4.479 >4.8
0.9PIP14,TFSI:0.1NaClO,  3.248 3.489 4.212 >4.8
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Effect of contaminants on the anodic stability

The effect of the moisture content on the anodic stability of the IL electrolytes was investigated
by means of CV measurements (Figure 2.24) performed on a selected sample (i.e., 0.1 NaClO4-0.9
EMITFSI), which had been previously exposed to the external atmosphere. The adsorbed moisture
content was estimated around 200-300 ppm by Karl-Fisher coulomb-metric titrations. Comparing
these results with those obtained on the analogous anhydrous (<2 ppm moisture) electrolyte (Figure
21), a current increase of about one order of magnitude is observed up to the fourth CV cycle with a
decrease in the subsequent ones (Figure 2.24A). A similar behavior is observed even if the
voltammetric measurements are run up to lower cut-off voltages (i.e., 4.2 (Figure 2.24B) and 4.0 V
(Figure 2.24C)), despite the current value throughout the cell being significantly reduced. Therefore,
the increase in current recorded in the initial cycles is attributable to the presence of humidity and/or
molecular oxygen, which are both able to catalyze the degradation processes (oxidation) of the
electrolyte and result in a decrease in electrochemical stability. Conversely, the decrease in the current
value, recorded after a few voltammetric cycles, is probably ascribable to the formation of an
electronically insulating passive layer on the working electrode. These experimental findings, also
reported in the literature for other ionic liquids [126,127], clearly show how the presence of impurities
(such as humidity and/ or oxygen) can negatively affect the properties of electrolytes, particularly
regarding the electrochemical stability.
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Figure 2.24. Current-voltage profiles obtained by anodic CV measurements run on Na/0.9EMITFSI-
0.1NaClO4/C cells in the presence of moisture contaminations at different anodic cut-offs: 4.6 V
(panel (A)), 4.2 V (panel (B)) and 4.0 V (panel (C)). Scan rate: 1 mV s . Temperature: 20 °C. The

voltage values are referred to the Na*/Na® redox couple.

Cathodic stability

The electrochemical stability towards reduction was investigated by cyclic voltammetry (Figure
2.25) in the cathodic range on HC working electrodes capable of reversibly intercalating sodium ions
[128]. The CV measurements were carried out at a scan rate (0.05 mV s™%) considerably lower than

the anodic ones (1 mV s%) for promoting the intercalation (de-intercalation) processes of sodium ions
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which, in cases of higher rates, may be hindered by kinetics. The FSI-based electrolytes (Figure
2.25A and 2.25E) show a large feature around 1 V that is present in the first cathode scan but absent
in the following cycles and, therefore, is attributable to the formation of passive SEI constituted by
the products coming from the electrolyte degradation [129-131] on the working electrode. Once
formed, the SEI allows the reversible intercalation/de-intercalation of the Na* cations [128]. The
reversibility of the sodium intercalation process in the HC-working electrode is further highlighted
by composite peaks that appear constant when cycling at about 0.5-0.6 V in the cathode scans,

whereas a symmetric feature around 0.6-0.7 V is observed in the anode scans.
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Figure 2.25: Current-voltage profiles obtained by cathodic CV measurements run on Na/HC cells
containing different 0.1NaClO4-0.91L electrolytes (panels from (A-G)). Scan rate: 0.05 mV s

Temperature: 20 °C. The voltage values are based on the Na*/Na° redox couple.

No feature related to the IL electrolyte reduction is observed up to 0.01 V, clearly showing the
possibility of reversibly intercalating sodium cations. This avoids irreversible degradation
phenomena of the electrolyte components, indicating how the FSI anion can form optimal interphases
even on sodium-intercalating electrodes. For instance, the ability of the FSI anion to form optimal

protective films on LIB anodes, such as lithium metal, graphite, and silicon, is widely reported in the
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literature [58]. Conversely, the electrolyte formulations containing the TFSI (Figures 2.25B, 2.25D
and 2.25F) and IM14 (Figure 2.22G) anions do not exhibit any significant profile attributable to the
intercalation process of Na* ions within the HC electrode. The samples containing the ionic liquids
EMITFSI (Figure 2.25B) and N1114TFSI (Figure 2.25F) show a clear profile around 0.5 V in the first
cathode scan due to the formation of a passive film, while the subsequent anodic scan shows an even
broader peak (in particular, EMITFSI) at about 1.5 V. However, this is more likely due to the
oxidative processes catalyzed by degradation products of the electrolyte, rather than the de-
intercalation of sodium. Poor electrochemical activity is observed in the subsequent cycles. This
behavior may be due to the poor ability of the TFSI and 1Ma14 anions to form stable, passive films on
anodic active materials, as previously observed in lithium batteries [58]. Overall, almost negligible
cathodic currents were measured using these IL electrolytes down to 0.01 V vs. Na*/Na, proving the
strong electrochemical robustness towards reduction. To summarize, the anodic and cathodic CV
measurements indicate a large electrochemical stability window up to 4.5 V and down to 0.01 V vs.

Na for IL-based sodium-ion electrolytes.
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3. Silicon-based anode for Li-ion batteries
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3.1 Introduction

Lithium-ion batteries (LIBs) have revolutionized the field of energy storage and are widely used
in a wide variety of applications, including electric vehicles (EVs). These batteries are known for
their high energy density, lightweight design, and long cycle life, making them an ideal choice for
powering EVs [132-135]. The thriving EV markets have created a pressing demand for the
advancement of high-energy-density storage devices aiming to achieve an energy density of 500 W
h kg! or higher [136]. However, it is important to note that while lithium-ion batteries have made
significant strides in the electric vehicle industry, further research and development are underway to
enhance their performance, sustainability, and safety [132—-135]. For example, extremely fast
overcharging could promote lithium plating, resulting in detrimental effects on battery performance
and safety. Moreover, lithium metal can lead to the growth of dendrites, which are conductive
filaments capable of penetrating into the separator and causing short circuits, thermal runaway, and
even battery fires or explosions. This risk is particularly relevant in EVs, where large numbers of
lithium batteries are densely packed together [135—-137].

At system level, several strategies can be approached to prevent the spread of thermal runaways,
including the construction of fire-resistant casings, the use of high thermal resistance separators, and
the setting of thermal barriers between the cells.

At material level, ensuring the thermal stability of the cell components such as cathode, anode,
and electrolyte can significantly enhance the intrinsic safety of the LIBs. For the cathode, a protective
coating can prevent the extended reaction at the cathode-electrolyte interphase, minimizing the risk
of side reactions or degradation [136-138]. From the anode side, replacing the lithium metal anode
with an alternative material could be an important step for improving the battery safety. In this regard,
silicon has gained attention due to its high capacity for energy storage (4200 mA h g for Liz2Sis)
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high abundancy (second most abundant element in the Earth’s crust), and intermediate discharging
potential (about 0.3-0.4 V vs Li*/Li°% which can help in preventing Li dendrite formation. However,
for accommodating 4.4 Li atoms, which correspond to the Li2>Sis alloy, the Si structure is exposed to
detrimental stress induced by a large volume change (about 400 %) which can lead to rapid
degradation of the electrode and pulverization under prolonged cycling [139-141].

In 2008, Candace and coworkers demonstrated that the nanostructures (in particular, nanowires,
NWs) can hold large strain without developing fractures and cracks on the NWs surface, securing a
good electrical contact between the current collector and the tip of the NWs [142]. In addition, the
large volume expansion in the Si anode strongly affects the stability of the so-called solid electrolyte
interphase (SEI) [139]. The SEI layer is forming at the negative electrode during the initial charging
process and consists of a complex heterogeneous and structurally disordered passivation layer
containing organic and inorganic species coming from the electrolyte decomposition. It acts as a
protective barrier, blocking further reactions between the electrolyte and the anode while allowing
the transport of lithium ions [143-146]. For the Si-based anodes, the cyclic expansion and contraction
of the active material expose the SEI layer to continuous cracks, forming a “fresh” Si surface that
interacts with the electrolyte creating a new SEI layer [147]. This dynamic, uncontrolled, and non-
uniform formation of the SEI layer can negatively impact the safety and long-term stability of the
cell. Therefore, ensuring a mechanically robust and chemically stable SEI layer can be facilitated by
using functional additives in the electrolyte such as vinylene carbonate (VC) and fluoroethylene
carbonate (FEC) [148-150]. Although the SEI layer is essential for the safety and stability of the cell,
the understanding of its nature and behavior is still very challenging. The nanometric dimension of
the SEI layer (10-50 nm thick) makes its characterization challenging and easily biased by artifacts.
For example, incomplete electrode post-mortem cleaning procedures (washing and drying) can leave
electrolyte/salts residues whereas many SEI constituents are particularly sensitive to humidity and air
pollution. As an example, ROLi and ROCO:Li can react with ambient CO inducing ex-situ SEI
evolution to form large amounts of LioCOz. The SEI formation is affected by multiple factors: current
rate, temperature, voltage, electrolyte composition, and concentration. Recently, the use of
complementary techniques has been successfully demonstrated, including predictive computational
models like machine learning, to gain insights into the formation and progression of the SEI layer.
For the characterization of the SEI surface, the most common analysis techniques are atomic force
microscopy (AFM), secondary ion mass spectroscopy (SIMS), and X-ray photoelectron spectroscopy
(XPS). Additional information on the morphology of the layer can be obtained by using scanning

electron microscopy (SEM) and transmission electron microscopy (TEM) [143,144,147,150,151].
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Turning back to the safety concerns related to electrolytes, the most radical way to drastically
reduce this issue is the substitution of flammable organic carbonates with intrinsically non-flammable
ionic liquids. It has been demonstrated that quaternary ammonium cation ILs are cathodically stable
on Si electrodes [152,153]. Notably, FSl-based ILs revealed better cycling behavior and higher
capacity retention as compared to the TFSI ones, likely due to the formation of a more stable SEI
layer onto the Si surface [154,155]. The inorganic products (LiIOH and Li20O), coming from the
decomposition of the FSI anion onto the Si anode, can promote Li ion diffusion and boost the cycling
performance [154].

In this scenario, the present work focuses on investigating the lithiation process of Sn seeded Si
nanowire (hereafter Sn-Si NW) anodes in different IL electrolyte formulations (0.2LiTFSI-
0.8EMITFSI, 0.2LiTFSI-0.8EMIFSI, and 0.2LiFSI-0.8EMIFSI). All silicon electrodes, which were
investigated in the present PhD activity, were developed, synthesized, and provided by University of
Limerick (EIRE) [156]. The effect of the FSI and TFSI anions was examined through cyclic
voltammetry (CV) and impedance analysis. The modulation of the lithium-ion diffusivity across the
SEI layer, on which the rate performance of Sn-Si NW anodes depends, was evaluated by analyzing
the Li* diffusion coefficient. The role of the anions/cations as well as the effect of the FEC additive
on the cell performance was also evaluated. Finally, the SEI layer composition was analyzed through

ex-situ XPS measurements.

3.2 Experimental Section

3.2.1 Materials and Methods

Table 3.1 summarizes the weight composition of the IL electrolyte formulations selected for the
investigation with Sn-Si NW anodes. The 1M Lithium hexafluorophosphate (LiPFg) in ethylene
carbonate:dimethyl carbonate (EC: DMC=1:1 vol.%) with 3 wt.% FEC as well as pristine FEC was
provided by Solvionic and used (as received) for comparison purpose.

Table 3.1. IL electrolyte formulations selected for investigation with Sn-Si NW and a-Si anodes.

Mole fraction Lithium salt Mole fraction IL Mole fraction Additive
0.20 LiTFSI 0.80 EMITFSI -- -
0.20 LiTFSI 0.80 EMIFSI -- -
0.20 LiTFSI 0.79 EMIFSI 0.01 FEC
0.20 LiTFSI 0.78 EMIFSI 0.02 FEC
0.20 LiTFSI 0.73 EMIFSI 0.07 FEC
0.20 LiTFSI 0.80 EMIFSI + 3 wt.% FEC
0.20 LiFSI 0.80 EMIFSI -- -
0.20 LiFSI 0.80 N1114FSI -- --
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Copper silicide (CuisSis) nanowires, utilized as nanostructured hosts for amorphous silicon
deposition, were prepared according to a procedure described in detail elsewhere [157,158]. The
amorphous silicon (a-Si) anodes have a Si mass loading ranging from 0.1 to 0.25 mg cm?
corresponding (accounting for a Si theoretical specific capacity equal to 4,200 mA h g™!) to a capacity
from 0.42 to 1.05 mA cm. The tin-seeded silicon nanowire (Sn-Si NW) anodes were synthesized in
a solvent-vapor system following a method reported in the literature [159]. The Sn/Si NW anodes
present a mass loading between 0.1 and 0.25 mg cm, corresponding (accounting for nominal
capacity values equal to 2,000 and 994 mA h g for Si and Sn, respectively) to an overall capacity
from 0.13 to 0.54 mA h cm™.

All materials as well as the cell manufacturing were dried, stored, and handled in an Ar-filled dry
box (Jacomex, Dagneux, France, O, and H.O level <1 ppm).

3.2.2 Electrochemical measurements

The electrochemical measurements were carried out on Li metal cells using CR2032 containers.
The a-Si or Sn-Si NW anodes were used as working electrodes, and a lithium metal disk (500 um
thickness, 10 mm diameter, Linyi Gelon LIB Co) acted as the counter electrode. The electrodes were
separated using two glass-fiber disk (16 mm diameter) separator (Whatman TM, Maidstone, UK).
The cells were kept under vacuum for 30 min to allow complete loading of the IL electrolyte into the
working electrode and the separator.

An evaluation of the electrochemical processes taking place in Li/Si cells was carried out in a-Si
anodes, through cyclic voltammetric (CV) analysis paired with potentiostatic electrochemical
impedance spectroscopy (PEIS) measurements. The CV tests were performed from 0.01 to 2 V vs
Li*/Li° at increasing scan rates, i.e., from 0.05 to 1 mV s (four consecutive CV cycles were run at
each selected scan rate), followed by 500 cycles at a constant scan rate of 1 mV s™. The PEIS was
carried out on the fresh cells and at the end of each increasing scan rate CV family, in the 10 kHz —
0.1 Hz frequency range with 10 mV amplitude voltage.

Galvanostatic charge-discharge (GC) cycling tests were run on Li/Sn-Si NW cells, which were
cycled between 0.01 and 2 V vs Li*/Li° at current rates from 0.1C to 10C.

All the electrochemical tests were carried out in a climate chamber at 20°C, using a Biologic

(Seyssinet-Pariset, France) multichannel battery cycler.

3.2.3 Interfacial characterization

X-ray photoelectron spectroscopy (XPS) was carried out to get information on electrochemical
passivation layer (SEI) formation on the Sn-Si NW surface. XPS analysis was performed under an
ultra-high vacuum (~ 10° mbar) using a Kratos AXIS ULTRA spectrometer with a monochromatic

Al Ko X-ray radiation source (hv = 1486.6 ¢V). Pass energy equal to 160 eV and 20 eV was set up
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for survey spectra and narrow regions, respectively. The C 1s line at 284.8 eV was used as a charge
reference. These spectroscopic studies were performed on the Sn-Si NW surface after electrochemical
tests at different states of charge in Li salt-IL electrolytes: i) pristine material; ii) 1 cycle at 0.1C and
iii) 1 cycle at 0.1C + 10 cycles at 1C. After the cell dismantling, the Si electrodes were rinsed with
tetrahydrofuran (Sigma-Aldrich, anhydrous, > 99.9%) at least three times for removing the residual
electrolyte, vacuum-dried at room temperature and then, transferred directly to the XPS analysis

chamber using a vacuum glass-oven (Buchi) to avoid contamination from external.

3.3 Results and Discussions

3.3.1 Lithium intercalation process

The results obtained from the CV measurements are displayed in Figure 3.1. The current value (A
g!) is normalized with respect to the Si electrode mass loading. A broad feature located around 1.2
V vs Li*/Li was observed during the first cathodic scans in all three cases (Figure 3.1A, B, and C),
which relates to the passivation layer (SEI) formation onto the Si anodes [152,160]. This peak

disappears in the subsequent cycles, suggesting stabilization of the electrode/ electrolyte interface.
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Figure 3.1: Cyclic voltammetry of Li/Si cells containing 0.2LiTFSI-0.8EMITFSI (panel A),
0.2LIiTFSI-0.8EMIFSI (panel B), and 0.2LiFSI-0.8EMIFSI (panel C) electrolytes at different scan
rates and for prolonged cycles with a scan rate of 1 mV s*carried out on 0.2LiTFSI-0.8EMIFSI (panel
D) and 0.2LiFSI-0.8EMIFSI (panel E) based cells. T =20 °C.
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The Li/Si cells with 0.2LiTFSI-0.8EMITFSI show the peaks relative to the a-Si lithiation in the first
cathodic scan: conversely, no evident feature can be noticed in the following cycles, suggesting non-
optimal SEI formation (instead progressive lithiation of the amorphized Si anode) [152,160] and
highlighting for large irreversible capacity (and, consequently, low initial coulombic efficiency and
poor reversibility of the lithium dealloying). The progressive replacement of the TFSI anion with FSI,
initially in the IL (Figure 3.1B) and then also in Li salt (Figure 3.1C), results in very beneficial effect
on the cycling behavior. The lithiation of Si initially causes the formation of the amorphous phase
LixSi, which turns into a crystalline phase below 0.06 V vs Li*/Li [153], corresponding to two well-
defined peaks located at 0.15 and 0.05 V vs Li*/Li, as can be observed in Figure 3.1B and 3.1C. In
the reverse scan, two similar features around 0.3 and 0.5 V vs Li*/L.i arise from the two-phase reaction
from crystalline LiisSis to amorphous LixSi (x=2), followed by the formation of the delithiated
amorphous Si [153,161]. This indicates good reversibility of the delithiation process during the anodic
scan, i.e., leading to much higher stored and delivered capacity, possibly due to an optimal SEI growth
onto the silicon electrode, given by the much better film-forming ability of the FSI anion with respect
to the TFSI one [152,153]. The complete overlap of the voltammograms, even at high scan rates and
for prolonged cycles (Figures 3.1D and 3.1E) suggests good reversibility and high coulombic
efficiency of the alloying/dealloying process during cycles in the 0.2LiTFSI-0.8EMIFSI and
0.2LiFSI-0.8EMIFSI electrolytes. The increase of the scan rate results in a progressive enhancement
of the current flow through the cell, leading to more pronounced and defined current vs voltage
features in both verses, with only a moderate shift of the maximum value due to diffusive processes
that take place into the electrolyte, according to the Randles-Sevcik equation [162,163]. At 0.2 mV
s two distinguished profiles are still observed, both in the cathodic (Li* alloying) and anodic (Li*
de-alloying) verse, whereas at faster scan rates no split is recorded. Larger specific current values,
resulting in higher capacity involved in the (de)lithiation process, are recorded in the 0.2LiFSI-
0.8EMIFSI cells with respect to the 0.2LiTFSI-0.8EMIFSI ones. Prolonged CVs were run only on
0.2LiTFSI-0.8EMIFSI and 0.2LiFSI-0.8EMIFSI cells, after CV tests displayed in Figure 3.1B and
3.1C, to investigate the reversibility of the Li" alloying process under hard operative conditions, i.e.,
500 cycles at 1 mV s, The results, illustrated in Figures 3.1D and 3.1E, show two defined features
around 0.25 and 0.1 V (cathodic scan) and around 0.6 V (anodic scan). A very good reversibility of
the lithium alloying process is observed even after 500 cycles, witnessed by the good correspondence
between the cathodic and anodic features. A remarkable reproducibility of the cyclic voltammetry
traces is recorded for the first 200 cycles, whereas a progressive, even modest, decrease of the CV

profile is observed up to the 500" cycle. To summarize, the 0.2LiFSI-0.8EMIFSI electrolyte exhibits
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comparable voltammetric features to those of 0.2LiTFSI-0.8EMIFSI, however evidencing higher
capacity decay (i.e., more depleted CV profile) after prolonged CV tests (> 200 cycles).

The mobility of lithium ions at electrolyte/silicon interface directly depends on the redox reaction
rate according to the Randles-Sevcik equation [162,163], and can be modulated by the SEI layer
formed onto the silicon particles, which can enhance the rate performances and reduce the lithium
trapping [164]. Therefore, the interfacial lithium diffusion coefficient Di+ (cm? s*) was calculated
for a-Si anode cycled into the 0.2LiTFSI-0.8EMIFSI and 0.2LiFSI-0.8N1114FSI electrolytes,
evaluating the CV tests recorded at different scan rates (Figure 3.1B and C) described in the previous
paragraph. The Dyi+value was calculated by the Randles-Sevcik equation (eq. 1) [165,166] for a semi-
infinite diffusion of lithium-ion:

Ip = 0.4463 n FAC (nFvDyis+ / RT)Y2 (1)
where the | is the peak current, R, F, and T are the gas and Faraday constant, and the temperature
(K), respectively. A (cm?) is the active surface area of the a-Si anode, n is the number of electrons in
the reaction, C (mol cm) is the Li* ion concentration in the electrolyte, and v (V s?) is the scan rate.
The relationship of the cathodic and anodic current peaks (Ic and la) with the square root of the scan
rate is reported in Figure 3.2. The current peaks, in the anodic A, and cathodic Cy, scans taken into
consideration for the evaluation of D+, are displayed in Figure 3.3. The slope of the linear fit (Figure
3.4) between I, and 1% was used to estimate the Dyi+ [167—169]. Both systems show a linear behavior,
indicating diffusion-controlled reaction [170] and a peak current ratio (Ipa/lpc) = 1, i.e., reversible
lithiation process and no parasitic reaction associated with the electron transfer [166]. The Dyi+ was
found to be equal to (9.6 + 0.5)x107*° cm? s* for 0.2LiTFSI-0.8EMIFSI and (2.5 + 0.1) x10*% cm? s°
! for 0.2LiFSI-0.8EMIFSI, comparable with the results reported in literature for LixSi phases in
organic electrolytes and obtained through different technique [171,172]. The error related to the Dyi+
values is equal to 5 %.
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Figure 3.2: Linear fits for the anodic and cathodic peak currents vs square root of the scanning rates

of a-Si electrodes in 0.2LiTFSI-0.8EMIFSI and 0.2LiFSI-0.8EMIFSI electrolytes. T = 20 °C.
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0.8EMIFSI (panel B) electrolytes at different scan rates. T = 20 °C.
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0.2LiTFSI-0.8EMIFSI and 0.2LiFSI-0.8EMIFSI electrolytes. The related linear fit is also reported.
T=20°C.

3.3.2 Impedance measurements

Impedance measurements were conducted after each CV family tests run at different scan rates
(Figure 3.1) and reported in Figure 3.5 as Nyquist plots. The AC responses display a semicircle
pattern at medium-high frequencies and a straight-line at low frequencies, in agreement with other
studies on similar anode materials in ionic liquid electrolytes [170,173]. The high-frequency intercept
with the real axis corresponds to the bulk resistance (Roui) of the IL [174-176], and the semicircle
diameter gives the overall interfacial resistance Rint [177-179]. Figure 3.6 plots the dependence of
Rouik (panel A) and Rint (panel B), determined from the AC responses (Figure 3.5) taken (in OCV
condition) after each CV family of Figure 3.1, as a function of the scan rate. The resistance values,
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summarized in Table 3.3, were evaluated through the equivalent circuit models depicted in Figure

3.7 where Qui is the constant phase element accounting for the double layer capacitance and, C, is the

electrode limit capacitance [174-176]. Rouik Values equal to 1.7, 1.6, and 1.3 © cm were detected (at
20 °C) for the 0.2LiTFSI-0.8EMITFSI, 0.2LiTFSI-0.8EMIFSI, and 0.2LiFSI-0.8EMIFSI cells,

respectively, i.e., close to those reported in previous work and summarized in Table 3.2 [180].
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Figure 3.5: AC responses, taken under OCV condition, of Li/Si cells containing the 0.2LiTFSI-
0.8EMITFSI, 0.2LiTFSI-0.8EMIFSI, and 0.2LiFSI-0.8EMIFSI electrolytes. The impedance

measurements, run after each CV family tests run at different scan rates (Figure 3.1), were carried out

at different scan rates (panels A, B, and C) and CV tests at 1 mVs™ (panels D and E). Frequency
range: 10 kHz — 1 Hz. Voltage amplitude: AV =10 mV. T = 20 °C.

Significantly, no change of Rouik is observed during the CV tests, confirming the good electrochemical

stability of the IL-based electrolytes and the negligible lithium depletion from the electrolyte.

However, the replacement of the TFSI anion with FSI results in sharp decrease of Rint. For instance,
more than 200 Q cm? are recorded for the 0.2LiTFSI-0.8EMITFSI cells (Figure 3.5A) whereas only
40 and 20 Q cm? are approximately exhibited by those with 0.2LiTFSI-0.8EMIFSI (Figure 3.5B)
and 0.2LiFSI-0.8EMIFSI (Figure 3.5C), respectively. These results, in very good agreement with the
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voltammetry data of Figure 3.1, indicate a large decrease in interfacial resistance accompanying the
transformation of the original discrete a-Si into a stable porous network (nano-ligaments) [152,160].
Once more, it highlighted the beneficial effect of the FSI anion at the interface with the Si electrode,
playing a key role in determining the SEI composition and, therefore, the active material morphology.
For instance, a suitable SEI layer leads to a larger surface area offered for the alloying process by the
a-Si network and to the accommodation of more facile charge transfer at the electrode/electrolyte
interface. Conversely, the TESI anion is not able to promote the growing-up of suitable SEI, leading
to poor Li* alloying and, therefore, low performance. This issue is in good agreement with both the
CV results of Figure 3.1. The AC response recorded after 500 cycles (shown in Figure 3.5D and 3E)
exhibit a similar shape with respect to that of the Nyquist plots of the first family cycles (3.5B and
3.5C). No practical change of Rpuk is observed whereas more slightly depressed semicircle is
exhibited by the 0.2LiFSI-0.8EMIFSI cells, nevertheless demonstrating the electrochemical
reliability of the 0.2LiTFSI-0.8EMIFSI and 0.2LiFSI-0.8EMIFSI electrolytes. An overall interfacial
resistance lower than 100 © cm? is recorded in both electrolyte formulations. To summarize, the a-Si
anodes seem to show comparable behaviour in both 0.2LiTFSI-0.8EMIFSI and 0.2LiFSI-0.8EMIFSI.
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Figure 3.6: Evolution of the electrolyte Rouk (panel A) and overall interfacial Rint (panel B)
resistance, during CV tests run at different scan rates (Figure 3.1), for Li/a-Si cells in 0.2LiTFSI-
0.8EMIFSI and 0.2LiFSI-0.8EMIFSI. T =20 °C.

Table 3.3. Rouik (Q cm) and Rint (Q cm?) parameters, associated with Li/a-Si cells containing the
0.2LiTFSI-0.8EMITFSI, 0.2LiTFSI-0.8EMIFSI and 0.2LiFSI-0.8EMIFSI electrolytes, determined in
OCYV condition after each CV family tests run at different scan rates (Figure 3.1). T =20 °C.

Scan rate / mV s Pristine 0.05 0.1 0.2 0.5 1
0.2LiTFSI-0.8EMITFSI Rpux 1.7+0.2 32+03 58+06 58+06 63+06 6.1+0.6
Rint -- 20020 230+20 250+30 250+30 25030
0.2LiTFSI-0.8EMIFSI  Rpux 1.6+0.2 09+01 15+02 16+02 17+02 16%+0.2
Rint -- 65+ 6 39+4 374 33+3 35+3
0.2LiFSI-0.8EMIFSI Rpuk 1.3+01 08+01 13+01 13+01 13+01 13%0.1
Rint -- 30£3 18+2 18+2 18+ 2 18+ 2
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Figure 3.7: AC response of Li/Si cells in 0.2LiTFSI:0.8EMITFSI, 0.2LiTFSI:0.8EMIFSI and,
0.2LiFSI:0.8EMIFSI electrolytes. The high-medium frequency region (and the related curve fitting)
is magnified in the insert. The equivalent circuit model adopted for fitting is included.

3.3.3 Cycling behavior

The CV investigation on a-Si anodes has evidenced how EMIFSI is the most suitable IL for silicon
electrodes. Therefore, this IL was used as electrolyte solvent for further investigations on Sn-Si NW
anodes. The N1114FSI IL was employed for comparison purpose.
3.3.3.1 Effect of Sn/Si ratio

The influence of the Si/Sn weight ratio was preliminarily evaluated through cycling tests. The data,
depicted in Figure 3.8 in terms of capacity (referred to as the overall silicon/tin material weight)

evolution as a function of the cycle number, show high and reproducible performance only at Si/Sn
ratios above 2.6:1.

O \ @ Charge\Discharge Si/Sn =2.65
O \ @ Charge\Discharge Si/Sn =2.68
4000,0 O \ @ Charge\Discharge Si/Sn=2.17

0.2LiTFSI-0.8EMIFSI

Specific capacity / mA h g1

0 20 40 60 80 100
Cycle number

Figure 3.8: Cycling performance of Li/Si cells in 0.2LiTFSI-0.8EMIFSI electrolyte, comparing Si-

Sn NW anodes at different Si/Sn weight ratios. Current rates from 0.1 to 10C. T = 20°C.
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These results are observed in different electrolyte formulations subjected to various current rates,
suggesting that a Sn content above 28 wt.% depletes the overall electrochemical behavior of the
electrodes. Further investigation would be needed to better clarify this issue. It is also possible to
hypothesize a threshold for the Si/Sn ratio (around 2.6), which must be overcome to allow high cell
performance. Therefore, only Si-Sn NW samples having a Si/Sn weight ratio above 2.6 were

investigated.

3.3.3.2 Effect of anion and cation

The voltage-capacity profile of the 1%t charge-discharge cycle for Sn-Si NW electrodes in EMIFSI
and N1114FSlI electrolytes is reported in Figure 3.9A. A series of features, between 1.2 and 0.2 V, can
be noticed during the first discharge curve at 0.1C, likely due to the IL electrolyte degradation leading
to SEI layer formation onto the electrode surface [152,160]. These features are followed by two
plateaus located around 0.25 and 0.15 V, ascribable to the lithiation process. The value of the initial
coulombic efficiency (1) and the nominal capacities (Q) delivered during the rate capability tests on
Li/Sn-Si NW cells are reported in Table 3.4. The 0.2LiFSI-0.8EMIFSI cell shows the lowest initial
irreversible capacity (Qir), amounting to 28%, with respect to 0.2LiTFSI-0.8EMIFSI and 0.2LiFSI-
0.8N1114FSI cells which shown a Qir equal to 55% and 35%, respectively but quickly levelling to
99% in all cases, as it can be seen in Figure 3.9A. A stable capacity value is observed in all
electrochemical formulations up to 100 cycles even at very high rates (10C). Higher capacity values
were delivered by the 0.2LiFSI-0.8EMIFSI cells at different scan rates, with a gain of ~550 mA h g’
1 up to 1C and of ~ 800 mA h g at higher current rate (> 2C) with respect to the other electrolyte
systems investigated. The full-FSI cell can deliver above 50 % (1300 mA h g*) of the nominal
capacity at 10 C, meanwhile, the 0.2LiTFSI-0.8EMIFSI and 0.2LiFSI-0.8N1114FSI cells deliver less
than 29 and 16 %, respectively, of their nominal capacity at the same current rate. The 0.2LiTFSI-
0.8EMIFSI and 0.2LiFSI-0.8N114FSI electrolyte formulations show very similar capacity values
which, at high rates (> 1 C) slightly decay for the N1114FSI cells, likely due to the faster ion transport
properties of the EMIFSI ionic liquid with respect to N114FSI [180]. The best performances of the
full-FSI cell configuration, in agreement with the CV results, are attributable to the better film-
forming ability of the FSI anion with respect to TFSI [152,153]. Conversely, the N1114FSl ionic liquid
displays a lower affinity towards Sn-Si NW anodes than EMIFSI. Figure 3.10 displays the voltage
vs capacity profile of Sn-Si NW anodes in different electrolyte formulations and increasing scan rates.
The potential of Si alloying plateaus is distributed around 0.1 V and the dealloying plateaus are at
about 0.4 V, as reported in the literature [161,181,182]. The presence of Sn in the working electrode
is evidenced by the two less-defined plateaus in the potential range of 0.45 — 0.6V (Figure 3.10),

attributable to the two-phase alloying reaction that involved the formation of the dominant phases
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Li>Sns and LiSn [161,183]. The increase of the current rate from 0.1 to 5C does not result in a
significant qualitative change of the voltage profile shape, but it does lead to an increase of
lithiation/de-lithiation plateau slope attributed (as well as to an increase in ohmic drop) to diffusive

phenomena within the IL electrolyte, especially at high rates.
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Figure 3.9: 1% discharge-charge curves (panel A), cycling performance at different rates (panels B
and C), and reversible capacity vs current density dependence (panel D) of Li/Si cells in 0.2LiTFSI-
0.8EMIFSI, 0.2LiFSI-0.8EMIFSI and 0.2LiFSI-0.8N1114FSI electrolytes. The cycling behaviour of
Li/Si cells in organic electrolyte (1M LiPFs in EC:DMC 1:1 v/v + 3 wt.% FEC) is reported for
comparison purposes. T = 20°C.

Prolonged tests run at 1C (Figure 3.9C) subsequently to the rate capability tests, show a capacity
recovery up to the starting value at 1C (Figure 3.9B). Very interesting capacity retention, despite a
decay observed after 100 cycles, is generally exhibited by these electrolyte formulations, i.e., 1005
(0.2LiFSI-0.8EMIFSI cells), 608 (0.2LiTFSI-0.8EMIFSI) and 509 (0.2LiFSI-0.8N114FSI) mA h g
are still delivered after 2000 consecutive charge-discharge cycles (1C) at 100 % of DoD,
corresponding to 46 % (capacity fading equal to 0.027 per cycle), 37 % (0.031 % per cycle) and 33
% (0.034 % per cycle) of the initial capacity discharged at 1C. The remarkably enhanced
performances of the 0.2LiFSI-0.8EMIFSI electrolyte, comparable to or overcoming those observed
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in alkyl carbonate and other IL electrolytes [152,160], are once more likely ascribed to the better film-
forming ability of the FSI anion, in combination with the transport properties of the EMI cation. The
reversible (charge) capacity vs. current density dependence of the Li/Sn-Si NW Sn cells (Figure
3.9D) evidences a lower rate region, where the capacity is limited by the diffusion phenomena taking
place within the Si electrode [184,185], distinguished by the higher rate one characterized by a more
pronounced slope of the capacity vs current density curve due to diffusive phenomena occurring in
the ionic liquid electrolyte [184,185]. The lower rate region limit is around 0.3 mA c¢cm™ for the
0.2LiTFSI-0.8EMIFSI and 0.2LiFSI-0.8N1114FSI electrolytes: above this current rate the
electrochemical behavior of the Li/Si cells is governed by diffusive phenomena. Interestingly, the
lower rate region extends up to 1 mA cm in 0.2LiFSI-0.8EMIFSI, cells, indicating that diffusion
processes become predominant in this electrolyte at much higher current density with respect to that
observed in 0.2LiTFSI-0.8EMIFSI and 0.2LiFSI-0.8N114FSI. To summarize, the 0.2LiFSI-
0.8EMIFSI electrolyte exhibits, among the investigated IL formulations, the best cycling behavior in
Sn-Si NW anodes.

Table 3.4: Initial Coulombic efficiency (1) and reversible capacity, delivered at different scan rates,

of Li/Sn-Si NW cells in different electrolyte formulations.

. 1t cycle Reversible capacity / mA h g*
Electrolyte formulation
y #/% 01C 02C 05C 1C 2C 5C 10C 1Cuom
0.2LiTFSI-0.8EMIFSI 45 1995 1918 1774 1611 1363 904 586 1622
0.2LiFSI-0.8EMIFSI 72 2522 2442 2317 2175 2006 1720 1313 2027
0.2LiFSI-0.8 Ni114FSI 65 1998 1905 1715 1512 1226 731 414 1494
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Figure 3.10: Selected voltage vs. capacity profiles of Li/Sn-Si NW cells in 0.2LiTFSI-0.8EMIFSI
(panel A), 0.2LiFSI-0.8EMIFSI (panel B) and 0.2LiFSI-0.8N1114FSI (panel C) electrolytes at
different current rates (from 0.1C to 10C). T = 20°C.
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3.3.3.3 Effect of FEC organic additive

The Sn-Si NW anodes have been also studied in the presence of FEC organic additive to
investigate a possible improvement of the electrolyte/electrode interface [148]. The cycling tests,
reported in Figure 3.11, were carried out in LiTFSI-EMIFSI electrolytes containing different FEC
molar fractions (summarized in Table 3.1). The first discharge profile at 0.1C (Figure 3.11A)
exhibits the typical features of silicon electrodes (already discussed in the previous paragraph),
however, the progressively increasing FEC content is seen to enhance the features located in the 1.7-
0.2 V range and ascribable to irreversible electrolyte decomposition. Particularly, at a FEC content
equal to 3 wt.%, a very wide plateau is observed around 0.4 V, leading to a much larger irreversible
capacity. The reversible nominal capacity, as well as the initial coulombic efficiency (i.e., from 45 to
55%) and the cycling behavior (even at 10C) up to about 100 cycles, is seen slightly increasing (i.e.,
from 2000 to about 2100 mA h g*) after incorporation of a FEC mole fraction equal to 0.01, which
exhibits at 1C and 10C a delivered capacity of 1800 and 750 mA h g (vs. 1650 and 450 mA h g* of
the FEC-free cells), respectively. Further increases of the FEC up to 3 wt.% content lead to
performance decay: for instance, the nominal capacity and the coulombic efficiency fall to 1500 mA
h g and to 14 %, respectively. Therefore, the presence of FEC mole fractions > 0.01 in IL electrolytes
seems to support larger consumption of electrolytes and/or to hinder the formation of an optimal SEI
onto the Sn-Si NW surface. As reported in literature [186,187], the uncoordinated FEC can passivate
the anode surface by forming LiF, which can promote formation of HF in the presence of even very
small amount of water, causing dissolution of the SEI on the Si anode surface. However, more
prolonged discharge-charge tests (panel C) reveal progressive decay in performance. For instance,
after 1000 cycles the 0.01 FEC cells exhibit lower capacities (950 mA h g 1) than those delivered by
the FEC-free ones (1,200 mA h g1), even approaching the values (900 mA h g) shown by the 0.07
FEC and 3 wt.% FEC cells (i.e., no practical difference is seen for FEC mole fractions exceeding

0.07). This means an increase in capacity fading from 0.03 % (FEC-free cells) to 0.05 % per cycle.
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Figure 3.11: 1 discharge-charge curves (panel A) and cycling performance at different rates (panel
B and C) of Li/ Sn-Si NW cells in LiTFSI-EMIFSI electrolyte with different FEC contents. T =20°C.

73



3.3.4 XPS analysis on Sn-Si NW anode surface

To get insight into the SEI layer composition formed on the Sn-Si NW anodes, ex-situ XPS
analysis was carried out on pristine electrode, after the first charge-discharge cycle and several cycles
(reported in Figure 3.12). For avoiding the BE shifts associated with charging phenomena and to
gain good accuracy of the peak assignments, the XPS spectra were collected in the de-lithiated state.
The atomic concentrations of the post-mortem Sn-Si NW anodes are summarized in Table 3.5 (the
pristine electrode is reported for comparison). The SEI layer of the Si electrodes cycled in FEC-based
and 0.2LiTFSI-0.8EMIFSI electrolytes exhibits high concentration of fluorine and a bit lower oxygen
concentration, in conjunction with a larger silicon concentration onto the anode surface after several
cycles, suggesting a thinner passive layer onto silicon electrode as previously reported in literature
[188,189]. Otherwise, the silicon anodes in 0.2LiFSI-0.8EMIFSI and 0.2LiFSI-0.8N1114FSI show
high sulfur concentration which depends on the degradation products of the LiFSI salt [187].
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Figure 3.12: Voltage vs capacity profiles, referred to selected charge-discharge cycles, of Li/Si-Sn
NW cells cycled in different electrolytes. T = 20 °C.
Table 3.5: Surface composition (atom percentage) of pristine and cycled Sn-Si NW electrodes.

Ols Cls N1s F1s S2p Si2p Lils P2p

Pristine 148 56.3 -- -- -- 28.0 -- --

. 1t cycle 31.2 330 15 40 11 22 266 -
0-2LITFSI-08EMITEST —55 cycle 279 324 39 82 24 09 238 -

. 1t cycle 311 331 34 20 52 09 240 -
0-2LIFSI-0.8EMIFSI 10" cycle 315 317 37 21 55 13 243 -

. 1 cycle 300 308 38 38 73 20 219 -

2LiFSI-0.8 Ni114FSI

0.2LIFS1-0.8 NusfS 10fcycle 312 297 36 31 67 09 246 -
0.2LiFSI-0.8EMIFSI 1stcycle 285 367 44 46 40 16 200 -
+3wt. % FEC 10Mcycle  30.7 330 28 56 26 05 246 -
1M LiPFs in EC:DMC I%cycle 31.6 296 - 59 03 12 308 01
1:l1viv+ 3wt%FEC  10"cycle 295 306 - 68 02 14 313 01

High-resolution XPS spectra of C 1s, Si 2p, F 1s, Li 1s, S 2p, O 1s, and N 1s, collected for each
sample after the first charge-discharge cycles, are displayed in Figures 3.13 and 3.14, whereas those
taken after several cycles are displayed in Figures 3.15 and 3.16. The Si 2p spectra of pristine Sn-Si
NW anode exhibits a narrow feature at 99.8 eV corresponding to the bulk silicon, and the presence
of silicon oxides at 100.5 and 102.5 eV [188,190], also confirmed by the O 1s spectra at 532.4 eV
[188,190].

The N 1s XPS region of the Sn-Si NW (Figure 3.15) electrodes, cycled in IL electrolytes,
highlights three well separated peaks: the first two are related to the cation (-C-N-, N¥), i.e., EMI*
(401.5 eV) and N1114" (402.6 eV) [191,192], and the anion, which appears around 400 eV (C-N, N-
SO) for both TFSI"and FSI"[187,193]. The presence of the IL signals is probably due to the IL caught
in the porous structure of the Si anodes [194]. The last peak at 398.5 eV is ascribable to LisN/
LiCxHyN or -N=C- double bond in a polymeric network [195-198]. These compounds are associated
with the reduction of the electrolyte, which gave place to graphitic carbon [194], evidenced in C 1s
spectra (Figure 3.15) with the sp2 graphitic carbon feature at 284.8 eV. The relative atomic
concentration increases upon cycles for the all-TFSI-based electrolyte, decreases for LiFSI-N1114FSI
and LiFSI-EMIFSI + 3 wt.% FEC and, finally, remains unchanged in LiFSI-EMIFSI, suggesting
growing-up of stable LisN/LiCxHyN polymeric network during the first cycle.

The high-resolution XPS spectra of C 1s (Figure 3.15) display four main features centered around
284.8, 286.1, 288.5, and 289.5 eV in all cases, associated with C-C/C=C [187,199], C-O/C-N
[196,200,201], O-C=0/C-F and CO%~ [187,199,202] species, respectively. The C-C/C=C, C-O/C-N
and CF groups arise from the decomposition of IL (i.e., EMI*, N1114", TFSI", and FSI"). For Si-based
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electrodes cycled in LITFSI-EMITFSI, the C 1s spectra show a very small peak at 293 eV associated
with the CF3z group [191,193] derived by the TFSI anion, also confirmed by the well-pronounced
peak at 688.6 eV in the F 1s XPS spectra (Figure 3.15). The CO3~ can be assigned to Li-OCOOC;Hs
and/or Li>COg arising from FEC degradation [191] but also from salt decomposition, as it was
demonstrated in other works [195,203]. The presence of this compound was also detected in the Li
1s spectra at 54.7 eV. This peak is more prominent in FEC-based electrolytes and in LiTFSI-
EMITFSI. The area ratio of C2g6.1/C2gs5 does not substantially change for LiFSI-EMIFSI and organic
electrolyte during cycling, indicating growth-up of a stable SEI during the first cycle. The C 1s spectra
of the Sn-Si NW cycled in organic electrolyte reveal quite similar features to those detected in ILs,
as already reported in previous paper [194].

The deconvolution of O 1s spectra (Figure 3.16) highlights the presence of carbonate species,
already observed in the C 1s spectra, and evidenced around 532 eV [187,204]. Lithium silicate species
(i.e., LixSiOy), related to the lithiation of Si oxide [188,190,205], can be attributed to the peak at 531
eV, which are visible also in the Si 2p spectra at 100.5 eV [187,204]. As described in detail elsewhere
[206-208] the broad peak at 533.6 eV, ascribable to O-C=0 species, depends on solvent and/or
additive polymerization, and it was also observed in the C 1s spectra at 286.1 eV. In all electrolytes,
the Si surface is rich in carbonate species as confirmed by the features in the C 1s and O 1s spectra
(Figures 3.15 and 3.16).

A big LiF peak at 684.8 eV [187,209] can be observed in the F 1s spectra, in agreement with the
Li 1s spectra at 55.6 eV [187,209], due to the decomposition of salt (LiTFSI, LiFSI, and LiPFe) by
the electrochemical reduction of S-F bond [190] and during cycling can be observed that TFSI-based
and FEC-based electrolytes exhibit a higher amount of LiF. As described by Piper et al. [192] FSI
and TFSI are subject to quite different reduction processes, where the FSI” rapidly release F-, forming
LiF, and SO», which suggests the formation of SEI rich in small inorganic compounds. Conversely,
TFSI can form different products, such as -SO.CF3. The -SO2 species can be also observed at 168.8
eV in the S 2p spectra, where results more prominent in the FSI-based systems. The fast release of F
and SO2 may be correlated to the high cycling performance shown by Si- Si NW anode in LiFSI-
EMIFSI electrolyte. This speculation derived from modeling studies performed on the FEC system
[210], demonstrating its ability to rapidly release F~ (to form LiF) during its decomposition. The SiOF
signal at 686.8 eV corresponds to the Si substrate, indicating the thickness of the SEI layer: in organic
electrolyte it might be covered by the LiPFe signal, resulting from incomplete removal during the
electrode rinsing and/or from intermediate decomposition products with similar binding energy to
LiPFs [208,211]. This feature is more pronounced in LiFSI-EMIFSI and organic (1M LiPFs in
EC.DMC 1.1 viv + 3 wt.% FEC) electrolytes, indicating a thinner SEI onto the Si surface. The
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presence of residual lithium salts (LiTFSI, LiFSI, and LiPFg) and/or their incomplete decomposition
products are detected around 688 eV [190,209], in the case of LiTFSI is completely overlapped by
the CF3 signal at 688.6 eV and the SiOF is not visible.

The S 2p deconvolution (Figure 3.16) results in a rather complex spectrum for the Si anode cycled
in IL-based electrolytes. It can be divided into three main components. The first one is represented
by the Spar peak, which confirms the presence of residual LiTFSI and/or LiFSI salt at 168.8 eV and
169.1 eV [209], respectively. Although, the second one encloses several features, in the range
between 169.8 and 168 eV, due to degradation products of imide-based salts that might be assigned
to S=0 bonds [209,212]. The last weak component, at around 167 eV, is also related to the reduction
of Li-imide salt, but this process can be also induced by the X-ray beam [187,208]. The s 2p spectra
display very weak peaks, probably due to residual traces of electrolyte.

The Si 2p spectra show the peak related to the bulk silicon at ~98 and ~99 eV [187,188], which in
the case of LiIFSI-EMIFSI tends to increase, meaning a reduction of the SEI layer thickness and in
agreement with the results from impedance measurements discussed in Paragraph 3.2. A signal at
100.5 eV can be attributed to LixSiOy, as already previously described, and the last peak at 102.8 eV
is associated with the SiO> specie.

The XPS results suggest a bilayer SEI onto the Si surface, i.e., an outer part composed of organic
compounds within a polymeric network that can provide flexibility and good mechanical stability
against the volume changes during the Si cycling, and an inner layer dominated by inorganic
compounds such as LisN, LiF, delivering high Li-ion conductivity, as well as a graphitic network that
provides electronic conductivity [194,195,203]. The different cycling performances can be due to the
different density and porosity of the SEI onto the Si surface. The SEI layer onto the Si anodes cycled
in LiFSI-EMIFSI and organic electrolytes is likely rich in stable LiF and -Si-F compounds which,
thanks to their high bonding energy, do not decompose during cycling and promotes a stable interface
with the electrolyte [213,214]. Although, in the other case, the surface layer can contain less stable
compounds, such as metastable and less dense, linear alkyl carbonates (-Si-OCH2CH>OCO:L1, -Si-
CH2CH20CO:Li, R(OCOz2Li)2) and, due to their low bonding energy, can continue to decompose
upon cycling, thus feeding irreversible redox reactions that promote silicon dendritization and
pulverization, as has been shown by Bongiorno et al [215]. The low density of the SEI layer allows
the transition of the electrolyte during the Li* insertion, which cause the breakup of the -Si-Si-

network bond giving rise to porous structure and cracking.
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Figure 3.13: High-resolution C 1s, Si 2p, F 1s, and Li 1s core level spectra obtained on pristine Si-
Sn NW anodes and after one charge-discharge cycle in different electrolyte formulations.
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Figure 3.15: High-resolution C 1s, Si 2p, F 1s and Li 1s core level spectra obtained on the Sn-Si NW
anodes after consecutive lithiation/de-lithiation steps in different electrolyte formulations (see
legend).
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Figure 3.16: High-resolution S 2p, O 1s, and N 1s core level spectra obtained on pristine Sn-Si NW
anodes and after consecutive lithiation/de-lithiation steps in different electrolyte formulations (see
legend).

3.4 Conclusions

The lithiation process of Sn-Si NW anodes in different ionic liquid electrolyte formulations was
investigated through electrochemical and XPS measurements. High reversibility and reproducibility
of the Li*-allowing process is observed for 0.2LiTFSI-0.8EMIFSI and 0.2LiFSI-0.8EMIFSI
electrolyte systems, through cyclic voltammetry analysis carried out at increasing scan rates and for
prolonged cycles. Conversely, the full-TFSI electrolytes do not show evident features related to the
electrochemical processes, meaning poor reversibility of the lithiation process. The full-FSI cells
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display higher specific current even after prolonged CV test (> 200 cycles), indicating larger charge
amount involved in the lithiation process.

The Li* diffusion coefficient (Dvi+), evaluated using the Randles-Savcik equation, results to be
equal to (9.6 + 0.5)x10™° cm? st and (2.5 + 0.1) x10° cm? s in the 0.2LiTFSI-0.8EMIFSI and
0.2LiFSI-0.8EMIFSI electrolytes, respectively. These results are consistent with those reported in
literature for organic electrolytes.

The interfacial properties of Li/Si cells were investigated by impedance spectroscopy analysis
combined with CV tests. A stable bulk resistance is recorded during CV tests, confirming the good
electrochemical stability of the IL-based electrolytes. Although, a marked improvement in interfacial
resistance is observed after replacing the TFSI anion with the FSI. These results, in agreement with
the CV tests, are ascribable to the good film-forming ability of the FSI anion,

Reversible capacities exceeding 1000 mA h g are delivered after 2000 charge-discharge cycles
at 1C, corresponding to 46 % of the initial value. LiFSI-based electrolytes are seen to better behave
with respect to the LiTFSI ones. The electrode performances of Sn-Si NW anodes are seen to increase
with the Si/Sn weight ratio: for instance, in passing from a Si/Sn ratio of 2.17 to 2.68, 2400 mA h g’
! (about 89 % of the nominal capacity = 2700 mA h g) are still delivered at 1C and 1000 mA h g*
are even exhibited at 10C (4 mA cm2). These are ones of the best, if not the best, results observed till
now for Si anodes in ionic liquid electrolytes. A moderate increase in capacity is observed in the
presence of modest contents (0.01 as the mole fraction) of FEC; further addition of FEC, however,
does result in performance decay.

A SEI layer, externally composed by a polymeric network and a graphitic network inside, on the
Sn-Si NW anode surface was revealed by XPS analysis. The supposed high density of the SEI layer,
which hinders the crack formation on the Si surface in the case of 0.2LiFSI-0.8EMIFSI and organic
(IM LiPFe in EC:DMC 1:1 viv + 3 wt.% FEC) electrolytes, can support for the better cycling
behavior.

To summarize, the 0.2LiFSI-0.8EMIFSI electrolyte has shown very high compatibility and
excellent behavior in lithium cells with Sn-Si NW anodes and, therefore, it can be considered a very
appealing electrolyte, as alternative to the commercial organic ones, for realizing safer and more
reliable, highly performant lithium-ion battery systems.
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4. Li-rich cathode for Li-ion batteries

4.1 Introduction

High-voltage lithium batteries are the best candidates for the next generation power sources
because of their superior energy and power densities with respect to other commercially available
electrochemical energy storage systems [13,216]. For such reason, remarkable efforts are currently
devoted aiming to enhance their performance For enabling long-range electric/hybrid vehicles and
the exploitation of electric energy from renewable sources. Additionally, the electronic consumer
market is always requiring better performing batteries to cope with the development of electronics.
One of the most followed approaches for enhancing the energy density of battery systems is the
adoption of cathode materials with large specific capacities and, ideally, operating at high potentials,
i.e., above 4 V. Among these, lithium-rich, layered oxide (LRLO) positive electrode materials are
considered very promising. More specifically, Li1.2Nio2MnosO2 (LRNM) delivers a nominal specific
capacity beyond 250 mA h g%, while operating in a potential range well above 4 V [217]. Besides the
promising electrochemical properties, the LRNM is cobalt-free making it a more sustainable cathode
material that does not require the use of critically rated and expensive cobalt. However, the increase
of the overall energy density of the batteries enhances their intrinsic danger related to its sudden
release via unwanted, direct chemical reactions, thus requiring for better safety. Therefore, the
electrolyte does play a key role in determining behavior, performance, and safety of LIB systems. the
LRMN electrodes, which were investigated in the present PhD activity, were developed, synthesized,
and provided by the Karlsruhe Institute of Technology (KIT)-Helmoltz Institute of Ulm (HIU)
(Germany) [218].

4.2 Experimental Section

4.2.1 Materials and Methods
The IL electrolytes, selected for the compatibility investigation with LRMN cathodes based on the
results obtained from conductivity and voltammetry measurements, are reported in Table 4.1.

Table 4.1: IL electrolyte formulations investigated with LRMN cathodes.

Mole fraction Lithium salt | Mole fraction IL
0.20 LiTFSI 0.80 EMITFSI
0.20 LiTFSI 0.80 EMIFSI
0.20 LiFSI 0.80 EMIFSI
0.20 LiTFSI 0.80 Ni1114TFSI
0.20 LiTFSI 0.80 N1114FSI
0.20 LiTFSI 0.80 N122201) TFSI
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The LRMN cathodes (namely Liz3Nio2MnosO2, Genl.3, and Li1.4Nio2MnosO2, Genl.4), have a
weight composition equal to 85 % (LRMN active material), 5 % (Super C65 carbon, IMERYS, as the
electronic conductor) and 10 % (PVdF, Solef 6030, Solvay, as the polymer binder). The LRMN
electrodes were prepared using both sieved and not sieved active material. The LRMN mass loading
ranges from 3 to 4 mg cm, corresponding (taking in account a theoretical specific capacity for
LRMN equal to 270 mA h g) to a capacity from 0.8 to 1.1 mA h cm™. The electrodes, provided as
12 mm diameter disks (surface area equal to 1.13 cm?) supported onto an aluminum foil (20 pm
thickness), were previously vacuum dried at 120 °C for 24 hours and then, transferred in an argon-

controlled atmosphere glove box (Jacomex, Oz and H2O content < 1 ppm) for the cell manufacturing.

4.2.2 Electrochemical measurements

The electrolyte formulations were investigated in Li/LRMN coin-cells, which were manufactured
(within the glove box) through the same protocol described in detail for the Li/WE ones (see section
3.2.2) except for the LRMN cathode which was used in the place of the working electrode (WE). The
Li/LRMN cells were tested at 20 °C (Binder climatic chamber) by a BioLogic BCSC multi-channel
battery cycler. The reproducibility of the results was verified by running the electrochemical tests, for
each electrolyte formulation, on at least two identical cells, using always fresh electrolyte and
electrode samples for each electrochemical test.

Galvanostatic charge-discharge (GC) measurements were carried out on Li/LRMN cells, which
were cycled between 2.5 and 4.7 V vs Li*/Li° at 0.1C for the first cycle, and between 2.5 and 4.6 V
vs Li*/Li° at current rates from 0.1C to 10C for the following cycles.

The Li/LRMN cells were subjected to cyclic voltammetric (CV) analysis paired with potentiostatic
electrochemical impedance spectroscopy (PEIS) measurements to gain information about the
reversibility and kinetics of the lithiation process. The CV tests were performed between 2.5t0 4.8 V
vs Li*/Li° at increasing scan rates, i.e., from 0.05 to 1 mV s (four consecutive CV cycles were run
at each selected scan rate), followed by 500 cycles at a constant scan rate of 1 mV s. The PEIS was
carried out on the fresh cells and at the end of each increasing scan rate CV family, in the 10 kHz —
0.1 Hz frequency range with 10 mV amplitude voltage.

All the electrochemical tests were carried out in a climate chamber at 20°C, using a Biologic

(Seyssinet-Pariset, France) multichannel battery cycler.
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4.3 Results and Discussions

4.3.1 Screening of IL electrolyte formulation

The 0.2LiTFSI-0.8IL electrolytes were screened by cycling charge-discharge testing performed in
Li/LRMN cells to assess their performance on the cathode side. The results are illustrated in Figures
4.1 (EMI based electrolytes) and 4.2 (ammonium-based electrolytes), respectively, which report
selected cell voltage vs. capacity profiles (panels A-B of Figure 4.1 and panels A-B-C of Figure 4.2)
and capacity vs. cycling behaviour (panels C-D of Figure 4.1 and panels D-E-F of Figure 4.2) at
different current rates. For all investigated electrolytes, the 1% charge profile differs with respect to
the following ones for the structural reorganization occurring in the material, resulting from the
involvement of oxygen in the redox reactions [217]. In the first discharge and in all following
charge/discharge cycles, rather featureless voltage slopes are observed. These voltage profiles are in
good agreement with the expected de-lithiation mechanism proposed in literature for the lithium-rich,
oxide materials [219-221]. Overall, the use of the IL-based electrolytes does not alter the expected
reaction mechanism occurring in these materials. Both EMI-based electrolytes exhibit an initial

reversible capacity approaching 200 mA h g*(at 0.05C rate), i.e., corresponding to 80 % of the LRMN
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Figure 4.1: Selected voltage vs. capacity profiles (panels A and B) and cycling performance (panels
C and D) of Li/LRMN cells containing the 0.2LiTFSI-0.8EMIFSI (panels A and C) and 0.2LiTFSI-
0.8EMITFSI (panels B and D) ionic liquid electrolytes at different current rates (0.05C-1C).

Temperature: 30 °C.
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theoretical value and supporting for good performance in lithium metal cells. This is particularly true
for 0.2LiTFSI- 0.8EMIFSI, where stable performances at all current rates are observed.

A better rate capability is observed for the 0.2LiTFSI-0.8EMIFSI electrolyte (about 100 mA h g*
at 1C), ascribed to its faster ion transport lowering the effect of diffusion phenomena. Furthermore,
the 0.2LiTFSI-0.8EMIFSI electrolyte shows a smaller irreversible capacity in the first cycle (< 70
mA h g?, corresponding to 26 % of the overall capacity value) in comparison to 0.2LiTFSI-
0.8EMITFSI (> 110 mA h g%, equal to 39 % of the overall capacity), in combination with improved
coulombic efficiencies upon cycling. One may qualitatively suggest that these differences in the
reversibility of redox activity of the LRNM electrode are likely due to a more resistive
electrolyte/electrode interface in the case of the 0.2LiTFSI-0.8EMIFSI solution. Thus, the properties
of the cathode-electrolyte interphase (CEI) layer are apparently affected by the nature of the anion. A
more detailed comprehension of these CEIs would likely shed light, but it is, however, beyond the
scope of the present work.
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Figure 4.2: Selected voltage vs. capacity profiles (panels A-C) and cycling performance (panels D-
F) of LI/LRMN cells containing the 0.2LiTFSI-0.8N1114FSI (panels A and D), 0.2LiTFSI-
0.8N1114TFSI (panels B and E) and 0.2LiTFSI-0.8N122(201) TFSI ionic liquid electrolytes at different
current rates (0.05C-1C). Temperature: 30 °C.

Turning to the ammonium-based electrolytes, the performance in lithium metal cells (Figure 4.2)

suggests a scattered instability upon charge, even if appreciable reversible capacity values
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(approaching 200 mA h g at the 1% cycle) are obtained. It is to note that, conversely to the behavior
observed in EMI electrolytes (Figure 4.1), the ammonium TFSI formulations perform better than the
FSI one, clearly indicating how an important role is played also by the cation. Upon cycling, the cells
employing ammonium-based electrolytes show randomly extended oxidative steps, involving
capacities of hundreds or thousands mA h g*. These results, as well as those recorded for the EMI-
based IL electrolytes, have been confirmed in triplicate tests by applying prolonged and repeated
drying procedures of all cell components (including the electrolyte blends and electrodes) and the use
of different batches of lithium counter-electrodes. This behavior is a direct indication for the
occurrence of parasitic oxidation reactions at the positive electrode surface and/or parasitic reduction
at the negative electrode surface (lithium). The onset of these processes likely originates from the
breaking of the CEI or the SEI (cathode/solid electrolyte interphase).

4.3.2 Prolonged cycling test

The 0.2LiTFSI-0.8EMIFSI electrolyte formulation, showing the most promising performance, was
subjected to prolonged charge-discharge cycling tests in Li/LRMN cells (Figure 4.3). No appreciable
modification of the voltage vs capacity profiles is observed after the 1% cycle, both in the following
charge and discharge steps, thus highlighting the good reversibility of the Li* intercalation process.
The specific capacity, displaying an initial value greater than 210 mA h g (corresponding to 84 %
of the theoretical one with an efficiency around 78 %) at 0.1C (panel A), is seen to progressively
approach a plateau upon cycling. Around 150 mA h g* was delivered after more than 50 cycles, with
a time-stable coulombic efficiency around 96-97 % after the 3" (dis)charge cycle (panel B). No
appreciable electrolyte degradation is detected, i.e., no modification of the voltage profiles is observed
upon cycling, even if further studies about the latter issue need to be conducted. Much better
performance is observed in optimized LRMN electrodes (panel C), displaying an initial reversible
capacity exceeding 260 mA h g (at 0.1C) with a coulombic efficiency around 83 %. An excellent
cycling behavior is displayed even at medium rate (0.5C), i.e., above 165 mA h g* was delivered
after 500 charge-discharge cycles (100 % Deep of Discharge, DoD), corresponding to more than 89
% of capacity initially delivered at 0.5C (capacity fading equal to 0.02 % per cycle) with a coulombic
efficiency levelling 100 % (panel D). These data indicate very good compatibility of the 0.2LiTFSI-
0.8EMIFSI electrolyte with high-voltage LRMN cathodes, once more confirming the high
electrochemical stability of the electrolytic formulations developed in the Si-DRIVE Project. The
cycling performance reported in Figure 4.3 is higher than that recorded in organic standard
electrolytes [218,220,221]
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Figure 4.3: Selected voltage vs. capacity profiles (panels A and C) and cycling performance (panel
B and D) of Li/LRNM cells containing the 0.2LiTFSI-0.8EMIFSI ionic liquid electrolyte at 0.5C
current rate. Panels C and D are referred to optimized LRMN cathodes. Temperature: 20 °C [118].

4.3.3 Effect of lithium salt

The results depicted in Figures from 4.1 through 4.3 shows EMIFSI is the best performant IL with
LRMN cathodes and, therefore, was selected as the IL component of the electrolytes. In addition,
because of the very good behavior exhibited by the FSI anion, LiFSI was used in combination with
EMIFSI (LiFSI: EMIFSI mole ratio = 1:4) and compared with LiTFSI till now employed as the
lithium salt. The results, illustrated in Figures 4.4 and 4.5 for sieved LRMN, show the performance
recorded in LiI/LRNM cells, using the 0.2LiTFSI-0.8EMIFSI and 0.2LiFSI-0.8EMIFSI electrolytes.
Figure 4.4 plots selected cell voltage vs. capacity profiles obtained at different current rates. The 1%
charge profile differs with respect to the following ones for the structural reorganization occurring in
the material, resulting from the involvement of oxygen in the redox reactions [118,218,220,221]. In
the 1% discharge and in all following charge/discharge cycles (panels A and B) rather featureless
voltage slopes are observed with no substantial modification with increasing the current rate up to
10C, apart a progressive increase of the ohmic drop and of the profile slope ascribable to diffusive
phenomena within the cathode and (at higher current rates) the electrolytes. This supports for the

good reversibility of the Li* intercalation process. Overall, also the use of LiFSI salt does not alter
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the expected reaction mechanism occurring in these materials, in agreement with the CV results

reported in Figure 2.18.
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Figure 4.4: Selected voltage vs. capacity profiles (panel A and B), cycling performance (panel C and
D) and delivered capacity vs. current rate dependence (panel E) of Li/LRNM cells containing the
0.2LiTFSI-0.8EMIFSI and 0.2LiFSI-0.8EMIFSI ionic liquid electrolytes at different current rates.
Temperature: 20 °C. Sieved LRMN was employed.

The cycling tests (panel C) show an initial reversible capacity around 320 mA h g* (at 0.1C) with

a coulombic efficiency above 72 % for both electrolyte formulations, which exhibit analogous
performance up to a current rate of 1 C, i.e., delivering about 220 mA h g* corresponding to 68 % of
the nominal capacity. At higher current rates (> 2C) higher capacity values are recorded for the
0.2LiFSI-0.8EMIFSI electrolyte, due to the faster ion transport properties of the LiFSI electrolytes
[58]. For instance, more than 150 mA h g are still delivered at 2C (corresponding to a current density
above 2.0 mA cm) whereas a further capacity decay, even if displaying still appreciable values, is
observed at current rates > 5C, suggesting that the electrolytes are governed by diffusive phenomena.
Further cycling at 1C (panels C and D), run after those carried out at 10C, show a fully capacity
recovery up to 200 mA h g* followed by a less relevant decay in 0.2LiFSI-0.8EMIFSI cells, i.e., 75
mA h g1, still exhibited after 290 cycles (capacity fading < 0.17 % per cycle), are however reached
in 0.2LIiTFSI-0.8EMIFSI cells after 110 cycles (capacity fading > 0.45 % per cycle). A higher charge-
discharge efficiency (> 99 %) is seen for the 0.2LiFSI-0.8EMIFSI electrolyte. The discharge capacity
evolution of the LiI/LRMN cells as a function of the current density, reported in panel E, is
characterized by two different linear trends, which may be associated with two distinguished regions:
i) a lower rate region (< 1 mA cm?) where the capacity is limited by the diffusion phenomena taking
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place within the electrode active material phase [222—224]; ii) a higher rate region (> 1 mA cm)
characterized by a more pronounced slope of the capacity vs. current density curve. The more
remarkable decrease in capacity is due to the limitation originating from diffusive phenomena
occurring in the ionic liquid electrolyte [222-224]. Therefore, a value of 1 mA cm, corresponding
to a current rate equal to 1C, may be considered as the current density limit for this electrolyte
formulations. Above this threshold, the electrolyte is governed by diffusive phenomena.

Cycling tests (Figure 4.5), carried out on a different 1.4 LRMN batch (sieved active material) at
constant medium rates (0.5C, i.e., of interests for Si-DRIVE applications), have shown slightly higher
initial reversible capacity (around 350-360 mA h g* at 0.1C for both electrolyte formulations) but
lower coulombic efficiency, i.e. 53 % (0.2LiTFSI-0.8EMIFSI) and 67 % (0.2LiFSI-0.8EMIFSI). This
behavior, requiring a deeper investigation for a better understanding, is likely ascribable to different
structural reorganization occurring in LRMN (i.e., involvement of oxygen in the redox reactions) as
previously discussed in Section 4.3.1 [219-221], with respect to that of other active material batches
reported in Figures 4.1 and 4.3. For instance, higher irreversible capacity is observed, this suggesting
larger electrolyte degradation. A higher capacity retention (panel B) is evidenced, in the following
tests run at 0.5C, in the 0.2LiFSI-0.8EMIFSI cells which exhibit more than 270 mA h g* (vs 245 mA
h g* delivered by the 0.2LiTFSI-0.8EMIFSI cells) after 120 cycles, corresponding to about 89 % of
the initial capacity (delivered at 0.5C) with a fading lower than 0.1 % per cycle (0.15 % per cycle
recorded for the 0.2LiTFSI-0.8EMIFSI cells). Once more, better cycling behavior is exhibited by the
0.2LiFSI-0.8EMIFSI cells in LRMN high-voltage cathodes.
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Figure 4.5: Voltage vs. capacity profile of the 1% charge-discharge cycle (panel A) and discharge
capacity evolution (panel B) of LI/LRNM cells containing the 0.2LiTFSI-0.8EMIFSI and 0.2LiFSI-
0.8EMIFSI ionic liquid electrolytes at 0.5C. Temperature: 20 °C. Sieved LRMN was employed.

To summarize, the results reported in Figures from 4.1 to 4.5, indicate a better behavior for the
0.2LiFSI-0.8EMIFSI electrolyte formulation, exhibiting performances comparable, if not higher,
with respect to those observed in organic standard lithium battery solutions [118,218,220,221].
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4.3.4 Cyclic voltammetry investigation

The lithium intercalation process of the LRMN cathodes in the 0.2LiTFSI-0.8EMIFSI and
0.2LiFSI-0.8EMIFSI electrolyte formulations was investigated through CV tests (Figure 4.6)
conducted at progressively increasing current rates and 20 °C. In agreement with the results reported
in literature [115,218,220,221], the 1% anodic scan (thick trace), run at low rate (0.05 mV s*) for
better evidencing the lithiation process, show weak and broad features (Li* alloying) in the 3.5-4.2 VV
voltage range, observed also in the corresponding cathodic scan (panels A and B). These specific
current (normalized towards the LRMN active material weight) vs voltage profiles are coherent with
the expected lithiation mechanism proposed in literature for the lithium-rich, layered oxide materials
[219-221]. A well-pronounced peak, missing in all subsequent sweeps, is evidenced around 4.65 V
(panels A and B), due to structural reorganization (i.e., crystalline phase modification) occurring in
the LRMN material [217] and in agreement with the cycling test results (Figure 4.1-4.5). The increase
of the scan rate leads to progressive enhancement of the current vs. voltage profiles (both in the
cathodic and anodic verse) with only modest shift of the maximum value, indicating relatively fast
kinetics of the lithium intercalation process. The raise in the current value recorded through the cells
is a direct consequence of the increase of the scan rate based on the Randles-Sevcik equation as
reported for the Si anodes in Section 3.3.1. The linear correspondence between current and scan rate
values is attributable to the fact that the current is given by the charge per unit of time. The current
flowing through the electrode is limited by the diffusion of the species located on its surface and,
therefore, the ion flow due to the diffusion process is affected by the concentration gradients that are
formed inside the electrolyte. These gradients are influenced by the voltage value of the cell
(described by the Nernst equation) and, therefore, a faster variation of the voltage causes higher
concentration in the proximity of the electrode. This results in increase in the number of electron
equivalents exchanged and, likewise, in the value of current through the electrochemical cell.

The good reversibility of the lithiation process is highlighted by the correspondence between the
cathodic and anodic features, suggesting high coulombic efficiency, and by the reproducibility of the
CV traces even at high scan rates (i.e., the 21% cycle, run at 0.05 mV s and subsequent to the CV
tests carried out at much higher scan rate, is very close to the initial ones subjected to analogous scan
rate). All current vs. voltage profiles are distinguishable even at 1 mV s both in 0.2LiTFSI-
0.8EMIFSI and in 0.2LiFSI-0.8EMIFSI cells, once more witnessing for quick Li* intercalation
kinetics. It is worthy to note that the use of the IL-based electrolytes does not alter the expected
reaction mechanism occurring in these materials. Prolonged CV tests (panels C and D), run after the
CVs reported in panels A and B, display well-defined specific current vs voltage profiles even upon
100 consecutive cycles at 1 mV s?. Three main features, located around 3.3, 4.2 and 4.6 V
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respectively, are evidenced in the anodic verse (Li* intercalation), and around 2.9, 3.6 and 4.4 V in
the cathodic scans (Li* de-intercalation). The reversibility of the intercalation process is witnessed by
the good correspondence between the cyclic voltammetry profiles, which only moderately are seen
to decrease after 100 cycles, this highlighting remarkable reproducibility of the CV traces. The
replacement of the LiTFSI salt with LiFSI does not lead to any relevant change of CV profile shape
and/or shift of the voltage-current features, even at high scan rates. Also, no practical improvement
in terms of cycling performance and capacity retention is observed. However, it should be noted a
higher capacity stored during the anodic sweep for LiFSI electrolytes (comparison among the area of
current-voltage profiles) with respect to the LiTFSI ones, whereas very similar and reproducible

features are highlighted during the cathodic sweep.
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Figure 4.6: CV traces of Li/LRMN cells containing the 0.2LiTFSI-0.8EMIFSI (panels A and C) and
0.2LiFSI-0.8EMIFSI (panels B and D) electrolytes at different scan rates (panel A and B) and 1 mV
st (panels C and D). T = 20 °C.

92



4.4 Conclusions

Cycling tests run in Li/LRMN cells allowed to select EMIFSI as the most suitable IL component
for the electrolytes. Nominal capacities exceeding 320 mA h g* were exhibited with excellent
retention, i.e., about 90 % of the initial capacity was delivered after 500 cycles. Better rate capability
was shown by the LiFSI electrolytes.

The lithiation process of LRNM in different IL-binary mixtures was analyzed by cyclic
voltammetry measurements, run at increasing scan rates and for prolonged cycles. Voltammetry
highlighted good reversibility and efficiency of the Li* intercalation process, indicating good
compatibility of both, the LITFSI-EMIFSI and LiFSI-EMIFSI, electrolytes with LRMN electrodes.
However, the full-FSI display higher specific current even after prolonged CV test (> 200 cycles),
indicating larger charge amount involved in the lithiation process.

To summarize, the full-FSI electrolyte exhibit comparable, if not higher performance with respect
to those observed in organic standard solutions in LRMN cathodes, this again highlighting the good

compatibility towards these kinds of lithium battery electrodes.
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5. Hard carbon anode for Na-ion batteries

lonic liquid electrolytes boost -
reversibility in hard carbons for
sodium-ion batteries

5.1 Introduction

Sodium-ion batteries (SIBs) are considered a promising alternative technology to the lithium-ion
one for stationary energy storage systems. Among negative electrodes for Na-ion cells, graphite, the
most widely used one in Li-ion batteries (L1Bs) is unfortunately poorly active [225,226]: apparently,
the reversible electrochemical intercalation of sodium ions within the graphite layers is limited to the
NaCes stoichiometry to be compared to the LiCe for LIBs [227]. The most effective alternatives to
graphite for SIBs anodes are hard carbons (HCs), titanates and conversion materials [32,228]. The
so-called non-graphitizable hard carbon attracted great attention thank to the large specific capacity
in SIBs, low operative voltage and cycling stability. Moreover, hard carbons can be obtained starting
from waste biomasses or natural products [229-231] and thus, their synthesis almost does not rely on
non-renewable raw materials. Overall, HCs are eco-friendly, cheap and, therefore, suitable for large-
scale production and commercialization.

HCs, obtained by chemical or thermal process from organic materials [232], show high mechanical
hardness and micro-to-meso-porosities closely related to the precursor morphology [233]. In aprotic
SIBs with carbonate-based electrolytes, HC anodes suffer high irreversible capacity losses in the first
cycle followed by unsatisfactory coulombic efficiency upon cycling, i.e., in many cases below 99%
[234,235] in Na metal cells [236,237]. This drawback originates from the parasitic reactions involving
the electrolyte degradation (reduction) at low potentials, leading to the precipitation of decomposition
product and consequent growth-up of the SEI layer (Solid Electrochemical Interface). Unfortunately,
the SEI consolidation on HCs for SIBs is not affective like in the case of graphite for LIBs. In fact,

previous X-ray photoemission studies proved the evolution of the SEI composition grown on HCs
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for more than 10 galvanostatic cycles in sodium metal cells [128]. This detrimental phenomenon is a
serious drawback for SIBs and also hinders the overall safety of the battery [236,238].

In the last two decades, various strategies have been demonstrated to improve the battery safety
and reliability: as an example, by replacing the common organic-based solutions with ceramic,
polymeric and ionic liquid (IL) electrolytes [52-54]. Among these, ILs are widely considered as safer
electrolyte solvents compared to carbonates. Up to present only few ILs chemistries, mainly based
on the pyrrolidinium cation [114,115], have been studied in SIBs despite the innumerable possible
variety of potentially applicable ILs.

In the present PhD thesis activity, we have screened different IL families for being addressed to
SIB systems. Based on the results reported in Chapter 2, the EMIFSI and Ni114FSI electrolyte
formulations were selected for investigation with HC anodes.

5.2 Experimental Section

5.2.1 Materials and Methods

The EMIFSI and Ny114FSI electrolyte formulations were prepared as described in Chapter 2. The
IM NaTFSI in PC + 3 wt.% FEC organic solution, used for comparison purpose, was purchased by
Solvionic.

The hard carbon material (developed and provided by La Sapienza University of Rome) was
synthetized (starting from an organic precursor, i.e., D- (+)-Glucose (powder, Sigma Aldrich 99.5%
purity). D-(+)-Glucose was de-watered) according to a route described in detail elsewhere [128].
Composite electrodes were prepared by casting N-methyl pyrrolidone slurries of the HC (75% in
weight) mixed with super-P carbon (15 wt.%) and polyvinylidene difluoride binder (10 wt.%) on 20
um thick Al foils. The mean mass loading of the electrodes was about 1.0 mg cm2, corresponding to
a theoretical capacity of 0.3 mA cm™ (300 mA h g1). The HC electrodes were punched in disks with
10 mm diameter, dried overnight under dynamic vacuum at 120 °C and stored in an Ar-filled glove
box (Jacomex, Dagneux, France, O and H2O level < 1 ppm). All materials as well as the cell

manufacturing were stored and handled in an Ar-filled glove box.

5.2.2 Electrochemical measurements

The Na* intercalation/deintercalation process in the HC active material and the SEI formation onto
the electrodes were studied by cyclic voltammetric (CV) analysis paired with potentiostatic
electrochemical impedance spectroscopy (PEIS) measurements. CV tests at different scan rates and
run for prolonged cycles, associated with PEIS measurements, were performed on 0.1NaTFSI-
0.9EMIFSI and 0.1NaTFSI-0.9N1114FSI electrolytes in Na metal cells using HC as the working
electrode material. Coin cells (CR2032) have been assembled (i.e., Na/0.1NaTFSI-0.91L/HC galvanic

95



chain) by coupling a hard-carbon working electrode, two glass fiber disk (16 mm diameter, 100 um
thickness) separators (Whatman TM, Maidstone, UK) soaked with 150 ul of electrolyte, and a sodium
metal (American Elements, Los Angeles, CA, USA) disk (10 mm diameter, 100-200 pm thickness)
counter electrode. The CV tests were carried out between 0.01 to 2.2 V vs the Na*/Na° redox couple
at increasing scan rates, i.e., from 0.05 to 1 mV s (running four consecutive cycles for each selected
scan rate). Finally, the Na/HC cells were subjected to 500 consecutive CV cycles carried out at 1 mV
s, Impedance measurements were run on the as manufactured cells, at the end of each CV family (at
increasing scan rate) and after prolonged CV test, in the frequency range from 10 kHz to 0.1 Hz with
10 mV amplitude voltage.

The performances of HC material in Na metal cells, using the 0.1NaTFSI-0.9EMIFSI, 0.1NaTFSI-
0.9 N1114FSI and 1M NaTFSI in PC + 3 wt.% FEC (for comparison purpose) electrolytes, were
evaluated by galvanostatic charge-discharge (GC) measurements. Three electrode cells were
assembled using HC as the working electrode and Na metal as both counter and reference electrode
(10 mm diameter). Two fiber glass disks (10 mm diameter), embedded with the IL electrolyte, were
used as the separator. GC tests were performed at 0.1C, 0.2C, 0.5C and 1C current rates in the 0.01-
2.2 V voltage range. The cycling tests were run in external environment (instead within a climate
chamber) to point out the temperature effect on the electrode performance.

All the electrochemical tests were carried out using a Biologic (Seyssinet-Pariset, France)
multichannel battery cycler.

5.2.3 Interfacial characterization

Raman spectroscopy measurements were registered using a DILOR LabRam confocal micro-
Raman with a He-Ne laser source at 632.7 nm. All samples were loaded in 3D printed holders (poly
lactic acid) sealed with a 0.155 mm transparent glass window to avoid undesired reactions with air
moisture. The Raman energy shift was calibrated using a Si wafer. The Raman peak fitting procedure
was carried out by using Voigt function. Besides the pristine electrodes, all spectroscopic experiments
were performed on samples collected post-mortem from cells in different states of charge: i) pristine
material; ii) 1 discharge at 0.1C; iii) 1 cycle at 0.1C; iv) 2 cycles at 0.1C + 8 cycles at 0.2C and v) 2
cycles at 0.1C + 8 cycles at 0.2C + 1 discharge.

The XPS analysis was registered using a Kratos AXIS ULTRA spectrometer with a
monochromatic Al Ka X-ray radiation source (hv = 1486.6 e¢V). Pass energy of 160 eV for survey
spectra and 20 eV for narrow regions were used. The C 1s line at 284.8 eV was used as a charge
reference. The FIB-SEM measurements were performed by a Helios G4CX. Both the top surface and
the cross-section of the HC electrodes were examined. The electrode morphology was investigated
using secondary electron (SE) images. The elastic scattering between the primary electrons and the
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atoms is proportional to the Z number: therefore, heavier elements provide a stronger signal, resulting
in a brighter BSE image. Both measurements were performed on post-mortem HC electrode, obtained
after dismantling the cells and rinsing in tetrahydrofuran. The measurements were conducted in high

vacuum for avoiding air contamination.

5.3 Results and discussions

5.3.1 Sodium intercalation process

Cyclic voltammograms are shown in Figure 5.1 at different scan rates (panels A and B) and after
prolonged cycles (panels C and D) for both the EMIFSI and N1114FSI based electrolytes. Current
values have been normalized with respect to the HC mass loading of electrodes (specific current). A
broad and intense feature, related to the electrochemical passivation layer (SEI) formation on the HC
surface [96,128] and located around 0.6 V vs the Na*/Na redox couple, can be observed for both IL
electrolyte formulations during the 1% cathodic scan (black trace) conducted at low scan rate (0.05
mV s1). This peak disappears in the following cycles, suggesting negligible degradation processes of
the electrolytes. Generally, sodium insertion into the HC electrode occurs through a two-step storage
mechanism: i) Na* intercalation into graphene layers above 200 mV vs. Na*/Na and ii) Na* insertion
into micropores formed by the pseudo-graphitic domains with an oxidation state close to that of Na
metal, which is detected below 200 mV [32,97,226,239]. The presence of two well-defined features
around 0.15 V and 0.7 V (related to this two-step mechanism insertion) can be observed, in both
electrolytes, during the first cycles at low scan rate in line with the expected sodium ion incorporation
mechanism. A good reversibility of the electrochemical sodiation is observed even at high scan rates
and during prolonged cycles. The increase of the scan rate results in the expected intensity
enhancement of the current vs voltage profiles (both in the anodic and cathodic branches) with only
modest shift of the maximum value, likely due to diffusion following the Randles-Sevcik equation
[37,240]. The 0.1NaTFSI-0.9N1114FSI cells show larger value of the specific current related to the
electrochemical processes with respect to the 0.1NaTFSI-0.9EMIFSI ones, indicating larger Na*
equivalent exchange and, therefore, a larger capacity delivered by the sodium (de)intercalation.

Prolonged cyclic voltammetry analysis has been performed in challenging conditions (500 cycles
at 1 mV s?) to further demonstrate the reversibility of the sodiation processes in hard carbon
electrodes. The results, displayed in Figure 5.1C (EMIFSI electrolyte) and 5.1D (Ni114FSI
electrolyte), show well-defined current-potential profile around 0.5 V (cathodic scan) and 0.6 V
(anodic scan) for both electrolytes. Furthermore, the excellent reproducibility of voltammograms
cycle-by-cycle confirms the outstanding reversibility of the Na™ intercalation, even after hundreds of
cycles for both IL electrolytes. This evidence is a possible clue of outstanding retention capacity for

the hard carbon electrodes in any electrochemical cycling test. The Na/HC cells containing the
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0.1NaTFSI-0.9N1114FSI electrolyte show stronger voltammetry curves with higher specific current

value, indicating a larger amount of charge involved in the sodiation process.
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Figure 5.1: Cyclic voltammetries of Na/HC cells containing 0.1NaTFSI-0.9EMIFSI (panels A and
C) and 0.1NaTFSI-0.9N1114FSI (panels B and D) electrolytes at different scan rates (panel A and B)
and for prolonged cycles with a scan rate of 1 mV s*(panel B and D). T = 20 °C.

As observed for the silicon (Chapter 3) and LRMN (Chapter 4) electrodes, the increase in the
current value recorded in the CV tests reflects the raise in the scan rate, i.e., in line with the Randles-
Sevcik equation [37,240]. Therefore, all voltammograms (recorded at different scan rates) have been
analyzed to evaluate the diffusion coefficient Do (cm? s1) of the sodium ions at electrolyte/ anodes.
The peak current (ip) values, related to the C parameter and associated to the sodium insertion-
extraction with the respective redox potential (Ep), are summarized in Table 5.2. The peak current
ratio of the anodic (ipa) and cathodic (ipc) scans is almost equal to unity in both IL electrolyte
formulations, suggesting reversible intercalation process and no chemical reaction coupled with the
electron transfer [241].
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Table 5.2. Anodic (ipa) and cathodic (ipc) peak current values, and related anodic (Epa) and cathodic
(Epc) peak voltage, determined at different scan rates for Na/HC cells using the 0.1NaTFSI-
0.9EMIFSI and 0.1NaTFSI-0.9N1114FSI electrolytes. T = 20 °C.

Scan rate / mV s? 0.05 0.1 0.2 0.5 1

0.INaTFSI-0.9EMIFSI  ipa/A (2.8£0.1)x102  (3.740.2)x102  (6.6£0.3)x102  (13.240.7)x102  (21.7+1.1)x107
Epa/V  (13.0+0.6)x102 (18.0+0.9)x102 (24 + 1)x102 (46 £2)x102  (55.0+2.7)x10?
ipc/ A (-1.920.1)x102  (-3.820.2)x102  (-6.6+0.3)x102  (-12.3+0.6)x10?  (-212 + 1)x10?

Ep/V  (11.0205)x102 (13.0£0.6)x102 (22 +1)x10? (43 £ 2)x10? (37 £ 2)x10?
0.INaTFSI-0.9N1114FSI ipa/ A (3.440.2)x102  (3.840.2)x102  (5.5£0.3)x102  (10.9£0.5)x102  (18.5:0.9)x107

Epa/V  (14.0£0.2)x102 (17.0£0.8)x102 (22 + 1)x10? (52 £ 3)x10? (68+ 3)x102
ipc/ A (-2.130.1)x102  (-3.840.2)x102  (-5.5+0.3)x102 (-10.5+0.5)x102  (-18.1+0.9)x102

Ep/V  (10.0+05)x102 (13.040.6)x102 (30 + 2)x102 (52 £ 3)x10? (49 £ 3)x10?

Figure 5.2 plots the ipa and ipc current values against the square root of the scan rate for Na/HC cells
in 0.1NaTFSI-0.9EMIFSI and 0.1NaTFSI-0.9N1114FSI electrolytes. A straight-line dependence (crossing
the axes origin) is observed, supporting for the diffusive nature of the sodium insertion in the hard carbon
electrode. The Do parameter was calculated through the slope ip/v*? (proportional to the square root of the
diffusion coefficient) [242-244], obtained by linear fitting (Figure 5.2). Comparable diffusion
coefficients, related to the electrolyte/electrode interface, were found for both IL Na-formulations, with a
moderately higher value ((4.9 + 0.3) x 10° vs (3.5 + 0.2) x 10° cm?2s?) for 0.1NaTFSI- 0.9EMIFSI likely
due to the faster ion transport properties of the EMIFSI ionic liquid [93]. The error on the D values was
found to be equal to 5 %. It is to note that they are one order of magnitude lower with respect to those
reported in literature for organic electrolytes and determined through different techniques [245-247],
likely due to the higher viscosity of the IL electrolyte medium.
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Figure 5.2: Dependence of the peak current on the square root of the voltage scan rate, referred to the

—T—
0.01

sodium insertion/ extraction into/from HC electrodes, in 0.1NaTFSI-0.9EMIFSI and 0.1NaTFSI-
0.9N1114FSI electrolytes. T = 20 °C.
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5.3.2 Impedance measurements

The AC responses, recorded during each CV tests run at different scan rates (Figure 5.1), of Na/HC
cells in 0.1NaTFSI-0.9EMIFSI (panel A) and 0.1NaTFSI-0.9N1114FSI (panel B) electrolytes are
reported in Figure 5.3 as Nyquist plots. A medium-high frequency (10 kHz -100 Hz) semicircle pattern,
related to the overall interfacial resistance [178,248,249], is observed, followed by a straight line (100 —
1Hz) which is related to the HC electrode capacitance [178,248,249]. The high-frequency intercept of the
semicircle with the real axis gives the bulk resistance of the IL-based electrolyte. The AC responses have
been fitted by a proper equivalent circuit model (Figure 5.3) where Rouk and Rint are the electrolyte and
overall interfacial resistance, respectively, Qai is the constant phase element taking on account for the
double layer capacitance and C; is the electrode limit capacitance [178,248,249]. Rypuk is found to be
around 3 and 25 Q cm? (at 20 °C) for 0.1NaTFSI-0.9EMIFSI and 0.1NaTFSI-0.9N1114FSI cells,
respectively, i.e., in good agreement with the ionic conductivity values reported in previous paper [93]
supporting for faster ion transport properties for the EMIFSI electrolyte (8.6x1073 vs 1.8x10° S cm™). As
summarized in Table 5.3 and evidenced in Figure 5.4, no relevant increase of the Ryuk Value is observed
during CV cycles run at increasing scan rates, suggesting no appreciable degradation processes on the

electrode surfaces in both IL electrolytes.
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Figure 5.3: AC response, carried out during the CV tests reported in Figures 5.1A and 5.1B, of a Na/HC
cell in 0.INaTFSI:0.9EMIFSI (panel A) and 0.1NaTFSI:0.9N1114FSI (panel B) electrolytes. The

equivalent circuit model is also reported in both panels. T =20 °C

The evolution of the Rouk and Rint parameters against the scan rates is displayed in Figure 5.4. A
progressive reduction of the interfacial resistance during the CV tests is observed, i.e., from 240 to 110 Q
cm? and from about 270 to 145 Q cm? for the 0.1NaTFSI-0.9EMIFSI and 0.1NaTFSI-0.9N1114FSI cells,

respectively, due to an improvement of the electrolyte/HC interface probably ascribable to the increase
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in electronic conductivity of the HC active material during the sodiation process, which promotes the
electrochemical reaction kinetics [179]. Finally, the Qa element is found to be of the order of 10° F, i.e.,

as expected for double layer capacitance in lithium or sodium battery systems [178,248,249].

Table 5.3. Rouik (Q cm) and Rint (Q cm?) parameters, associated to Na/HC cells containing the 0.1NaTFSI-
0.9EMIFSI or 0.1NaTFSI-0.9N1114FSI electrolyte, determined in OCV condition after CV tests run at
increasing scan rates (Figure 5.1). T = 20 °C.

Scan rate /mV s Pristine  0.05 0.1 0.2 0.5 1

0.INaTFSI-0.9EMIFSI Rpuk 2.6+01 21+01 2601 33x02 40+£02 44+02
Rt 118+6 240+20 230+x20 181+9 131+7 1096

0.INaTFSI-0.9N1114FSI - Rpuk 272 18+1 24 +2 29+2 262 24 £2
Rine 290+20 270+20 230x20 171+9 158+8 145+6
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Figure 5.4: Evolution of the electrolyte (Rouik) and overall interfacial (Rint) resistance, during CV tests

run at different scan rates (Figure 5.1), for Na/HC cells in 0.1NaTFSI-0.9EMIFSI and 0.1NaTFSI-
0.9N1114FSI. T =20 °C.

Figures 5.5 compares the Nyquist plots, related to 0.1NaTFSI-0.9EMIFSI and 0.1NaTFSI-0.9N1114FSI
cells, obtained during the CV tests reported in Figure 5.1. The AC responses taken after each CV family
run at increasing scan rates (Figures 5.1A and 5.1B), reported in panels A and B, were above discussed
for Figure 5.3. Figures 5.5C and 5.5D display the Nyquist plots obtained during prolonged CV analysis
(Figure 5.1C and 5.1D). Again, no variation of the AC response shape was observed for both Na/HC
cells. The Ryuk value, recorded after 500 cycles, is close to the initial one, confirming the absence of

degradation phenomena within the IL electrolytes. No practical increase of the Rint resistance (close to
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180 Q cm?) is seen for the EMIFSI cells, indicating stable electrolyte/electrode interface during the CV
tests. Conversely, a marked decrease (from 260 to 180 Q cm?) is observed for the N1114FSI ones,
suggesting a morphological and/or structural gradual variation of SEI on the electrode surface and
upholding the behaviour displayed Figure 5.5A and 5.5B. Therefore, the N1114™ cation seems to play a

favourable role for the SEI composition on the HC and Na surfaces.
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Figure 5.5: AC responses taken, under OCV condition, on Na/HC cells containing the 0.1NaTFSI-
0.9EMIFSI and 0.1NaTFSI-0.9N1114FSI electrolytes. The impedance measurements were run during after
the CV tests (reported in Figure 5.1) carried out at different scan rates (panel A and B) and at 1 mVs™
(panels C and D). Frequency range: 10 kHz — 1 Hz. Voltage amplitude: AV =10 mV. T =20 °C.

Figure 5.6 displays the AC response of Na/0.INaTFSI-0.9EMIFSI/HC and Na/0.1NaTFSI-
0.9N1114FSI/HC cells recorded before (panel A) and after (panel C) the sodiation process of the HC

electrode occurred during the 1% cathodic scan (panel B). A further depressed semicircle (Figure 5.6C)
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appears in the medium-low frequency range after the first cathodic scan, due to the growth-up of a passive

layer at the HC/electrolyte interface [248,250]; conversely, no change of electrolyte resistance is seen.
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Figure 5.6: AC response of Na/0.1NaTFSI-0.9EMIFSI/HC and Na/0.1NaTFSI-0.9N1114FSI/HC cells
before (panel A) and after (panel C) sodiation process of the HC electrode occurred during the 1% cathodic
scan (panel B). The insets in panels A and C magnify the high to middle frequency region. Frequency
range: 10 kHz — 1 Hz. Voltage amplitude: AV =10 mV. T = 20 °C.

5.3.3 Cycling behavior
The electrochemical performances of hard carbon electrodes in 0.1NaTFSI-0.9EMIFSI and
0.1NaTFSI-0.9N1114FSI electrolytes have been investigated by galvanostatic cycling measurements at
different current rates. The voltage-capacity profiles (panels A and B of Figure 5.7) display the expected
two-step sodium intercalation process, i.e., a sloping curve at higher voltage (related to the Na*
intercalation into pseudo-graphitic regions) from the OCV until 200 mV vs Na‘/Na°, followed by a
reduced pseudo-plateau around 100 mV as a result of the ion-electron absorption inside the HC electrode
micro-porosity [32,251]. Above 200 mV, 67 % (305 mA h g*) and 77 % (360 mA h g*?) of the overall
capacity are delivered in the EMIFSI and Ni114FSI cells, respectively, during the first Na-insertion
whereas the remaining fraction (33 and 24 %, respectively) is discharged in the pseudo-plateau around
100 mV, according to the data reported in literature [128,251]. A large irreversible capacity (Qir) is
observed during the first discharge, i.e., missing in the following cycles, due to the SEI formation onto
the HC electrode [32], in agreement with the results reported in previous paper [94] for these IL electrolyte
formulations. For instance, a Qirr value levelling 61 % (270 mA h g?) is recorded for the N1114FSI cells
(Table 5.2), i.e., comparable with that observed in organic electrolytes [128,252,253], increasing up to
73 % (335 mA h g?) for the EMIFSI electrolyte (Figure 5.7D). No appreciable change of the
discharge/charge voltage profiles is seen in passing from 0.1C to 1C (panel B), indicating fast kinetics of
the Na* intercalation process in conjunction with the good ion transport properties of the IL electrolytes.
Interesting reversible capacities are exhibited with good rate capability (Table 5.4): for instance, 127,
115, 96, 79 mA h g (EMIFSI) and 175, 163, 135, 109 mA h g (N1114FSI) are observed at 0.1C, 0.2C,
0.5C and 1C, respectively, i.e., comparable with the values reported for organic electrolytes [128].
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Therefore, around 64-66 % of the initial (nominal) capacity (0.1C) is displayed at 1C (panel E). The
coulombic efficiency quickly overcomes 95 % after few cycles in both IL formulations, levelling at 99 %
(panel C) even during very prolonged cycling tests (over 2000 cycles). By increasing the current rate
down to 0.2C from 1C (panel C), the capacity returns to the value initially exhibited (at 0.2C), once more
confirming the very good reversibility of the sodium intercalation process in HC electrodes. It is to be
noted that an excellent capacity retention is shown, i.e., 87% (EMIFSI electrolyte) and 98.2 % (N1114FSI)
of the initial capacity are delivered after 1500 consecutive cycles at 0.2C, corresponding to a fading lower
than 0.0090 % (EMIFSI) and 0.0012 (N1114FSI) per cycle. This superior cycling behavior, largely
exceeding that reported for organic carbonate-based electrolytes [128,179,254] has never been reported
so far in literature. In fact, several electrolytes were investigated in other works [32,40,255], based on PC
and/or ethylene carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate (DEC) solvents, etc., in
combination with NaClOs, NaTFSI or NaPFe as sodium salts, which show values of reversible capacity
close to those reported for the N1114FSI-cell but with significant capacity fading upon cycling and higher
initial irreversible capacity, demonstrating that the choice of the electrolyte plays a key role for good
battery performances. Other innovative and efficient approaches were evaluated to boost the rate
performances and the specific capacity of hard carbon anodes, such as doping with heteroatoms (i.e.,
pyridinic N and thiophene S) through different techniques [256,257], which allowed to enhance the
sodium storage capacity. So, different strategies can be followed to raise the efficiency of hard carbon as
anode, improving its structure and/or designing suitable electrolytes. The superior performances shown
in our case are likely related to the good compatibility of FSI-based ionic liquids, especially N1114FSI,
with respect to the standard commercial battery solvents towards the HC electrodes. This is confirmed
also in consideration of the experimental results recorded on Na metal cells with 1M NaTFSI in PC +
3wt.%FEC electrolyte cycled in analogues operative conditions (Figure 5.7C). Turning back to ILs-based
electrolytes, the reversible capacity vs current density dependence, displayed in Figure 5.7E, does not
show any step decay up to 1C, suggesting that the IL electrolytes are not affected by relevant diffusion
phenomena up to this current rate. To summarize, the Na/0.1NaTFSI-0.9N1114FSI / HC cell configuration
shows better performance, in terms of capacity, retention, rate capability and coulombic efficiency, than
that based on EMIFSI.

Table 5.4: Initial irreversible capacity (Qirr) and reversible capacity, delivered at different scan rates, of

Na/HC cells in different electrolyte formulations.

. 1%t cycle Qirr/ Q/mAhg?
Electrolyte formulation % 01C 02C 05C 1C
0.1NaTFSI-0.9EMIFSI 73 127 115 96 79
0.1NaTFSI-0.9N1114FSI 61 175 163 135 109
PC:NaTFSI+3 wt.% FEC 73 153 144 134 125
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Figure 5.7: Voltage-capacity profiles at different rates (panels A and B), cycling performance (panel C),
1%t discharge-charge curves (panel D) and reversible capacity vs current density dependence (panel E) of
Na/HC cells in 0.1NaTFSI-0.9EMIFSI and 0.1NaTFSI-0.9N1114FSI electrolytes. The cycling behaviour
of Na/HC cells in (LM)NaTFSI-PC + 3 wt.% FEC organic electrolyte is reported (panel C) for comparison

purpose. Room temperature.

5.3.4 Raman characterization

In order to better understand the structural alteration of hard carbon electrodes during the
electrochemical insertion/removal of Na* ions in different electrolytes, micro-Raman spectroscopy
measurements have been carried out on pristine and postmortem samples collected from cells. Figure 5.8
shows the Raman spectra, recorded both in the full discharged (sodiated) and charged (de-sodiated) state
after the 1% and 10™ cycle, of HC electrodes in the 0.1NaTFSI-0.9EMIFSI and 0.1NaTFSI-0.9N1114FSI

electrolytes, while the Raman spectra related to the pristine HC sample was displayed in Figure 5.9. The
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Raman spectra have been analyzed according to the model proposed by Sadezky et al. [256], which
identifies the main components of the hard carbon signals at ~1595 cm™ (G band), ~1340 cm™ (D1 band),
~ 1630 cm (D2 band), ~1500 cm™ (D3 band), and ~1200 cm™ (D4 band), respectively. The curve-fitted
Raman spectrum of the pristine HC electrode (Figure 5.9) shows the D1, D3, and G bands as the main
components, related to microcrystalline graphitic domains, amorphous carbon, and extended graphitic
domains, respectively [258,259], confirming the structure observed in the previous work [128] through
measurements of X-ray diffraction (XRD), Raman spectroscopy, N2 adsorption (BET) and scanning
electron microscopy (SEM). Where the synthesized HC was found to have the characteristic “falling card
structural motif” [260], which consists of randomly graphene sheets packed with large amounts of
micropores. The Ic/lps area ratio, representing the degree of graphitization [261], of the pristine hard
carbon is equal to 0.42, indicating a highly disordered structure. In Figure 5.8 (panel A) the Raman
spectra of sodiated and de-sodiated electrodes cycled in the N1114FSl-based electrolyte show differences
in the profile shape, owed to the sodium insertion. The rise in intensity of the D4 component at ~1150
cm results in the appearance of a left shoulder with respect to the main D1 band component. Moreover,
a slight rise of the D3 contribution at ~1500 cm™, leading to a more pronounced coalescence between D
and G bands, is observed in the case of sodiated samples. These bands are likely attributed to the
amorphous carbon (D3) and the disordered graphitic lattice (D4) [258,259]. No shift of the D1 and G
bands is shown (i.e., comparing the spectra of the sodiated and de-sodiated electrode), suggesting that
sodium is likely incorporated through an adsorption mechanism on the hard carbon surfaces and defects,
or pore filling, whereas intercalation occurs in a secondary process [262].

Conversely, a modification of the Na* insertion mechanism is noted in the 0.1NaTFSI-0.9EMIFSI
electrolyte: a D band shift is detected for the sodiated electrode after the 1% cycle, whereas both D and G
bands look shifted after the 10" cycle. This suggests that Na* insertion firstly involves only the
microcrystalline graphitic domains (D1 band), whereas the extended graphitic domains (G band) are
subsequently involved as the cycle number increases. In addition, the shift of the D and G bands
demonstrates an increase of the d-spacing between the graphene layers owed to intercalation [263].
Avoiding, however, any speculation, it is possible that such a behaviour is originated not only by Na*
intercalation, but also by the simultaneous co-intercalation of the EMI* cation, as reported in previous
paper [261-263], likely because of its reduced size and planarity [24]. The fitting of the Raman spectra,
recorded for the desodiated electrodes after the 1%tand 10" cycle, allows to investigate the modification
occurring in the hard carbon structure upon cycling. The results, reported in panels B (N1114FSI
electrolyte) and D (EMIFSI electrolyte), clearly show no significant shift (Table 5.5) and/or intensity
variation of the Raman feature in N1114FSI electrolyte, supporting for good structural stability. The Ic/Ips
area ratio is seen to decrease from 1.22 to 1.06 upon cycling, however significantly higher than that of

the pristine electrode, suggesting that the HC structure evolves likely enhancing the graphite-like
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character in the N1114FSI electrolyte formulation. Conversely, a relevant shift of the Dz and D4 bands,
both attributed to amorphous carbon, is detected for the electrode cycled in 0.1NaTFSI-0.9EMIFSI. The

Ic/Ips area ratio ranges from 0.51 to 0.43, i.e., very close to the graphitization degree of the pristine HC.

Therefore, the Na* intercalation process in EMIFSI electrolyte involves microcrystalline (D1 band) or

extended (G band) graphitic domains without leading to deep structural modifications, while the

amorphous carbon region is more significantly affected. As the most relevant shift is related to the D4

band, i.e., mainly attributed to C-H termination groups and to the contribution of adsorbed molecules

[226], it can be argued that one of the main causes of the observed variations is likely a change in the SEI

layer morphology or composition. Work is in progress in our labs to investigate this issue.

Table 5.5. Positions of the G, D1, D3 and D4 bands of HC full-charged electrodes after cycling in

0.1NaTFSI-0.9N1114FSI and 0.1NaTFSI-0.9EMIFSI electrolyte.

Electrolyte G oL oS -
(cm?) (cm?) (cm?) (cm?)
0-9NuisFSI-OINaTFSI 1) 1335 1500 1105
1% cycle
10" cycle
0.9EM|FS|-O.1N3TFS| 1595 1340 1498 1120
1% cycle
0.9 EMlFSl-O.ll\tlhaTFS| 1596 1340 1476 1050
10" cycle
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Figure 5.8: Raman spectra, recorded after the 1% and the 10" cycle, of HC electrodes (in the full-
discharged and full-charged state) in 0.1NaTFSI-0.9N1114FSI (a) and 0.1NaTFSI-0.9EMIFSI (c)
electrolytes. Fitting curves of Raman spectra of HC electrodes (in the full-charged state) after the 1%
and 10" cycle in 0.1NaTFSI-0.9N1114FSI (b) and 0.1NaTFSI-0.9EMIFSI (d) electrolytes.
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Figure 5.9: Curve-fitted Raman response of a pristine hard carbon electrode.

5.3.5 XPS analysis on HC anode surface

1
1800

The HC electrodes subjected to the a few cycling tests were undergone to post-mortem analysis

for getting information about the SEI layer composition. All samples were examined in the de-

sodiated state, after 1 and 12 discharge-charge full cycles, respectively. Table 5.6 reports the atomic

percentage of the surface composition of HC anodes. The pristine electrode exhibits high

concentrations of C and F, the latter related to the presence of the PVdF binder, as expected. After

cycling, the HC samples in organic solution show higher concentration of C and F with respect to

those cycled in IL electrolytes, indicating a thinner SEI layer onto the HC surface. Meanwhile, the

electrodes cycled in IL-based electrolyte display a high concentration of S arising from the NaTFSI

degradation products [264,265].

Table 5.6: Surface composition (atom percentage) of pristine and cycled HC electrodes.

Ols C1l1s Nals F1s N1s S2p
Pristine 19 819 -- 16.1 - --
1 cycle 323 185 196 127 54 104
INaTFSI-0.9EMIFSI
0-INaTFS1-0.9 St =z cycle 337 245 164 80 50 112
1 cycle 31.8 236 182 113 45 93
0-INaTFSI-08NuwiaFSt - =75 cycle 341 215 185 87 53 116
0.INaTFSI in PC + 3wt. 1%cycle 293 424 143 113 05 11
% FEC 12hcycle 282 403 154 120 10 1.8

The high-resolution spectra of C 1s, O 1s, Na 1s, F 1s, and N 1s, S 2p, collected on pristine and

cycled HC electrodes, were displayed in Figures 5.10 and 5.11, respectively. The C 1s spectra
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(Figure 5.10) show a feature at 284.5 eV related to the sp? C-C bonds of hard carbon, and the peaks
corresponding to C-N/C-O (286.0 eV), C=0 (287.5 eV), O=C-0/ CO3?* (289.0 eV), and CF, (291.3
eV), the last one associated to the PVdF presence [128,266—268]. The presence of C-O, C=0, and
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Figure 5.10: High-resolution C 1s, O 1s, Na 1s, and F 1s core level spectra obtained on the HC anodes
after 1 discharge-charge cycle and after consecutive sodiation/de-sodiation steps in different
electrolyte formulations (see legend).
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0=C-0/ COs?* species onto the pristine electrodes depends on the external contamination during the
synthesis [128], meanwhile for the cycled electrodes resulting from the decomposition of the
electrolyte and were associated with RCH2Na, Na,CO2R, and carbonate species (i.e., Na;COs,
ROCO2Na) [269-272]. The oxygenated compounds in HC cycled in ILs derived from the pristine
electrode surface as elsewhere observed [268]. The presence of C-O and CO,/COs compound was
also confirmed by O 1s spectra at 533.5 eV and 532.5 eV, respectively [269-272], and by the Na 1s
spectra at 1072.5 eV [40]. The deconvolution of F 1s exhibits a big NaF peak at 684.5 eV [268,269],
according to the Na 1s spectra at 1071.5 eV [273], due to the electrochemical degradation of the TFSI-
, FSI" and FEC species [274]. Also, two other peaks are detected, associated to -CF, (PVdF: 688.4
eV) and -CFs (690.0 eV) species [268], this last derived by TFSI™ anion [268]. The semi-ionic C-F
bonds are considered active sites that may induce the electrolyte decomposition to form a stable SEI
[275,276]. Hence, the NaF species can be found in all electrolyte systems [269]. The -CF2 peak is
less intense in the PC system, suggesting a thicker SEI richer in organic/inorganic compounds.
Three well-define features can be observed from the deconvolution of N 1s XPS spectra (Figure
5.11) for the HC electrodes cycled into IL-based electrolytes. The first two peaks are associated with
the cations, EMI* (401.8 eV) and N*1114 (402.3 eV) [192,268,277], and anions FSI/TFSI" both fall
around 400.0 eV [193,278]. The last peak is ascribable to the nitrides (i.e., NasN) or -NS=0O bond
(398.5 eV) in a polymeric network [268]. The IL signals are from residual IL caught in the porosity
of hard carbon which cannot be eliminated by THF washing and/ or high vacuum [279,280]. Lastly,
the HC electrode surface results covered by a large amount of sulfur products, derived by the
decomposition of anions FSI/TFSI™ (-SO2F-, and -SOx-) [268], as observed from the S 2p XPS
spectra, more intense in IL samples than for PC. In addition, the IL samples show “small” sulfur-
containing species below 164 eV [279,281], inorganic species which into the SEI reduced the
interfacial resistance, and improved Na* migration kinetics [268,282]. It was found in the literature
that the SEI in SIBs is typically formed by an inner layer composed of inorganic species (i.e., Na2COs3,
NaF-, S-, N-containing species, etc.) [40,269], covered by an organic outer layer (ROCO2Na) [283].
The SEI results are richer in inorganic compounds and less homogeneous and thinner [284] with
respect to the one in LIBs, which is moreover dominated by organic compounds [143,285]. The SEI
layer composition, its evolution, and thickness strictly depend on the Na salt [281], and the presence
of IL plays a key role. It has been demonstrated by Sun et al [268] that the SEI formed in the
carbonate-based electrolyte is mainly composed of organic products and partial inorganic compounds
derived from the reduction of TFSI". Conversely, it was found that for electrodes in IL electrolytes,
the outer layer is formed by inorganic products, such as Na>O, NaF, and sodium sulfides, and an inner

layer with oxygenated species. We may guess to have the same behavior in our systems. In fact, the
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HC electrode surface cycled in PC-based electrolyte shows a thicker SEI, richer in organic/inorganic
species. Whereas in the case of HC cycled in ILs, the PVVdF signals result to be more prominent (in
particular for the N1114FSI system), suggesting a thinner SEI, richer in inorganic species, among
which “small” sulfide-based compounds that improved the interfacial properties of the SEI towards

the Na* migration.
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Figure 5.11: High-resolution N 1s, and S 2p core level spectra obtained on the HC anodes after 1

discharge-charge cycle and after consecutive sodiation/de-sodiation steps in different electrolyte
formulations (see legend).

5.3.6 FIB-SEM analysis

In order to gain a more fundamental understanding of the morphology of the SEI layer formed on
the HC electrode surface, cycled in different electrolyte systems, a FIB-SEM was conducted on post-
mortem samples. A comparison of the morphology surface between the pristine HC anode and the

HC electrodes cycled in different electrolyte systems was reported in Figure 5.12. A low-
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magnification SEM image shows severe cracks on the HC surface and the delamination of the HC
cycled in the 0.1NaTFSI-0.9EMIFSI formulation. This observation offers a plausible explanation for
the significant capacity degradation experienced with this electrolyte, shedding light on the
underlying mechanisms responsible for the diminished performance. The repeated contraction and
expansion during the accommodation of Na ions results in a structural change that can lead to cracks
formation, adversely affecting the performance and lifespan of the battery [286]. The surface
morphology changes for the different electrolyte compositions became more evident in the higher
magnification SEM images presented in Figure 5.13. A comparison of these images suggests the
formation of a SEI layer with varying thickness, which is more pronounced in the cases of 0.1Na
TFSI-0.9 EMIFSI (Figure 5.13b) and 1M NaTFSI in PC + 3wt.% FEC (Figure 5.13d) electrolytes,
confirming as observed through XPS analysis. Moreover, upon analyzing the cross-section in Figure
5.14, it becomes increasingly apparent that the evolution of the internal structure is strongly
influenced by the electrolyte composition. The pronounced cracks of the electrode surface after
cycling in 0.1NaTFSI-0.9 EMIFSI and 1M NaTFSI in PC + 3wt. % FEC electrolytes reflect a deeper
penetration of the electrolyte below the surface (Figure 5.14b and 5.14d respectively), occupying the
voids inside the material. For these two electrolyte formulations (Figure 5.14b and 5.14d
respectively) the typical porosity of the material, present in the pristine and in the sample cycled in

NaTFSI-N1114FSI (Figure 5.14a and 5.14c respectively) seems completely disappearing.

HC Pristine

12 charge/discharge cycles in 0.1NaTFSI-0.9 EMIFSI. c) After 12 charge/discharge cycles in

0.1NaTFSI-0.9 N1114FSI. d) After 12 charge/discharge cycles in 1M NaTFSI in PC + 3 wt.% FEC.
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HC Pristine

500nm

Figure 5.13: High magnification (50000x) SE SEM images collected for a) HC pristine anode, b)
after 12 charge/discharge cycles in 0.1NaTFSI-0.9 EMIFSI. c) After 12 charge/discharge cycles in
0.1NaTFSI-0.9 N1114FSI. d) After 12 charge/discharge cycles in 1M NaTFSI in PC + 3 wt.% FEC.

pristine anode, b) after 12 charge/discharge cycles in 0.1NaTFSI-0.9 EMIFSI. c) After 12
charge/discharge cycles in 0.INaTFSI-0.9 Ni1114FSI. d) After 12 charge/discharge cycles in 1M

NaTFSI in PC + 3 wt.% FEC.
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5.4 Conclusions

The Na'-intercalation process of hard carbon (HC) electrodes in 0.1NaTFSI-0.9EMIFSI and
0.1NaTFSI-0.9N1114FSI ionic liquid (IL) electrolytes was investigated through repeated cyclic
voltammetry (CV) tests paired with impedance spectroscopy (PEIS) analysis. High reversibility and
reproducibility of the sodiation process were observed in both electrolyte formulations. More defined
CV profiles were exhibited in 0.1NaTFSI-0.9N1114FSI electrolyte, indicating a larger charge amount
involved in the sodiation process. This trend agrees with the charge-discharge test results, where the
Na/HC cells in the N1114FSI electrolyte show excellent cycling performances with capacity retention
exceeding 98 % of the initial value (175 mA h g™) after more than 1500 cycles with a coulombic
efficiency above 99 %. This superior cyclability represents one of the best, if not the best, results
obtained for hard carbon electrodes in ionic liquid electrolytes, exceedingly even that exhibited in
organic electrolytes.

The chemical/electrochemical stability of the EMIFSI and N1114FSI ionic liquids toward HC
electrodes was confirmed by PEIS measurements, where no appreciable change of the electrolyte
resistance was recorded during the CV measurements. The interface resistance is seen to be reduced
upon cycling, likely due to the improvement of the electrolyte/electrode interface arising from the
electric conductivity increase of the HC electrodes with the Na* insertion. The Na* diffusion
coefficient (Do), evaluated through the Randles-Sevcik equation, was found to be 4.9x10° cm?s™ and
3.5x10° cm?st in the 0.1NaTFSI-0.9EMIFSI and 0.1NaTFSI-0.9 N1114FSI electrolytes, respectively.
These values are one order of magnitude lower with respect to those reported in the literature and
referred to organic electrolytes, likely ascribable to the slower ion transport properties of the ILs.
Raman measurements revealed a more favourable Na® intercalation process for the Ni114FSI
electrolyte whereas a co-insertion of the IL cation can occur in EMIFSI, thus depleting the HC
electrode performance. To summarize, the EMIFSI and, especially, N1114FS|I electrolytes have shown
very good compatibility towards hard carbon electrodes, resulting rather appealing for the realization
of safer, more reliable, and highly performant Na-ion cells.

The solid electrolyte interphase (SEI) on HC electrodes cycled in different electrolytes,
0.1NaTFSI-0.9EMIFSI, 0.1NaTFSI-0.9N1114FSI, and 1M NaTFSI in PC + 3wt.% FEC was analyzed
through X-ray Photoelectron Spectroscopy (XPS) and focused ion beam milling scanning electron
microscopy (FIB-SEM) analysis, to explain the different battery performances in Na-metal cells
observed in our previous study [287].

The composition analysis carried out by XPS analysis on pristine and cycled HC electrodes has
shown that the SEI on HC electrode surface in carbonate-based electrolyte displays a thicker layer,
mainly composed of organic/inorganic compounds, such as ROCO2Na, Na,COsz, and NaF.
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Meanwhile, the HC electrodes cycled in ILs have shown a thinner SEI layer richer in inorganic and
oxygenated species, among which small sulfide-based products, derived by the decomposition of IL,
which reduced the interfacial resistance and improved the Na* migration kinetics.

The morphology characterization on post-mortem HC samples through FIB-SEM analysis has
revealed the presence of several cracks on its surface and delamination of the active material for the
electrodes cycled in 0.1NaTFSI-0.9EMIFSI electrolyte. In addition, the SEI thickness onto HC
electrodes was seen to depend on the electrolyte formulation, i.e., thinner SEI was observed in
0.1NaTFSI-0.9N1114FSI.

Thanks to the combination of the XPS and FIB-SEM analysis, we understood that the HC electrode
cycled in 0.1NaTFSI-0.9N1114FSI electrolyte shows a thinner and compact SEI layer on its surface,
characterized by the presence of inorganic and oxygenated species, especially of small sulfide-based
products, which provide favorable Na* migration through the passivation layer. This supports for the
best cycling performance, in terms of capacity retention, rate capability, and coulombic efficiency,
with high reversibility of the electrochemical processes, showed by 0.1NaTFSI-0.9N1114FSI in
comparison with 0.1NaTFSI-0.9EMIFSI and 1M NaTFSI in PC + 3 wt.%.

115



6. a-NaMnQO2 cathodes for Na-ion batteries

0-NaMnO,
cathode

6.1 Introduction

Analogous to LIBs, the SIB cathode materials represent the technological limit because of their
limited capacity. Therefore, many efforts have been addressed to the development of nano-structured
electrode materials able to improve the SIB performances and decrease their costs [288-290]. Until
now, layered metal oxides (NaMOx), in particular Mn-based layered oxides, have been widely applied
in commercial SIBs for their stable structure and low-cost. NaxMnOy oxides derive from abundant
and cheap metal precursor minerals and are cobalt- and nickel-free (which are toxic for the
environment) [291,292], this reducing the request of precious raw materials.

Focusing on layered NaMnO, cathodes, they exhibit high capacity (over 140 mA h g?) and
excellent electrochemical performance in SIBs [293,294]. The NaMnO; can crystallize in two
different layered phases, the a-NaMnO: stable between 600 and 850°C, and the polymorph B-
NaMnO: thermodynamically stable at higher temperatures (above 850°C) [295]. The a-NaMnO-
crystallizes in a monocline structure [296], while the f-NaMnO in an orthorhombic system [297].
The a-NaMnO> cathode material has attracted our attention for its easier synthesis procedure and the
lower processing temperature: however, this electrode material has shown the worst battery
performances in Na-metal cells using commercial organic electrolyte (1M NaTFSI in PC + 3 wt.%
FEC) with relevant capacity loss during the galvanostatic cycles [295].

Thereafter, we decided to investigate the electrochemical properties of a-NaMnO- in ionic liquid-
based (IL) electrolytes, which already show excellent results when combined with hard carbon anodes
in Na-metal cells [287]. On the basis of the results reported in Chapters 2 and 5, the EMIFSI and

N1114FSI electrolyte formulations were selected for the investigation with a-NaMnO: cathodes.
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6.2 Experimental Section

6.2.1 Materials and Methods

The monocline sodium manganite a-NaMnO. (hereafter NMO) has been prepared by a solid-state
reaction according to a route reported elsewhere [295]. Working electrodes were prepared through
hand-grind mixing of NMO, super P carbon (Timcal), and PVdF-HFP (Kynar Flex 2801) binder in
the weight ratio of 80:10:10, in according to a procedure described in the literature [295]. 10 mm
disks (supported on 20 um thick Al foil) were punched and vacuum-dried at 120 °C overnight. The
mass loading of active material was around 2 mg cm, corresponding to a capacity of 0.4 mA cm
(accounting for a NMO theoretical capacity equal to 208 mA h g). All materials as well as the cell
manufacturing were stored and handled in an Ar-filled glove box (Jacomex, Dagneux, France, Oz and
H20 level <1 ppm).

6.2.2 Electrochemical measurements

The electrochemical characterization was carried out in sodium half-cells assembled using
CR2032 coin-cell containers. The a-NMO, working electrode was coupled with two glass fiber disk
(16 mm diameter) separators (Whatman TM, Maidstone, UK), soaked with the electrolyte, and a
sodium metal (American Elements, Los Angeles, CA, USA) disk (10 mm diameter) as the counter
electrode.

The sodium insertion process in a-NMO- cathodes was investigated by cyclic voltammetric (CV)
analysis, run at different scan rates and for prolonged cycles, combined with potentiostatic
electrochemical impedance spectroscopy (PEIS) measurements. The CV tests were recorded between
2 to 3.8 V vs. the Na*/Na° redox couple at increasing scan rates, i.e., from 0.05 to 1 mV s* (four
cycles for each scan rate). At the end of all family cycles the cells have undergone to 100 cycles at 1
mV st. PEIS was performed on fresh cells and at the end of each scan rate family cycle, in the
frequency range from 10 kHz to 0.1 Hz with 10 mV amplitude voltage. Galvanostatic charge-
discharge tests were carried out on Na/NMO cells (the organic electrolyte 1M NaTFSI in PC + 3
wt.% FEC was used for comparison purposes. The cells were cycled between 2 and 3.8 V vs Na*/Na°®
at current rates ranging from 0.1C to 1C.

All the electrochemical tests, duplicated at least three times for checking the reproducibility of the

results, were carried out using a Biologic (Seyssinet-Pariset, France) multichannel battery cycler.

6.2.3 Interfacial characterization

The X-ray photoelectron spectroscopy (XPS) and the focused ion beam milling scanning electron
microscopy (FIB-SEM) analysis were carried out to get information on the electrochemical passive
layer (SEI) and morphology of the NMO surface. The XPS analysis was registered using the Kratos

AXIS ULTRA spectrometer with a monochromatic Al Ka X-ray radiation source (hv = 1486.6 eV).
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Pass energy of 160 eV for survey spectra and 20 eV for narrow regions. The C 1s line at 284.8 eV
was used as a charge reference. The FIB-SEM measurements were done using Helios G4CX. Both
the top surface and the cross-section of the electrode were examined. The morphology of the
electrodes was investigated using secondary electron (SE) images while the composition was
confirmed through backscattered electron (BSE) imaging. The elastic scattering between the primary
electrons and the atoms is proportional to the Z number. Therefore, heavier elements provide a
stronger signal, resulting in a brighter BSE image. Both measurements were performed in a high
vacuum avoiding air contamination. These analyses were performed on the NMO pristine electrode
and after i) 1 charge-discharge cycle at 0.1C and ii) 1 cycle at 0.1C + 9 cycles at 0.2C. The cells were
dismantled and the NMO electrodes were rinsed with Tetrahydrofuran (Sigma Aldrich, anhydrous,
>909.9%) at least three times, vacuum-dried, and then transferred directly to the XPS and/or FIB-SEM

analysis chamber using a vacuum glass-oven (Buchi) to avoid contamination from external.

6.3 Results and Discussions

6.3.1 Sodium intercalation process

The ability of NMO to reversibly deintercalate/intercalate sodium ions in 0.1NaTFSI-0.9EMIFSI
and 0.1NaTFSI-0.9N1114FSI electrolytes were studied by cyclic voltammetry tests (Figure 6.1). The
current values were normalized with respect to the NMO mass. The initial CV cycle shows several
peaks, in both anodic and cathodic verse, typical of the multistep de-sodiation/sodiation process in
monoclinic NMO [293,295]. The de-sodiation process of a-NaMnO: consists of eight different
oxidation stages at 2.59 V, 2.63 V, 2.73V, 2.80 V, 2.97 V, 3.14 V, 3.48 V, and 3.59 V (vs Na*/Na°),
respectively: however, only five features (i.e., located at 2.47 V, 2.62 V, 2.87 V, 3.08 V, and 3.45 V
vs Na*/Na°, respectively) can be observed during the reduction process. Both electrolyte systems
show, in the following cycles, well-evidenced features up to a 0.2 mV s scan rates (blue curve)
whereas the peaks are no longer clearly distinguishable when further increasing the scan rate.
Moreover, a sharp rise in current profiles, followed by a moderate shift of the maximum value, results
in a higher scan rate up to 1 mV s, due to the diffusive phenomena that take place in the electrolyte
[298]. The complete overlapping of the voltammograms indicates higher reversibility of the
electrochemical processes [63,295,299], confirmed also from the 21 cycle (orange curve), which
was superimposed with the cycles at the same scan rate of 0.05 mV s? (black curves) for both
electrolyte systems. The Na cell with the 0.1NaTFSI-0.9N1114FSI electrolyte (Figure 6.1B) exhibits
more pronounced voltammograms with respect to the cell with 0.1NaTFSI-0.9EMIFSI (Figure
6.1A), suggesting a higher capacity involved in the Na* deintercalation/ intercalation processes.
Prolonged CV tests, under stressed conditions (500 cycles at 1 mV s*) were performed on Na/NMO
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cells for evaluating the reversibility of Na* electrochemical processes. The current vs voltage curves,
displayed in Figures 6.1C (0.1NaTFSI-0.9EMIFSI) and 6.1D (0.1NaTFSI-0.9N1114FSI), show not
well-split broader peaks, suggesting slow kinetics for the various stage of the Na* intercalation
process into the a-NMO cathodes. However, the good correspondence between the area underlying
the anodic and cathodic curves indicates good reversibility of the electrochemical processes and the
moderate decrease in the current value during cycling implies good capacity retention of the NMO in
the investigated electrolyte mixtures. An increasing current raise, during the CV tests, is detected for
the EMIFSI cells starting from the 100" cycle, ascribable to dendrite growth-up onto the sodium
electrode. Conversely, only a modest increase is observed for the N1114FSI cells (starting from the
200" cycle), indicating a better compatibility, at the interface with the Na° anode, for the N1114FSI
ionic liquid than EMIFSI.
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Figure 6.1: Cyclic voltammetries of Na/NMO cells containing 0.1NaTFSI-0.9EMIFSI (panels A and
C) and 0.1NaTFSI-0.9N1114FSI (panels B and D) electrolytes at different scan rates (panel A and B)
and for prolonged cycles with a scan rate of 1 mV s*(panel B and D). T = 20 °C.
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The impedance response recorded after cyclic voltammetry tests on Na/NMO cells in 0.1NaTFSI-
0.9EMIFSI and 0.1NaTFSI-0.9N1114FSI are reported in Figures 6.2A and 6.2B, respectively. The
Nyquist plots are composed of a semicircle in the medium-high frequency range (10 kHz — 100 Hz)
followed by a straight line (100 — 1 Hz) related to the NMO electrode capacitance (C). The IL
electrolyte resistance (Rouik) is given by the distance of the semicircle high-frequency intercept with
the real axis [178,179,250] whereas the semicircle diameter represents the overall interfacial
resistance (Rint) [178,179,250]. The AC responses were fitted using the equivalent circuit model
[177-179] depicted in Figure 6.2C where Qq is the constant phase element considering the double
layer capacitance and C; is the electrode limit capacitance [178,179,250]. The obtained resistance

values are summarized in Table 6.1 and their evolution (during the CV tests) is plotted in Figure 6.3.
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Figure 6.2: AC responses, taken under OCV condition, of Na/NMO cells containing the 0.1NaTFSI-
0.9EMIFSI (panel A) and 0.1NaTFSI-0.9N1114FSI (panel B) electrolytes. The impedance
measurements were run after each CV family run at increasing scan rates (Figures 6.1A and 6.1B).
Frequency range: 10 kHz — 1 Hz. Voltage amplitude: AV = 10 mV. T = 20 °C. Equivalent circuit
model used for fitting the AC responses (panel C).

Apart an initial increment from 220 to 290 Q cm?, no relevant increase (i.e., from 290 to 310 Q cm?)
of the overall interfacial resistance is observed during CV cycles for the EMIFSI electrolyte cells
(Figure 6.2A), suggesting good compatibility of the IL electrolyte even at the interface with the
lithium metal anode. Meanwhile, the N1114FSI cells (Figure 6.2B) display reduction of the semicircle
amplitude (with corresponding decrease of the interfacial resistance from ~ 500 to ~300 Q cm?), likely
due to progressive morphological and/or structural modification (i.e., composition, structure,
thickness of the SEI) at Na/electrolyte interface leading to enhanced Na* mobility (trough the
interface). At the end of the CV tests (Figures 6.1A and 6.1B), the interfacial resistance of the
N1114FSlI is found to be comparable with that of the EMIFSI ones, confirming the key role of the
cation in the SEI formation as reported elsewhere for hard carbon anodes [287]. No practical variation

in terms of bulk resistance is observed during CV tests. The EMIFSI electrolyte cells exhibits lower
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Rbuik values (~5 Q cm') with respect to the N1114FSI ones (~17 Q cm?), in agreement with the higher
conductivity of the EMIFSI ionic liquid with respect to N1114FSI [93].

Table 6.1. Rouk (Q cm?) and Rint (Q cm?) parameters, related to Na/NMO cells containing the
0.1NaTFSI-0.9EMIFSI and 0.1NaTFSI-0.9N1114FSI electrolyte, determined in OCV condition after
each CV family run at increasing scan rates (Figures 6.1A and 6.1B). T = 20 °C.

Scan rate / mVs * Pristine 0.05 0.1 0.2 0.5 1

0.1NaTFSI-0.9EMIFSI Rouk 6.9+03 59+03 49+02 47+02 52+03 52+03
Rt 220+10 290+20 300+20 310+20 300+20 310+20

0.1NaTFSI-0.9N1114FSI Rouk 16.4+08 17.7+09 17.1+08 16.1+08 16.1+0.8 16.8+08

Rint 500+30 520+30 400+20 360+20 320+20 29020
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Figure 6.3: Evolution of the electrolyte Rouk (panel A) and overall interfacial Rint (panel B)

resistance, after each CV family run at increasing scan rates (Figures 6.1A and 6.1B), for Na/NMO
cells in 0.1NaTFSI-0.9EMIFSI and 0.1NaTFSI-0.9N1114FSI. T = 20 °C.

6.3.2 Cycling behavior

The voltage vs capacity charge/discharge profiles of Na/NMO cells in 0.1NaTFSI-0.9EMIFSI and
0.1NaTFSI-0.9N1114FSI electrolytes are reported in Figures 6.4A and 6.4B, respectively. The first
cycle (run at 0.1C) shows a series of subsequent plateaus related to the multistage de-
sodiation/sodiation process, as above discussed for the CV tests [293,295], which are also observed
in the following cycles at higher scan rates. The plateau referred to the Na* electrochemical processes
resulted better pronounced in the 0.1NaTFSI-0.9N1114FSI cells. Not-well-defined plateaus are
exhibited at higher current rates (i.e., 0.5C), suggesting diffusive phenomena into electrolytes. The
cycling performances, displayed in Figure 6.4C, show an initial reversible capacity equal to 139
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(0.1NaTFSI-0.9EMIFSI), 160 (0.1NaTFSI-0.9N1114FSI) and 105 (1M NaTFSI in PC + 3 wt.% FEC
organic electrolyte, reported for comparison purpose) mA h g2, respectively, with a corresponding
coulombic efficiency of 73%, 83%, and 62% An increase in charge irreversible capacity is recorded
for the EMIFSI electrolyte cells after a few cycles, likely due to dendrite growth-up onto the sodium
metal electrode surface as also observed during the CV tests (Figure 6.1C) and reported in Figure
6.5. Avoiding any speculation, this behaviour might be ascribed to non-homogeneous distribution of
the Na" ions, i.e., induced by the coordination with the EMIFSI ions, onto the Na anode surface,
leading to local concentration increase of Na* ions which involves a priority sodium plating during
charge and, therefore, promotes dendrite formation [118,269]. Meanwhile, the presence of proper
compounds can promote a more stable SEI onto the sodium metal surface [269]. However, further
investigation is required for better understanding this behavior.
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Figure 6.4: Voltage-capacity profiles at different rates (panels A and B) and cycling performance
(panel C) of Na/NMO cells in 0.1NaTFSI-0.9EMIFSI and 0.1NaTFSI-0.9N1114FSI electrolytes. The
cycling behaviour of Na/NMO cells in 1M NaTFSI-PC + 3 wt.% FEC organic electrolyte is reported
(panel C) for comparison purpose. T =20 °C.

122



»
o
L

w
a1
P PR

Voltage vs Na°/Na* /v
w
o

N S
a1
N I

2,01
0 200 400 600 800 1000
Specific Capacity / mAh g
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0.1NaTFSI-0.9EMIFSI electrolyte. T = 20 °C.

The N1114FSI cells displays better performance (Table 6.2) than the organic ones: reversible
capacities of 113, 78, 54 mA h g (N1114FSI) and 97, 72, 54 mA h g (comparable with the results
reported in the literature for organic electrolytes [295]) are exhibited at 0.2C, 0.5C and 1C,
respectively. Higher initial coulombic efficiency (ICE) is observed in N1114FSl and, in general, in IL
electrolytes. About 25 % of the capacity is retained after 300 cycles by the organic electrolyte cells
whereas the N1114FSI ones release 60 % of the capacity initially delivered at 0.2C after 1200 cycles,
in conjunction with a coulombic efficiency levelling 100 %. Also, turning the current rate from 1C to
0.2C, the capacity is seen matching the value initially delivered at 0.2C, confirming the good
reversibility of sodiation process in agreement with the cyclic voltammetry tests. These represent the

best result obtained till now for monolithic a-NaMnO2 cathodes in Na-cells.

Table 6.2: Initial irreversible (Qir) and reversible (Qrev) capacities, delivered at different scan rates,

of Na/NMO cells containing different electrolyte formulations.

st rev / MA h g1
Cell setup Bi:yg/lf 0.1C o?zc 6,50 1C 0.2Cwm
Na/ 0.INaTFSI-0.9EMIFSI / o-NMO 27 118 101 - -
Na / 0.1NaTFSI-0.9N1114FSI / o-NMO 17 139 113 78 54 83
Na/PC:NaTFSI + 3 wt.% FEC / o-NMO 38 136 97 72 54 29

6.3.3 XPS analysis on NMO cathode surface

For better understanding the favorable performance of NMO cathodes in N1114FSI electrolyte with
respect to the EMIFSI and organic ones, ex-situ XPS analysis was performed on pristine and on post-
mortem electrodes (in the desodiated state) after both one and few galvanostatic charge-discharge
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cycles. As known, the characteristics (i.e., composition, thickness) of passive layer can affect the
battery performances [300]. Generally, the cathode-electrolyte interface (CEI) is composed of organic
species (i.e., -CH, -CO, and -CF) and inorganic species (i.e., NaF, Na>COgz, and Na,COs3R)
[237,281,301]. Na2CO3 and NaF are key components for a robust and stable CEI layer onto the a-
NMO: electrodes, preventing further electrolyte decomposition and promotes fast charge transfer
[237,301]. The high-resolution spectra of O 1s, Na 1s, Mn 2p, F 1s, and C 1s collected on pristine
and cycled (Figure 6.6) electrodes are shown in Figure 6.7. A comparison of the surface composition
(Table 6.3), reported as atom percentage, highlights the cathode cycled in organic electrolyte shows
higher sodium, fluorine, and manganese content.
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Figure 6.6: Voltage vs. capacity profiles, referred to selected charge-discharge cycles, of Na/NMO
cells cycled in different electrolytes. T = 20°C.

Table 6.3: Surface composition (atom percentage) of pristine and cycled NMO electrodes.

Ols Cl1s F1s Nals N1s S2p Mn2p

Pristine 57 731 173 37 - - -
0.1 NaTFSI-0.9 EMITFSI 1tcycle 11.7 648 137 42 13 13 0.2

10"cycle 79 685 174 32 13 08 0.2
0.1 NaTFSI-0.9 Ni114FSI Itcycle 196 507 127 92 18 35 0.2

10"cycle 68 70.6 179 3.0 04 05 0.2
IM NaTFSlinPC +3wt% FEC 1%cycle 21.2 380 182 178 05 05 0.1
10" cycle 19.7 400 187 189 01 08 0.3

The Na 1s XPS spectra of the pristine NMO display a broad peak at 1072.2 eV, related to the
oxidic Na compound (Na-O species) which strongly interacts with MnO [302,303]. The binding

energy of Na-O remains pretty constant in all samples investigated, indicating that the Na chemical
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state is nominally constant within the surface of the electrode [302]. The Na 1s spectra related to
NMO cycled in different electrolytes show a second less-marked feature around 1073.4 eV attributed
to NaF[304] and confirmed by the signal around 685 eV in the F 1s spectra [300,304]. Weaker Na,O
and NaF features are recorded in IL electrolytes, suggesting thinner and less resistive SEI onto the
NMO electrode. The F 1s spectra shows the PVdF peak (visible also for the pristine electrode) at ~
688 eV [300], which increases in intensity after few cycles in all investigated electrolyte systems,
suggesting cleaning of the electrode surface. In particular, the NMO cathodes cycled in IL electrolytes
exhibit a more pronounced PVdF feature with respect to that cycled in organic solution, supporting
for larger improvement of the electrolyte/electrode interface during cycling in ionic liquids than in
organics and for the better performance recorded in N1114FSI and EMIFSI electrolytes (Figure 6.4).
This phenomenon is proved by the appearance of the Mn peaks, which become detectable and more
pronounced during cycling. Larger peaks related to Na>COs, NaO, NaF, and less evidence feature of
the PVdF binder were shown by the XPS spectra of the NMO cathodes cycled in organic electrolyte.
This could suggest the presence of thicker CEI onto the electrode surface, which is apparently in
contrast with the well-defined peaks observed for the Mn species. However, the structure and
morphology of CEI (especially if porous and/or less dense) could allow the permeation (and the
detection) of the Mn species through the passive layer [305,306].

The Mn 2p spectra displays two major features deconvoluted into four peaks of Mn 2ps2 and Mn
2p12. The peaks located around 642.5 eV and 645.5 eV are assigned to Mn®*, while the other two
peaks at ~ 653.5 eV and 656.5 eV correspond to Mn** [304,307,308]. The Mn species are not
observable for the pristine electrode because it is covered by carbonaceous species, such as Na;COs,
that are immediately formed during the electrode preparation. A well-pronounced peak at around 532
eV, corresponding to Na,COs species [300,304], can be observed in the O 1s spectra. Also, the
strength of the Na,COs decreases, thus confirming the cleaning of the electrode surface (and a better
interface improvement) during cycling especially in IL electrolytes.

The C 1s core-level spectrum exhibits five main features. The main peak at 284.8 eV is attributed
to C-C bonds, corresponding to Super P conductive carbon. The signals around 286 and 291 eV are
related to CH.-CF of the PVdF binder [309], i.e., the 286 eV signal is overlapped with the -CO
species at the surface [310]. The last two features are given to the carbonate species (Na.CO3) at 289
eV [309] and -C=0 group at ~ 287. A very small peak at 292.7 eV can be observed for the electrode
cycled in N1114FSl-based electrolyte, associated with the CF3 [193,277] group derived by the TFSI
degradation, also confirmed by the broad peak at 690 eV in the F 1s spectra.

To summarize, the XPS results indicate improvement of the electrolyte/NMO interface after

cycling tests. A fluorine rich CEl is observed in commercial organic electrolyte, resulting from the
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hydrolysis of the TFSI anion (probably less pronounced in IL electrolytes) in conjunction with more
pronounced Mn features, suggesting a not well covered surface which allows the dissolution on Mn
in solution [305] and supports for the capacity fading during the cycling tests.
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Figure 6.7: High-resolution O 1s, Na 1s, Mn 2p, F 1s, and C1s core level spectra obtained on the
pristine NMO cathodes, and after consecutive lithiation/delithiation steps in different electrolyte

formulations (see legend).

6.3.4 FIB-SEM analysis

The high magnification top-view SEM images (Figure 6.8) indicate that there are no significant
differences in the primary particle shape, dimension, and distribution before and after the cycling
process. Although, the low magnification SEM images of the top surface of the electrode (Figure

6.9) revealed the formation of more pronounced cracks in the samples cycled in 0.1NaTFSI-0.9
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EMIFSI (Figure 6.9b) and 1M NaTFSI in PC +3 wt. % FEC (Figure 6.9d) as compared to the one
cycled in NaTFSI-N1114FSI. This could be related to improved cathode-electrolyte interphase (CEI)
in the NaTFSI-N1114FSI electrolyte formulation, in agreement with the better cycling behavior
(Figure 6.4) and confirmed by XPS analysis (Figure 6.7).

The deintercalation process (of the Na* ions) results in significant mechanical stress on the oxide
layer structure, often accompanied by a series of phase changes and gradually leading to structural
degradation. Ensuring the formation of a stable CEl is crucial for enhancing the performance and
lifespan of the battery [286]. Cracks are more prominent for the sample cycled in 0.1NaTFSI-
0.9EMIFSI even below the surface, as can be observed through the cross-section view reported on
Figure 6.10 (c-d). This finding provides a rational explanation for the significant capacity loss and
very short lifespan associated with this specific electrolyte, offering insights into the fundamental
factors contributing to the reduced overall performance. In Figure 6.8, a higher magnification view
of the top surface reveals the primary particles embedded within the carbon nanoparticles of the
slurry. When compared to the pristine sample, no significant differences are observed in the ionic
liquid electrolyte formulation. However, in the case of the standard carbonate-based electrolyte

(Figure 6.8d), a moderate passivation layer on the electrode’s surface becomes apparent.

x : ol 21 ‘ ~ e S - AP
Figure 6.8: High magnification (50000x) SE images (top view) collected for a) a-NaMnO; pristine
cathode, and after 10 charge/discharge cycles in b) 0.1Na TFSI-0.9 EMIFSI, ¢) 0.1Na TFSI-0.9
N1114FSl, and d) 1M NaTFSl in PC +3 wt. % FEC.
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for a) NMO pristine

W)

Figure 6.9: Low magnification (2500x) SE SEM images (top view) collected
cathode, and after 10 charge/discharge cycles in b) 0.1NaTFSI-0.9EMIFSI, c¢) 0.1NaTFSI-

0.9N1114FSI, and d) 1M NaTFSI in PC +3 wt.% FEC.
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Figure 6.10: High magnification (6500x) SEM images (cross-section view) of: a-b) NMO pristine
cathode, SE and BSE image, respectively; c-d) after 10 cycles in 0.1NaTFSI-0.9EMIFSI; SE and BSE
image, respectively; e-f) after 10 cycles in 0.1NaTFSI-0.9N1114FSI, SE and BSE image, respectively;

g-h) after 10 cycles in 1M NaTFSI-PC +3 wt.% FEC, SE and BSE image, respectively.




The SEM images taken after cycling in carbonate-based electrolyte (Figure 6.11) evidence
progressive increase of the passive layer thickness (i.e., from the 1% to the 10" cycle) onto the NMO

cathode, supporting for experimental results obtained from XPS analysis.

@-NMO 1MNaTFSI - PC+3wt.% FEC
After1 cycle

Figure 6.11: High magnification (30000x) SEM images (top view), collected for the NMO cathodes
cycled in 1M NaTFSI in PC +3 wt. % FEC electrolyte, after 1 charge/discharge cycle and r 10
charge/discharge cycles in SE (panels A and C) and BSE (panels B and D) imaging.

The analysis of the cross-section at higher magnification, reported in Figure 6.12, reveals the
presence of intergranular cracks between the primary particles after 10 charge/discharge cycles,
whereas in the pristine samples the primary particles appear agglomerated and sintered together.
Previous works reported in literature assign generally the cracks to anisotropic changes of the unit
cell [311,312]. The repeated de-sodiation process corresponds to continuous expansion/contraction
of the lattice c-axis, generating localized internal strain that severely affects the mechanical stability
of the material [313]. In-depth understanding of the structural changes, induced by de-sodiation
process, reported that the phase change upon the cycles is responsible for the formation of poorly
crystallized mixtures of Nao7MnO2/Mn3O4 species followed by Nao.1-05MNO, compounds as
consequences of the structural degradation. The fading mechanisms are determined by the continuous
loss of sodium from the manganese lattice [314]. The formation of cracks enables the electrolyte
penetration into the internal regions, leading to crack dimensions increase over cycling and,

ultimately, active material pulverization [313]. To sum up, the FIB-SEM images indicate the presence
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of more pronounced cracks inside the NMO electrodes cycled in EMIFSI and organic electrolytes

with respect to those cycled in the N1114FSI formulation, suggesting less stable CEI.

Figure 6.12: High magnification (30000x) SEM images, cross-section view, of: a-b) NMO: pristine
cathode, SE and BSE image, respectively; c-d) after 10 cycles in 0.1NaTFSI-0.9 EMIFSI, SE and
BSE image, respectively; e-f) after 10 cycles in 0.1NaTFSI-0.9 N1114FSI, SE and BSE image,
respectively; g-h) after 10 charge/discharge cycles in 1M NaTFSI in PC +3 wt. % FEC, SE and BSE
image, respectively.
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6.4 Conclusions
The sodium insertion/de-insertion of a-NaMnO: cathodes in 0.1NaTFSI-0.9EMIFSI and

0.1NaTFSI-0.9N1114FSI electrolytes was investigated through electrochemical measurements and
spectroscopy analysis.

The cyclic voltammetry tests conducted at increasing scan rates and for prolonged cycles revealed
higher reversibility of the electrochemical process for both electrolyte systems. Higher specific
current values were observed in N1114FSI electrolyte, suggesting larger capacities involved in the Na*
deintercalation/ intercalation processes. These results agree the behavior recorded in galvanostatic
charge-discharge tests, which highlight excellent cycling performances in the Nii14FSI-based
electrolyte: for instance, 60 % of the initial capacity is delivered after 1200 cycles with a coulombic
efficiency above 99%, representing at our sight the best result obtained with a monolithic a-NaMnO>
cathode in Na-cells.

The interfacial properties at electrolyte/electrode interface were studied through impedance
spectroscopy analysis paired with CV measurements. A time-stable overall interfacial resistance was
observed in the EMIFSI electrolyte whereas progressive reduction (upon cycling) was detected in the
N1114FSI formulation, likely due to progressive morphological and/or structural modifications of the
SEI at the interface with the a-NaMnO electrode. No practical increase in electrolyte resistance was
detected during the CV tests, once more supporting for high electrochemical stability of the IL
systems.

XPS analysis showed an improvement of the a-NaMnO: electrode surface during cycling,
displaying a CEl rich in carbonates which, for the 1M NaTFSI in PC + 3wt.% FEC electrolyte, shows
high amount of fluorine derived by NaTFSI hydrolysis.

FIB-SEM images collected on the top-view and on the cross-section of post-mortem a-NaMnO;
electrodes have shown the presence of more pronounced cracks for the EMIFSI and PC-based
electrolytes, supporting for the capacity loss recorded during the cycling tests.

To summarize, the 0.1NaTFSI-0.9N1114FSI electrolyte has shown very high compatibility towards
a-NaMnO, allowing the formation of a stable passivation layer on its surface which prevent the
dissolution of Mn in solution and the formation of cracks. Therefore, this ionic liquid electrolyte
formulation results rather appealing for the realization of safer, more reliable, and highly performant

Na-ion cells.
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7. Final Remarks

lonic liquids (IL) electrolytes based on imidazolium, tetra-alkyl-ammonium, and piperidinium
cations, coupled with bis(perfluroalkylsulfonyl)imide anions, were specifically tailored for lithium-
ion (LIB) and sodium (SIB) battery systems. The ILs were synthesized and purified through an
ecofriendly procedure which use water as the only processing solvent. The purity level, investigated
through x-ray fluorescence, UV-Vis spectrophotometry and Karl-Fisher titration, was seen to be
above 99.9 %, with a water, halide and lithium content below 5 ppm. All investigated ILs are
thermally stable (checked by temperature heating scan and isothermal steps) at least up to 150 °C: in
particular, the TFSI sample exhibit thermal robustness up to about 250 °C. The incorporation of an
oxygen atom in the main side cation alkyl chain does not relevantly deplete the thermal stability.

Li*- and Na'-conducting electrolyte formulations, based on 1-ethyl-3-methyl-imidazolium
(EMI™), trimethyl-butyl-ammonium (N1114%), and N-alkyl-N-methyl-piperidinium (PIP1a™) ionic
liquid (IL) families, were designed and investigated. Lithium bis(trifluoromethylsulfonyl)imide
(LiTFSI), lithium bis(fluorosulfonyl)imide (LiFSI) and sodium bis(trifluoromethylsulfonyl)imide
(NaTFSI) were selected as the salts. Their ion transport properties and electrochemical stability have
been investigated, analyzing the dependence on the anion and the cation aliphatic side chain length.
Conductivities of interest for lithium and sodium batteries, i.e., largely overcoming 10 or 103 S cm-
1 even below room temperature, were displayed, particularly for the electrolyte formulations based
on the EMI* and Ni114™ cations, and the FSI- anion. Most of the investigated IL electrolytes were
found to be electrochemically stable up to 4.8 V (vs Li*/Li°) and 4.6 V (vs Na*/Na°) for being
addressed to LIBs and SIBs, respectively. Based on the obtained results, the EMITFSI, EMIFSI and
N1114FSlionic liquids were selected for exploring/investigating their behavior and compatibility with
electrodes for LIBs, i.e., silicon nanowire (Si-NW) anodes and lithium-rich, cobalt-free, layered oxide
Li12Nio2MnoeO2 (LRLO) cathodes, and SIBs, i.e., hard-carbon (HC) anodes and a-NaMnO- (NMO)
cathodes.

The Li* insertion process of Si-NW anodes showed good reversibility even at high scan rates, in
conjunction with excellent cycling behavior especially in EMIFSI-based electrolytes. For instance,
reversible capacity exceeding 1000 mA h g after 2000 cycles, corresponding to 46 % of the initial
value, was recorded. These data, supported by the x-ray photoelectron spectroscopy (XPS) analysis
at the silicon/electrolyte interface, are one of the best results obtained for silicon electrodes in IL
electrolytes.

The best performance of LRLO cathodes was recorded in EMIFSI electrolyte formulations, i.e.,

an initial reversible capacity values exceeding 300 mA h g* was observed with retention close to 90
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% after 500 cycles and coulombic efficiency levelling 100 %. Cyclic voltammetry measurements
have confirmed good reversibility and efficiency of the Li* insertion process even at high rates.

HC anodes, obtained from natural bio-waste, have shown high reversibility and reproducibility of
the sodiation process in N1114FSI electrolytes. For instance, a capacity retention exceeding 98% of
the initial value has been recorded after more than 1500 cycles with a coulombic efficiency above
99%, largely beyond standard carbonate-based electrolytes. Raman spectroscopy measurements
confirmed Ni114" promotes SEI layers with superior ability for supporting the reversible Na*
intercalation. Post-mortem analysis, carried out by XPS and FIB-SEM, have evidenced thicker SEI
layer (mainly composed of organic compounds) onto HC anodes cycled in carbonate-based
electrolytes Conversely, thinner SEI (richer in inorganic species) was detected in ILs electrolytes,
improving the the Na* migration kinetics especially in N1114FSI electrolytes.

NMO cathodes have exhibited very good cell performances in N1114FSl-based electrolytes, largely
overcoming those observed in organic standard solutions: for instance, 60 % of the initial capacity
was delivered after 1200 cycles in conjunction with a coulombic efficiency above 99 %. XPS and
FIB-SEM measurements have addressed this very promising issue to the growth-up of stable passive
layer onto the NMO surface. These results, as well as those evidenced for HC anodes, are, at our
sight, the best result obtained for monolithic a-NaMnO; cathodes in sodium cells.

In conclusion, the work activities carried out in the present PhD thesis demonstrated that ionic
liquids, in particular EMIFSI and N1114FSI, show very good compatibility with topic Li*-intercalating
(Si-NW, LRLO) and Na*-intercalating (HC and NMO) electrodes. Therefore, they are suitable and
very promising electrolyte solvents for the realization of safer, more reliable, and highly performant

Li- and Na-ion batteries.
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