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Introduction

Lithium Batteries

he lithium-ion battery, nowadays the

most popular and efficient energy storage

system, has almost achieved the maxi-
mum performance expected from its theoretical po-
tentiality, i.e., an energy density of about 250 Wh
kg™ However, this value may be insufficient for
emerging applications such as all-electric vehicles,
which requires high energy storage in order to ex-
tend the driving range of the car between charges 2.
Among the various systems proposed to match this
challenging target, lithium sulfur and lithium air
batteries represent the most promising solutions.
These emerging systems, suitable for achieving an
energy density higher than 400 Wh kg, have the
additional bonuses of low expected cost and mod-
est environmental impact 3. Recent progress has led
to satisfactory performances with particular rele-
vance for lithium sulfur battery, while much efforts
are still required to make these promising systems
suitable for practical application. Room tempera-
ture lithium-sulfur battery based on organic elec-
trolytes of practical interest has been developed
only recently by replacing carbonate-based electro-
lytes, i.e., not-suitable media for the electrochemi-
cal reaction of sulfur with lithium, by new classes
of solutions.* The new electrolytes, mainly based
on ether chains®, glymes ©, polyethylene oxide® and
solid, glass-type media ’, have triggered a remark-
able improvement of Li/S battery. However, addi-

tional efforts have been needed during the last years

to address various problems affecting the cell, such
as the short cycle life, cell polarization® and the
shuttle reactions due the dissolution of polysulfide
intermediates in the electrolyte during cell opera-
tion °. Indeed, the polysulfide shuttle effect is a cen-
tral challenge in the development of a stable sys-
tem. This phenomenon is an electrochemical short-
circuit due to the migration of the polysulfide spe-
cies between the electrodes along the charge pro-
cesses, leading to active material loss, a critical re-
duction of coulombic efficiency and a fast capacity
fading.'® These issues have been recently mitigated
and remarkably addressed by tuning the sulfur
cathode morphology*2, chemical nature 3, the
electrolyte composition** and characteristics, as
well as by setting-up a proper cell configuration®®.
These efforts have led to lithium sulfur cell of re-
markable performances, comparable to lithium-ion
battery, with the additional bonus of the high en-
ergy density, thus suggesting this system well suit-
able for employment in the emerging applica-
tions'®. The clear understating of the lithium-sulfur
electrochemistry is needed to toward the issues and
challenges of this promising innovation, hence a
briefly overview of the lithium sulfur electrochem-
ical processes from recent literature as well as a
clarification on the use of a new class of electro-
Iytes for this emerging system is following pre-
sented.



Lithium Sulfur Processes

ithium-sulfur electrochemical reaction

proceeds at about 2.1V vs. Li*/Li by the

formation of various intermediates of a
general formula of Li2Sx, where x ranges from 8 to
2.1718 The overall process, i.e., 16Li+Sg <> 8Li2S,
delivers a specific capacity of about 1700 mAh g
as referred to the pure sulfur mass which is re-
flected into a theoretical energy density as high as
3600 Wh kg*.*® However, the intermediate species,
i.e. polysulfides, are extremely soluble in organic
liquids and they may leading to battery failure.!® A
direct identification and quantification of the reac-
tion species formed during discharge/charge cyclin
of the lithium-sulfur battery may be performed by
in-situ “Li NMR technique which provides real

time, semi-quantitative information related to the
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temporal evolution of lithium polysulfide allo-
tropes.?° Figure 1(A-C)% reports the study of a cy-
lindrical micro-battery used to probe the transient
electrochemical and chemical reactions occurring
during the cycling of a Li—S system. The in-Situ ex-
periments provide information about the reaction
sequences and reveal a reaction pathway composed
of mixed species rather than discrete step-by-step
reactions. The large line shifts and line broadening
noted suggest a complex chemical environment,
and potentially the important role of intermediate
species. In particular, the study reveals that the pol-
ysulfide redox reactions involve charged free radi-
cals as intermediate species that are difficult to de-
tect in ex situ NMR studies?!. Additionally, the
study uncovers information about the ‘Li chemical
environments during the electrochemical and para-

sitic reactions on the Li metal anode??. For the an-
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Figure 1 In situ NMR probe and the acquired spectra as a function of discharge/charge time. (A) Cylindrical micro-battery, fitted
into the in-situ NMR probe. (B) Stacked plot of the in situ 7Li NMR spectra in a functioning Li—S cell vs time during dis-
charge/charge. (C) Major peaks of interest within the range of —260 to 300 ppm extracted at different times by fitting the spectra.
20 (D) Investigation of the Li2S consumption during the charge process and (E) Proposed mechanism for Li 2 S/Li 2 S 2 formation
upon discharge. Integrated surface area of (111) reflection as a function of capacity, superimposed with the experimentally obtained

galvanostatic cycling profile.?



ode side, the continuous evolution of the Li micro-
structure, SEI accumulation, and polysulfide con-
tamination are simultaneously captured by ’Li in
situ NMR, which are correlated with the Li—S cell
degradation mechanisms. A quantitative evaluation
of Li2S formation and consumption upon cycling
may be also performed by means of XRD as re-
ported in Figure 1(D-E)?%. The figure, obtained
from a pouch Li/S cell using nonwoven carbon
sheet as a current collector and relatively high sul-
fur loading, with a controlled electrolyte amount,
shows the expected voltage profile, and charge/dis-
charge capacities of 980 and 976 mAhg™, respec-
tively. The corresponding XRD pattern evolution
indicates that, as the discharge proceeds the peak
intensities of the elemental orthorhombic a-Ss lin-
early decrease as a function of capacity. They van-

ish at the end of the first discharge plateau, proving

a complete reduction of sulfur. This linear evolu-
tion can be associated with a one-step electrochem-
ical process, based on the reduction reaction of Ss
to Ss?". Indeed, a twostep process occurs, where
crystalline Li2S is initially formed alone?*. After-
ward, the specificity of the reduction reaction
clearly decreases due to the complete coverage of
the available conductive surface. The number of
electrons exchanged is coherent with the formation
of intermediate species such as Li2S2. During the
lower discharge plateau, 24% of S4* is involved in
the formation of Li2S whereas 72% of S4*" is as-
sumed to be converted into Li2S2. During the fol-
lowing charge, Li2S is converted into a soluble pol-
ysulfide species in a two-step oxidation process,
however, in a different reaction pathway as during
discharge. The discharge/charge pathways of Li/S
cell may be also directly observed by monitoring
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Figure 2 Proposed reaction mechanism for Li-S batteries during cycling. The equilibria between S62— and s*—3 always exists
and shifts at different potentials. S62— prefers to stay at relatively high potential (> 2.1 V) while s*—3 is the preferred form at
low potential (<2.1 V). Different reaction pathways are suggested for discharge and charge processes. The Li-S cell was tested

at C/5 rate between 1 V and 3 V in typical button cells.



the sulfur radicals using in situ electron paramag-
netic resonance (EPR) technique®. Figure 2% re-
veals that the chemical and electrochemical reac-
tions in Li-S cell are driving each other to proceed
through sulfur radicals, leading to two completely
different reaction pathways during discharge and
charge. The different reaction pathways for the dis-
charge and charge processes of Li-S battery match
with their voltage profiles and help to describe the
origin of the high over potential of pure Li2S. In situ
EPR identifies Ss*~ throughout the whole cycling,
thus indicating the temporal equilibrium among
different polysulfides instead of producing a single
polysulfide component at each different potential.
The EPR study also suggests that the electrolyte se-
lection for Li-S system should consider the reactiv-
ity of sulfur radicals to enable the long-term cycling

stability of the cells?.

Electrolytes

n its most common design, a lithium battery

employs a carbonate-based liquid electrolyte,

a metal-oxide cathode in combination with a
highly electropositive lithium metal anode, thus al-
lowing a correspondingly high energy density.?’
However, the large-scale deployment and ac-
ceptance of this powerful system has been hindered
by safety issues associated with dendrite formation
during cell charge, leading to internal short circuit,
heat generation and flammability or, in rare cases,
explosion.?® This relevant inconvenient has been
mitigated by the introduction of the lithium-ion bat-
tery, i.e., a system in which the lithium metal is re-
placed by a graphite intercalation anode.?® How-
ever, this battery revealed a lower energy density

with respect to lithium metal-based one, due to the

DOL

DME 1,3-Dioxolane

1,2 dimethoxyethane

-l

DEGDME
diethylene glycol dimethyl ether

TREGDME
Triethylene glycol dimethyl ether

-

TEGDME
Tetraethylene glycol dimethyl ether
» »)

PEG250DME
Mixture of Glymes with everage Mw = 250
Polyethylene glycol dimethyl ether

PEG500DME
Mixture of Glymes with everage Mw = 500
Polyethylene glycol dimethyl ether

Jm

Table 1 Scheme of the ether based electrolyte employed in
the exposed experiments. Red balls = oxygens, grey balls =
carbon and white balls = hydrogen.

higher working potential of graphite (0.2V instead
of OV vs. Li/Li+) and to the lower specific capacity
(372 mAh g-1 instead of 3800 mAh g-1, respec-
tively). As previously reported, increased energy at
the cathode side has been achieved by developing

efficient lithium-sulfur batteries.2%32 Indeed, the



improvement of sulfur-based electrodes, character-
ized by capacity largely exceeding the value asso-
ciated with the common cathodes triggered re-
newed interest on the lithium metal anode.®*3* The
use of polymer electrolyte, such as PEO (polyeth-
ylene oxide), can allow a safe use of the lithium
metal anode, however only at temperature exceed-
ing 70°C .53 The addition of ceramics to the pol-
ymer electrolyte revealed increased performances
in terms of conductivity and lithium transference
number at the lower temperatures, however further
improvements are still required in order to allow
proper operation of these electrolytes at room tem-
perature®. A valid alternative to solid PEO poly-
mer, advantageously showing suitable room tem-
perature conductivity and comparable safety con-
tent, is represented by end-capped ethers, based on
-(OCH:2CHQ2)n- groups of short chain configuration,
such as ethylene glycol dimethyl ether as shown in
Table 1 >383° Despite their promise in terms of
suitable characteristics for application in lithium
ion battery 4241 such as high solvation ability for
salt dissociation, as well as high electron donation
ability and relatively strong Lewis basicity due to
the lone pair of oxygen atoms in their structures
these ethers still suffer from issues related to the
stability of lithium metal-electrolyte interphase,
leading to resistance increase, cell polarization 4,
uncontrolled dendritic lithium growth 22 as well as
electrolyte decomposition in lithium sulfur batter-
ies*®. However these issues, can be efficiently sup-
pressed by the formation of a stable and uniform
solid electrolyte interphase layer*. Several film-
forming additives have been proposed to improve
the anode interphase in organic electrolytes, such
as vinylene carbonate (VC)* and fluoroethylene

Stainless steel substrate

I Lithium B9 SE| formed in ether-based electrolyte with LINO,
M SEl formed in ether-based electrolyte with both polysulfide and LINO,
No polysulfide With polysulfide

0.2 mAh cm2

2 mAh cm™2

Figure 3 Schematic illustration showing the morphology dif-
ference of lithium deposited on the stainless-steel substrate in
the two electrolytes (both contain lithium nitrate), but (A)
without lithium polysulfide (B) containing lithium polysul-
fide. SEM images of lithium metal deposited onto bare stain-
less steel substrate (the edge region of the whole deposition
area) in the electrolyte (C, E) with the addition of only LiINO3
(1 wt%) and (D, F) with the addition of both Li2S8 (0.18M)
and LiNO3 (1 wt%) at a current density of 2mA cm-2 and
deposition capacities of 0.2 and 2mAh cm-2, respectively.
Scale bars, 20 pum.

carbonate (FEC) “¢. However, these additives re-
vealed suitable properties mainly in carbonate-
based solvents. Among the various additives, lith-
ium nitrate (LiNO3) evidenced the most favorable
effect in ether-based electrolyte, and, in particular,
in cells using lithium metal anode**4748, However
the synergetic effect of both lithium polysulfide
and lithium nitrate as additives in ether-based elec-
trolyte*® may overcome stability issues performing
a stable solid electrolyte interface. Indeed, Figure
3(A)*® schematizes how lithium dendrite growth
can be effectively suppressed via manipulating the
chemical reactions of lithium, lithium polysulfide
and LiNOs. By controlling the concentration of

polysulfide and LINO3 in the electrolyte, a stable



and uniform SEI can be formed on the lithium sur-
face, which greatly minimizes electrolyte decom-
position and prevents dendrite growth*®*, The ob-
servations, made at the edge regions of the deposi-
tion area where dendrite growth is most exagger-
ated due to the absence of physical constraint, re-
vealed no lithium dendrites formation at practical
currents and Coulombic efficiency and cycle life of

the lithium metal cells significantly improved.

Aim of the thesis

he increasing demand of portable energy

in terms of cycle life for electronic de-

vices such as smartphones, tablets and
computers or the high stability required for medical
application and the high energy density for smart
energy grids and electrified transport require a
breakthrough in performance, lower cost, safety
and environmental compatibility. Indeed, the con-
ventional energy storage devices are characterized
by limited specific capacity and energy density due
to the intrinsically properties of the cathodic active
materials i.e. LiCoO2 with specific capacity of 150
mAhg™ and a theoretical energy density of 550 Wh
kg'1. Therefore, the deep investigation and optimi-
zation of new classes of electrodes proposed in this
work of thesis, may shed light on the possible can-
didates for a new generation of energy storage de-
vices characterized by high energy and environ-
mental compatibility. Furthermore, one of main
topic of this work is the study of new classes of
electrolytes characterized by low flammability and
high ion mobility properties in order to ensure high
performances and safety level.

Experimental pathway
In this scenario, my work focused on the prepara-

tion and characterization of ether based electrolytes
and a deep investigation of the LiNOs effects in or-
der to make a suitable electrolyte for lithium batter-
ies. Moreover, the synthesis and characterization of
sulfur cathodes and cell optimization, were a cru-
cial aspect of my work reflecting further innovation
such as solid-state sulfur battery, sodium-sulfur
battery and finally lithium-air battery. The charac-
terization of two series of glyme-based electrolytes,
with lithiumtrifluoromethanesulfonate (LiTriflate)
or lithium-bis-(trifluormethanesulfonyl)-imide
(LiTFSI) in six glymes was performed by natural
abundance oxygen-17 (*’0) NMR spectroscopy to
obtain an overview on the ion-solvent and ion-in-
teraction properties of the electrolyte.>® Succes-
sively, the glymes-LiTriflate series was used in
lithium-sulfur battery in order to obtain a perfor-
mances comparison through electrolytes and cells
characterization. The tests revealed the presence of
the shuttle effect by using glymes with short chain
such as DME, DOL:DME mixture and DEGDME.*
The problem was solved by adding LiNOs salt to
the solution and a further study was performed to
understand the LiNOs effect. Initially, the activa-
tion and the relevant stabilization effect of the
LiNOs salt was evaluated in a lithium metal cell®?
using a commercial cathode, the lithium iron phos-
phate LiFePOs (the full characterization and study
of the olivine cathodes materials is beyond the
scope of this work and will not be reported in the
further paragraphs) the PEG500DME-LiTriflate-
LiNOs was used as electrolyte. The battery deliv-
ered a stable capacity of 150mAhg™? with a flat
working voltage of 3.5 V, thus leading to a theoret-

ical energy density referred to the cathode of
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520Wh kg*. The promising results triggered the in-
terest on glymes electrolyte as suitable media for
higher voltage cathode with faster current rate.
Therefore, a deep investigation on bare electrolyte
and LiNOsz added solution was performed in terms
of thermal and rheological characteristics, transport
properties of the dissolved species by self-diffusion
coefficients, lithium transference numbers, ionic
conductivity, ion association degree and electro-
chemical impedance spectroscopy. Furthermore,
the formation of a stable interfaces at the electrodes
Li/LiCF3SOs-LiNOs-
TREGDME/LiFePOx4 cell was clearly evidenced by
cyclic voltammetry, impedance spectroscopy, and

surface in

ex situ scanning electron microscopy.> Finally, the
nonflammable TEGDME with LiTriflate and
LiNOs was tested in a lithium metal cell with
LiFePOa4 cathode at high current rate and within
LiMnosFeosPOs cathode. The Li/LiCFsSOs-
LiNOs-TEGDME/LiFePOs cell operates at 3.5 V
with capacity ranging from 150 mAh g* at C/10 to
110 mAh g* at 2C, while the Li/LiCF3SO3-LiNOs-
TEGDME/LiFeosMnosPO4 cell performs follow-
ing two plateaus at 4.1 V and 3.5 V with capacity
ranging from 160 mAh g* at C/10 to 75 mAh g* at
2C.>* Hence, the results demonstrated the suitabil-
ity of ether based electrolytes for high perfor-
mances lithium battery such as the lithium sulphur
system. Therefore, a comparison of carbon compo-
site high energy carbon sulfur cathode was per-
formed in order to optimize the carbon morphol-
ogy. Carbon of various natures, namely, graphite,

mesocarbon microbeads, and multi-walled carbon
nanotubes, were characterized in terms of SEM and
XRD, cyclic voltammetry and galvanostatic cy-
cling in lithium cells. The best lithium-sulfur com-
posite achieves a capacity higher than 500 mAhg™
over 140 cycles with no sign of dendrite formation
or failure.> However, a further optimization of this
system was performed and the lithium/sulfur cell
using the S-MWCNTSs composite coated on a car-
bon cloth and the DEGDME-LITFSI-LiINO3 elec-
trolyte Li/S cell was studied by advantageously in-
creasing the sulfur loading. The cell with optimized
active mass loading, shows satisfactory rate capa-
bility, and a very stable specific capacity of about
1000 mAhg* delivered with coulombic efficiency
approaching 100%. The outstanding properties of
the electrolyte, its low-flammability, the simple
synthesis procedure of the cathode as well as the
remarkable performance of the cell suggest the
configuration adopted as viable solution for high
energy, safe and low-cost lithium sulfur battery. In
the end, will be presented a prospect of the near fu-
ture innovation such as the use of solid electrolyte
system applied to lithium sulfur cell by using poly
ethylene oxide PEO,® the performances of a so-
dium-sulfur cell > and finally, a lithium-air battery
prototype with glyme electrolytes. All the tests
were performed at least two times in order to obtain

a clear and reproducible data.



Glymes characterization

The following paragraphs report the natural abundance 'O NMR study to probe the lithium ion solvation
behavior of electrolytes based on the series of glyme solvents of various ether chain length, beginning from
the monomeric units DME, to polyethylene glycol dimethyl ethers with molecular weight 500 (PEG500),
containing LiTriflate or LiTFSI. The NMR study is carried out in order to better understand the behavior of
these two different salts in various glyme-based electrolytes, by charactering the chemical shift and the lin-
ewidth of oxygen-17 nucleus in both salt anions, solvents, and in the corresponding solutions. Successively,
will be presented a comparison of the LiTriflate glymes series investigated in terms of thermal properties by
TGA (thermogravimetric analysis) and DSC (differential scanning calorimetry), transport properties focusing
on ion conductivity evaluated by impedance spectroscopy and lithium transference number calculated by the
self-diffusion coefficients obtained by PFG-NMR measurements. Furthermore, the self-diffusion activation
energy of the ether based electrolyte were presented and discussed. The study of the lithium/electrolyte inter-
face in static and dynamic condition were performed by EIS and galvanostatic tests respectively. The electro-
chemical window stability was defined by linear sweep voltammetry. Finally, the glymes electrolyte were
evaluated in lithium sulfur cell with a sulfur carbon composite cathode material prepared by using the high

energy ball milling.

m
Scheme of the T-cell used for electrochem-

.- ical tests. The three green disks are the
working, counter (horizontal current col-
lectors) and reference electrode (vertical).
Whatman © glass fiber filter paper is used
to overcome the cell short-circuit due to the
contact between the electrodes

- o ={ =



170 NMR study

70 Experiment summary

he lithium solvation behavior of the ether

based electrolyte DME, DEGDME,

TREGDME, TEGDME, PEG250 and
PEG500 with lithium trifluoromethanesulfonate
(LiTrifliate) or lithium-bis-(trifluormethanesul-
fonyl)-imide (LiTFSI) was characterized using nat-
ural abundance oxygen-17 (*’O) NMR spectros-
copy. The effect of salt addition on chemical shift
is observed by comparing the 'O NMR spectra of
electrolytes and their corresponding neat solvents.
The study reveals a more pronounced effect of the
salt addition on the chemical shift of ether oxygens
in respect to terminal oxygens of glymes, thus sug-
gesting a preferential coordination of Li* with the
ether oxygens. The O NMR data indicate a lim-
ited chemical shift changes of longer glymes with
respect to the shorter ones due to the increased
number of ether oxygens coordinating each Li* in
the electrolytes. In addition, the trend of anion ox-
ygen chemical shift, particularly for Triflate” anion,
suggests an effect of the chain length on the ion as-
sociation degree. In summary, the results illustrate
the sensitivity of 1’O NMR to subtle changes in the

ion-solvent and ion-ion interactions.
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Figure 4 70 NMR spectra of DME electrolyte with DMC
reference addition. (1. DME neat solvent; 2. LiTriflate in
DME; 3. LiTFSI in DME) — (a:-a;) DMC oxygen (b) DME
oxygen, (c) LiTf oxygen, (d) LiTFSI oxygen

DMC as Reference

Figure 4 shows the 'O NMR spectra of 1 m LiTri-
flate solution and 1 m LiTFSI solution in DME
mixture, along with the corresponding neat DME
solvent in the absence of lithium salt. The DMC
reference shows two 'O resonances located at
239.4 ppm (carbonyl *’O, a1) and 90.5 ppm (meth-
oxy 70, a2) respectively, i.e., in convenient posi-
tions since not overlapping the resonances of Tri-
flate", TFSI" and glyme solvents. The addition of
LiTriflate salt and LiTFSI salt leads to further 'O
resonances observed at around 156.3 ppm and 160
ppm, respectively, in the DME solutions. Methoxy
170 resonances of DME experience an upfield shift
by adding the LiTriflate and LiTFSI salts, as will

be discussed later. It is noteworthy that the relative

Experimental section: Sample preparation

All reagents were purchased from Sigma Aldrich. Electrolyte solutions were prepared by dissolving 1 mol of LiTf or LiTFSI in 1
kg of either in DME, DEGDME, TREGDME, TEGDME, PEG250, or PEG500. The neat solvents without salts as standards were
also set aside for comparison. All solvents were dried under molecular sieves (5A0) for several days until the water content was
under 10 ppm, as verified by 831 Karl Fisher Coulometer METROHM. All the salts were dried under vacuum for 24 hours at

100°C before solution preparation.



10

LiTf LiTFSI
PEG500 o
A A A PEG250 l A l PEG250
5 LA 5
< L, THOINE | 4 o TEGDME
% I A l A\ TREGDME E A A l an, TREGDNE
= DEGDME = DEGDME
l DME ) ,' l A DME
W
I v L) " I v ] " L) I v ) " I v 1 v )
300 200 100 0 -100 300 200 100 0 -100
Chemical Shift (ppm) Chemical Shift (ppm)

Figure 5 7O NMR spectra of all electrolytes (a. LiTf series; b. LiTFSI series).

signal intensities of O in DMC and glyme elec- in which there is only one 'O nucleus environ-
trolytes directly depends on the amount of sample ment, the O NMR spectra of longer chain glymes
in the NMR reference tube and insert. (DEGDME to PEG500) show two 'O resonances.
The more positive resonance is the average 'O nu-

EleCtrOZytes Spectm clear chemical shift of the oxygen located in the

170 NMR experiments were performed on LiTri- middle of the glyme chain, which is defined as R-
flate and LiTFSI electrolyte solutions with various *'0-R’ group, while the more negative chemical
glymes differing by chain length. Stacked 7O shift is associated to the oxygen nucleus at the ter-
NMR spectra are displayed in Fig.5 (a) for LiTri- minal, i.e., *’O-CHs. The linewidth of ether */O in-
flate series and Fig.5 (b) for LiTFSI series, respec- creases from short chain glyme to long chain
tively. The 170 resonances of glyme oxygen are lo- glyme, as indeed expected by the large increase of
cated between 0 ppm and -25 ppm. Besides DME, the oxygen atoms content, becoming particularly

Experimental section: NMR Characterization

For 70O NMR characterization, the chemical shift reference dimethyl carbonate (DMC) was placed in a 4 mm borosilicate tube
which was inserted into a 5 mm NMR borosilicate tube containing the electrolyte solution or neat solvent. This coaxial arrangement
yields convenient a reference spectrum while preventing contact between the reference and the sample. All sample handling pro-
cedures were performed in an Ar-filled glovebox, and inserts and outer tubes were all sealed under Ar. The 170 NMR experiments
were acquired on a 400 SB Bruker Avance |11 spectrometer with a broadband probe working at 1’0 frequency of 54.25 MHz. All
experiments were performed at 60°C in order to improve spectra resolution and each spectrum was collected between 32k to 128k
scans for good Signal/Noise ratio.The average number of (OCH,CH,)- units (n) in PEG250 (M.W. 250 g/mol) and PEG500 (M.W.
500 g/mol) molecule, with formula CH3(CH2CH>0),OCHeg, has been estimated as n = 4.6 and 10.3, respectively, by using Eq. 1:

g g g

(2+2n) *12.011— + (6 + 4n) * 1.008 — + (n + 1) * 15.999 — = M, (D
mol mol mol

Where May is the average of molecular weight of PEG250 or PEG500. (N(g)) to Li+(N(i+)) molecular ratio in chain of solvent for
both LiTf and LiTFSI electrolyte series has been calculated by using Eq.2:
1000g N
N(O) Maye )
= )
N((Li+) nei+
the salt concentration is 1 mol kg*; niis is 1 mol; Meiec is 1 kg, and N(oy is n+1. Noxygen in R-0-r always equal to N
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severe in PEG500 electrolyte, and making it diffi-
cult to resolve in the two 17O resonances. The inter-
action between salt and solvent may be another
source of glyme O NMR line broadening, due to
the reduction of the solvent molecular mobility
(i.e., the same phenomenon that leads to an increase
of the macroscopic viscosity). The linewidth data
are listed in Table.2. Fig.6 shows a detailed com-
parison of O resonance corresponding to the
glyme oxygen of electrolytes prepared using each
solvent with either LiTriflate and LiTFSI salts,
along with that of the pure solvent, magnified in the
low chemical shift region. The figure remarks the
above-mentioned line broadening by adding the Li
salt in the glyme compared to neat solvent. The
smallest solvent molecule (DME) and correspond-
ing electrolytes show a very clear, relatively sharp
170 resonance. Increasing the ether chain length
from DEGDME to PEG500 leads to signal border-
ing, however neat solvents still show two clear 'O
resonances, even in the case of the glyme with larg-
est molecular mass (PEG500). All O NMR reso-
nance position data are listed in Table 3.

Salt and Solvent Interaction

The comparison of YO NMR chemical shift be-
tween each electrolyte and its corresponding pure

solvent, plotted in Fig. 7, may actually quantify the

most likely dominated by the Li+ ions. However,
the aforementioned broadness of 'O linewidths in
PEG500 electrolyte solution leads to excessive un-
certainty in determining its chemical shift and lim-
its the data of Fig. 7 to PEG250 glyme. The bar di-
agrams of Fig. 7 reveal much larger signal shift of
the R-O-R’ group in respect to -O-CHs group by
adding the LiTriflate and LiTFSI salts into the
glyme solvents, while the 'O chemical shifts of
glymes exhibit a decreasing trend in both -O-CHs
and R-O-R’ group by increasing the chain length.
Local electron density dominates the shielding of a
specific nucleus. To investigate the behavior of ox-
ygen nucleus a series of aliphatic ethers with vari-
able chain length was studied by measuring the
chemical shift of 17O nuclei and calculating the net
(nuclear minus electronic) charges on the nu-
cleus®. An evaluation of the atomic net charge g,
of oxygen has been performed by increasing the
electron-releasing ability of the substituents, thus
enhancing the electron withdrawal of oxygen due
to its electron enrichment. The linear correlation
between YO NMR chemical shift (80)°%° and net
charge variation (4g0)®* may be performed by an
extensive geometry and exponent optimization for
various ethers, such as dimethyl-, diethyl-, and di-
isopropyl-ethers.>” The correction between Ago and

chemical shift do is reported in equation (3):

interaction between the solvent and the salt, that is Aq, = —0.267A8, (3)
Table 2 170 NMR linewidth data of pure solvents and electrolytes.
Solvent Linewidth of 170 in R-O-R’ Linewidth of 170 in O-CH; Linewidth  Linewidth
name group(Hz) group(Hz) of O in of 70 in
pure LiTf LiTFSI pure LiTf LiTFSI LiTf(Hz) LiTFSI (Hz)
solvent Electrolytes Electrolytes solvent Electrolytes Electrolytes
DME 2.1 3.0 3.2 4.1 2.8
DEGDME 4.8 7.4 7.7 2.9 5.0 4.8 5.2 3.0
TREGDME 6.8 11.8 12.1 3.9 8.6 6.8 5.8 3.7
TEGDME 8.4 13.9 17.1 4.6 11.2 12.0 6.6 5.5
PEG250 11.5 25.8 22.6 5.9 13.8 13.8 7.4 6.2
PEG500 22.6 453 33.9 7.7 23.6 233 13.0 8.9
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Figure 6 O NMR resonances of the glymes (A. solvents; B. LiTriflate electrolytes; C. LiTFSI electrolytes)

Table 3 O NMR chemical shift of pure solvents and electrolytes.

12

Solvent Chemical shift of 70 in R-O-R’ Chemical shift of 70 in O-CH; Chemical Chemical
name group(Hz) group(Hz) shift of 7O shift of 1’0
pure LiTf LiTFSI pure LiTf LiTFSI in LiTf in LiTFSI
solvent Electrolytes Electrolytes solvent Electrolytes Electrolytes (Hz) (Hz)
DME -23.4 -24.3 -24.6 156.3 160.1
DEGDME -2.2 -3.7 -3.9 -23.5 -239 -24.1 157.7 162.4
TREGDME  -2.6 -3.6 -4.1 -23.5 -23.7 -23.9 158.3 161.8
TEGDME -2.5 -3.3 -39 -23.2 -23.5 -23.6 158.6 162.0
PEG250 -2.7 -3.3 -3.9 -23.4 -23.6 -23.6 159.0 162.4
-23.1 -23.0 159.6 162.5

. PEG500

-1.6

-1.8

-0.5

-22.6
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Figure 7 Chemical shift difference of 1O resonance of glyme between Li salt solution and pure solvent (AS = delectrolyte-

dsolvent).

charge at the oxygen atom leads to a downfield 'O
NMR shift, which contradicts the common held
view, suggesting an upfield shift by electron den-
sity increase.®> The 'O chemical shift of the
glyme-based electrolytes studied herein moves up-
field upon lithium salt addition , i.e., by decreasing
the net charge of the oxygen due to the electron
withdrawal effect of Li*, thus in complete agree-
ment with Eq. 3.5 Accordingly, the salt addition
induces a larger chemical shift change on the down-
field shifted, more polar and electron richer chain
oxygen (R-O-R’) in respect to the terminal oxygen
(-O-CHy3), since the former represents the preferred
site for hosting Li* cations®. Fig.7 also reveals a
decreasing trend of the 'O chemical shift of both

in -O-CHs and in R-O-R’ group by increasing the

ether chain length.

Glymes Nwy/ Nwivy Ratio

Fig.8 reports the calculated N(o) to N¢Li+) molar ratio
in the glyme-based electrolytes (see experimental
section for details), and exhibits a slightly increas-
ing No)/Nwi+) by chain length increase. Hence,

glymes of longer chain have an increased number

of oxygen atom per Li* ion, and a relevant ratio of
lithium ion preferential sites R-O-R’ in respect to -
O-CHs. Consequently, the individual oxygen in R-
O-R’ becomes less associated with the Li* in the
longer glymes, and its chemical shift less affected
by the presence of the salt. Accordingly, the in-
crease of ratio
TREGDME, TEGDME to PEG250 (Fig.5) changes
the chemical shift of the corresponding electrolyte
by -1.5, -1.0, -0.8 and -0.6 ppm (LiTriflate series),
and by -1.6,-1.5, -1.4 and -1.2 ppm (LiTFSI series),

respectively (see Table 2). In summary, the lower

N©)/N(Li+) from diglyme,

ratio of lithium solvating R-O-R’ groups in the

22,7

22.6 1
22.5 1
22.4

22.3 1

N(Oxygen in ether chain)/N (Li+)

2224 =

221

I Y I 5 I 4 ) L I ¥ I
DME DEGDME TREGDME PEGDME PEG250 PEG500

Sample name

Figure 8 Ratio of the number of oxygen in ether chain to Li*.



shorter chain glyme electrolyte (smaller No)/N(Li+)
in Fig. 8) induces a stronger shielding effect and
corresponding ether chain oxygen chemical shift
change. Furthermore, oxygen in both R-O-R’
group and methoxy group in LiTFSI series exhibits
a larger shift in respect to LiTriflate series, as most
likely ascribed to the higher dissociation degree of
the LiTFSI salt. Indeed, TFSI ions are less located
in the first coordination shell of the Li* in respect
to Triflate, thereby allowing a stronger interaction
between Li* and oxygen in the glymes. The 'O
chemical shifts of Triflate” and TFSI" plotted as a
function of glyme chain length in Fig. 9, show a
slightly increasing trend by glyme chain length in-
crease. This behavior can be explained by taking
into account the electron density of the oxygen in
the anion. The exceptional cation solvation in the
glymes, often results in poorly solvated or even na-
ked active anions.® In contrast, the NMR measure-
ments reported in figure 9 indicate a change of an-
ion environment from the observed downfield shift
by increasing chain length. It has been reported that
lithium cations preferentially interact with the SO3
group rather than CFs group in LiTriflate contain-
ing electrolytes.®* The positive Li* ions attract elec-
trons from oxygen atoms in Triflate” group by as-
sociation, thereby inducing a downfield shift. Ac-
cordingly, the YO NMR results of Fig. 9 suggest
enhanced Li-Triflate association degree by chain
length increase. This result is consistent with the
literature data®® suggesting the ion pairs as the pre-
dominant species instead of “free’ ions and aggre-
gates, and indicating an increase of ion pairs con-
centration by increasing the chain length in glymes
with n=1~4. Similar increasing trend however with
a minor extent, except for the DME solution, may
be observed for the 1’0 chemical shift in TFSI".
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Figure 9 7O chemical shift of the anion in the different elec-
trolytes.

The sensitivity of natural abundance 'O NMR
technique for investigating the lithium ion solva-
tion behavior was confirmed by comparing the
chemical shift of the glyme oxygen in electrolytes
with those of corresponding neat solvents. This
unique method can directly observe the specific ox-
ygen atom coordinating sites associated to the lith-
ium ion solvation sheath, and probe the dependence
of cation-solvent interaction on the glyme chain
length. The results suggest stronger interaction for
the ether oxygens with higher electron density in
respect to terminal oxygens. In addition, the data
indicate decreasing oxygen shielding effect on Li*
by increasing chain length due to a more relevant
competition of the oxygen atoms for Li* solvation.
The downfield shift of anion oxygen in the electro-
lytes suggests that longer chain length favors the

association of cation and anion.
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Glymes in Li/S cell

Moving to battery
application

he electrolytes proposed differ by con-
cepts, design, and materials, as well as
the effect of their chemical and physical
characteristics on the lithium ion. The use of the
electrolyte should be studied and optimized in or-
der to obtain the best result for the needed applica-
tion. The attention now is focused on the species
mobility within glyme-based electrolytes and its ef-

fects on the polysulfide shuttle reactions.

Experiment Summary

The electrolytes, considered as suitable media for
lithium-sulfur battery, are characterized in terms of
thermal properties (TGA, DSC), lithium ion con-
ductivity, lithium interface stability, lithium-trans-
ference number, cyclic voltammetry and self-diffu-
sion coefficient measured by NMR analysis. Fur-
thermore, the electrolytes are characterized in lith-
ium cell using a sulfur-carbon composite cathode
by Galvanostatic charge-discharge tests. The re-
sults clearly evidence the influence of the chain
length on the species mobility within the electro-
lytes that is directly reflected into a different behav-

ior in lithium sulfur cell.
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Figure 10 (A) Thermo-gravimetric analysis (TGA) profiles
of the ether-based electrolytes performed from 25 C to 700°C
at 10°C/min heating rate, under nitrogen flow. (B) Differen-
tial Scanning Calorimetry (DSC) profiles of the ether-based
electrolytes cooled from 20 °C to -80°C at 5°C/min, under
argon atmosphere

The results may effectively contribute to the pro-
gress of an efficient, high energy lithium-sulfur

battery.

Glymes-LiCF3SOgs Properties

Thermo-gravimetric analysis (TGA) was per-
formed in order to detect the stability of the various

ether-based electrolytes at elevated temperature.

Experimental section: Cathode preparation

The cathode material was based on elemental sulfur and mesophase micro bead (MCMB) carbon, in a weight ratio of
1:1. Before mixing with MCMB, the sulfur was melted at 135°C. The mixture was stirred for 3 hours at 135°C and
then cooled down to room temperature. A stainless-steel jar was used to hold and mechanically treat the sample by
high-energy ball milling system (Retsch Mill MM400) with a frequency of 15 Hz for a total time of 2 hours, using a
milling time of 30 minutes, rest period of 15 minutes and repeating the above procedure four times. The electrodes
were prepared by mixing the carbon-sulfur composite, super P carbon (Timcal) and polyvinylidinedifluoride (PVDF)
binder in 80:10:10 mass ratio in N-methylpyrrolidone (NMP) solution. The slurry was casted on aluminum foil by
Doctor Blade, punched as disks and then vacuum-dried at 50°C for 24 h before assembling the cells in argon filled

glove box.
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Figure 11(A) Conductivity Arrhenius plots of the ether-based electrolytes performed by ranging the temperature from 30 °C to 80
°C. The measurements have been performed in coin-cell, using electrochemical impedance spectroscopy with signal amplitude of
10 mV within 500 MHz-100Hz frequency range. (B) Time evolution at room temperature of the lithium-electrolyte interface re-
sistance performed in Swagelok-type, Li/Li symmetrical cell using electrochemical impedance spectroscopy with signal amplitude
of 10 mV within 500 MHz-100 mHz frequency range. (C) Voltage vs. time profile of lithium deposition/stripping galvanostatic
test performed applying a 0.1 mA current to symmetrical Li/electrolyte/Li cell. (D) Current vs. potential profile of the linear sweep
voltammetry (LSV) performed using the Li/electrolyte/SP cell within the OCV-5.0 V vs. Li/Li+ range at 0.1 mV s-1 at room
temperature employed for the determination of the electrochemical stability window of the electrolyte.

The DSC and, in particular, the TGA measurement
are considered as an indication of the upper and
lower temperature limits where the electrolytes
maintain their characteristics. Therefore, we used
this information as a suggested temperature range
suitable for stable working of the cell. Figure 10A,
reporting the TGA traces, demonstrates that the
electrolytes based on both DME and DOL-DME

are characterized by thermal stability limited to
temperatures lower than 50°C, while DEG-based

one reveals a slightly higher stability, i.e. extended
up to 70°C. In contrast, TEG-based electrolyte
shows a thermal stability exceeding 200°C that is
further increased for PEG500-based one up to a
temperature as high as 350°C. As indeed expected,
the above results reflect a thermal stability en-
hanced by the increasing the ether-chain length, i.e.

Experimental section: Electrolyte preparation

Before mixing, the solvents were dried for several days under molecular sieves until the water content was below 10
ppm as determined by 831 Karl Fisher Coulometer - METROHM. The electrolyte solutions were prepared by dissolv-
ing lithium trifluoromethanesulfonate (LiCF3SOs, i.e. lithium triflate) in 1 mol kg™ ratio in an argon filled glove-box.
Lithium nitrate was then added to the solution in a 0.4 molar ratio
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DOL-DME<DEG<PEG250<PEG500, thus sug-
gesting a higher safety content of the long-chain,
ether-based electrolytes in view of the possible ap-
plication in lithium batteries. The DSC measure-
ments performed within the electrolyte crystalliza-
tion region, and reported in figure 10B, indicate a
lower freezing point for DME and DOL-DME-
based electrolytes, i.e. of about -53°C and -68°C,
respectively, in respect to TEGDME and PEG250-
based electrolytes that show the still very low freez-
ing points of -49°C and -34°C, respectively.
PEG500-based electrolyte freezes at about 5°C,
thus suggesting possible issues associated with its
use at the lower temperatures. Figure 11A, report-
ing the conductivity Arrhenius plots of the selected
electrolytes, shows conductivity values suitable for
lithium battery applications for all the samples in
the studied temperature range. Indeed, the room
temperature conductivity decreases from about
2*10°® S cm?' for DME, DOL:DME and
DEGDME-based electrolytes to about 1*107 for
TEGDME, 7*10* for PEG250 and down to 4*10*
S cm! for PEG500-based one, thus suggesting in-
creasing conductivity by decreasing the ether-chain
length. However, DME and DEGDME show a dif-

ferent trend, most likely due to an additional effect

of the solvent dielectric constant that is predomi-
nant at the low viscosity values. Indeed, DME has
a lower viscosity as well as a lower dielectric con-
stant than DEGDME (i.e., 0.46 mPa.s and 5.5 for
DME and 1.03 mPa.s and 5.8 for DEGDME.®® This
is reflected by a slightly lower conductivity of the
former with respect to the latter. Furthermore, a
slight and linear increase of the conductivity, in
particular for the electrolyte based on PEG500, is
observed by raising the temperature as expected by
solvent viscosity decrease. The time evolution of
the lithium interface resistance of the symmetrical
lithium cells using the studied electrolytes reported
in figure 11B reveals a stable lithium-electrolyte in-
terface, with relatively low resistance ranging from
100 Ohm for DOL:DME, DEGDME and
TEGDME-based solutions to 400 Ohm for
PEG250 and PEG500-based ones. However, the
cell using DME-based electrolyte shows a continu-
ous increase of the interface resistance due to pos-
sible evaporation over time, thus excluding its pos-
sible use as the electrolyte solvent for lithium bat-
tery applications, while DME-DOL combination
appears a still suitable solution. DEGDME and
TEGDME-based solutions show lower resistance
values and excellent stability over time, thus sug-

gesting these electrolytes as the preferred ones for

Experimental section: Electrolyte Characterization Part 1

The thermal characterization was performed by thermo-gravimetric analysis TGA (Mattler Toledo TGA/ SDTAB851)
and by differential scanning calorimetry DSC (Mattler Toledo DSC821). TGA was performed by raising the temper-
ature from 25°C to 700 °C, with a heat rate of 10°C/min. DSC was performed by cooling from 25°C to -80°C at -
5°C/min. Conductivity tests were performed by using 2032 coin cells including stainless steel symmetrical electrodes
and Teflon O-ring separator with a constant and known size in order to ensure a fixed cell constant. Electrochemical
impedance spectroscopy (EIS) was performed by using a Biological VMP3 with 10mV-signal amplitude, within 500
MHz-100 Hz frequency range. The interface resistance has been calculated by Non-linear least-squares (NLLSQ) fit of
the impedance spectra, carried out by using a Boukamp software product. An R(RQ)nQ equivalent circuit (shown in
the figure inset) was used for the Nyquist plot analysis, where R represents a resistance and Q a constant-phase element
(CPE). The Chi-square (x2), a parameter used to evaluate the fitting quality, was below 10™. 2>23¢ The electrochem-
ical stability window was studied by linear sweep voltammetry (LSV) at a scan rate of 0.1 mV s, in a three
electrodes lithium cell using a Biological VMP3. The configuration cell has lithium metal as counter and
reference electrode and super P on aluminum as working electrode in the OCV- 5.0V Vs Li/Li+ range at room
temperature. Lithium stripping/deposition galvanostatic test was performed by applying a 0.1 mA c¢cm™ current to
Li/Li svmmetrical cell. usina a MACCOR Series 4000 Batterv Test Svstem (Maccor Inc.).



application in lithium cell. The lithium stripping-
deposition voltage profiles shown in figure 11C ev-
idence a very limited overvoltage, i.e. to about 10
mV, for DME and DEGDME-based electrolytes
(pink and yellow curves, respectively) with an in-
crease of the value by increasing the chain length
to about 300 mV for PEG500-based electrolyte
(green curve) at room temperature, which is most
likely associated to the increased charge transfer re-
sistance at the lithium interphase. Furthermore, mi-
nor changes in the polarization value, in particular
for TEGDME-based electrolyte, is observed over
time due to the expected growth and following con-
solidation of the solid electrolyte interphase (SEI)
film at the lithium surface upon lithium stripping-
deposition.®%7 In line with the results already ob-
served by time evolution test of the Li-interface re-
sistance (see Fig. 11B), the lithium deposition-
stripping test of suggests DEGDME as preferred
electrolyte solvent for application in lithium bat-
tery. The linear sweep voltammetry (LSV) in Lith-
ium/carbon cells reported in figure 11D exhibits the
same trend for DEGDME, TEGDME, PEG250 and
PEG500, with electrochemical stability extended
up to 4.5V. In spite of the onset of decomposition
of DME and DEGDME-based electrolytes at 2.3V
and 2.5V, respectively, the electrolyte obtained by
their combination shows rather higher stability, i.e.
extended up 4.0V. This test, in addition to the pre-
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Figure 12 Lithium transference number of the ether-based
electrolytes at room temperature. The values have been ob-
tained as the ratio of the self-diffusion coefficient of Li* with
respect to that of overall charge carriers, i.e. Li* and CF3SO3’
measured at 25°C by NMR

vious ones (see Fig. 11 A, B and C), suggest possi-
ble interactions between the two co-solvents, i.e.
DOL and DME, leading to a mixed phase with
slightly different electrochemical properties with
respect to the single solvent. Lithium transference
number plays a key role in optimizing the behavior
of the electrolyte in Li-cell. This important param-
eter is here determined by using the ionic self-dif-
fusion coefficients as determined by NMR (see ex-
perimental section for details) and reported in Fig-
ure 12.%8-70 Indeed, the figure shows a decrease of
the lithium transference by increasing the ether-
chain length from DME to PEG500-based electro-
lyte. The observed decrease of the lithium transfer-
ence number may be most likely ascribed to the ex-
pected kinetic limits hindering the solvated-ions

mobility by increasing the ether-chain length.”

Experimental section: Electrolyte Characterization Part 2

Temperature dependence of the self-diffusion coefficient for *H, °F, and ’Li nuclei was measured on a Bruker 400
Avance Il NMR spectrometer using a double stimulated echo pulse sequence to suppress convection effects.
2%Gradient pulses, of sine shape with duration § = 2 -5 ms and strength g = 0-45 G/cm, were applied with a diffusion
delay of A = 80-800 ms within a temperature ranging 20°C and 70°C, in steps of 10°C. The self-diffusion activation
energies were estimated by the Arrhenius plot linear slope of the corresponding self-diffusion coefficients measured at
various temperatures. The room temperature lithium transference number (t*), corresponding to the fraction of current
carried out by the lithium ions, was determined as the ratio of the self-diffusion coefficient of Li* with respect to overall
charge carriers, i.e. Li* ("Li nuclei) and CF3SOs™ (*°F nuclei) measured at 25°C. This method does not take into account
the effects of ion association and is therefore used only as guide to comparative behavior in electrolytes
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Figure 13 Voltage profile of the lithium sulfur cells using the various electrolytes, i.e. (A) DME-1m LiCF3SO3; @ 25°C, (B)
DEGDME-1m LiCF;SOs;@ 25°C, (C) DOL:DME-1m LiCF3;SOs;@ 25°C (D) TEGDME 1m LiCF3;SOs@ 25°C, (E) PEG250-1m
LiCF3SOs;@ 35°C and (F) PEG500-1m LiCF;SOs@ 50°C. The galvanostatic charge-discharge cycle is performed at a current rate

of C/20 (83.75 mA g-1) within 1.2-3.2 V voltage.

Shuttle Effect in Li-S Cell

Figure 13 shows the voltage profiles of the first gal-
vanostatic charge-discharge cycle of the various
electrolytes in a lithium-sulfur cell. The figure evi-
dences a remarkable polysulfide-shuttle effect for
the cells using short-chain glymes,’? i.e. DME (A),
DEGDME (B) and DOL:DME (C), characterized
by conventional discharge process and by continu-
ous charging, until cell failure.” Instead, the cells
using TEGDME (D), PEG250 (E) and PEG500 (F)
reveal very limited, or complete absence of poly-
sulfide-shuttle reaction during the first cycle, with
a typical trend associated with the Li-sulfur pro-

cess.25 However, the performance of the sulfur cell

using TEGDME, characterized by a capacity of
about 900 mAh g*and limited polarization, may be
approached only by raising the temperature up to
35°C and 50°C for the cell using PEG250 and
PEG500, respectively. This behavior may be as-
cribed to the lower conductivity and higher viscos-
ity of the long-chain glymes at room temperature,
and consequent high activation energy required for
the motion of the various electrolyte constituents,
in particular at the electrode-electrolyte interface.
Furthermore, the cell using TEGDME shows
higher capacity than that using DEGDME, despite
the lower viscosity of the latter. This aspect may be
reasonably attributed to the lower resistance ob-
served in figure 11B for the Li-TEGDME interface

Experimental section: Cathode Characterization

Cycling tests were performed using a Maccor instrument at a C/20 current rate (1C = 1675 mA g based on the sulfur weight),

within 1V -3.2 V limit.



with respect to Li-DEGDME, however further
study is required to fully clarify this trend.

Glymes Self Diffusion
Activation Energy

Figure 14 reports the self-diffusion activation en-
ergies of the various species within the electrolyte
obtained by Arrhenius plot linear-slope determina-
tion of the self-diffusion coefficient for 'H, '°F, and
Li nuclei measured by NMR (see experimental
section for details). The '°F (Fig. 14A) and Li (Fig.
14B) self-diffusion activation energies are ascribed
to the LiCF3sSOs salt ions moving within the se-
lected solvent, while the *H activation energy (Fig.
14C) is associated to the ether-segment diffusion.
The figure shows that the short-chain glymes are
generally characterized by lower activation energy
in comparison to the long chain ethers. Indeed,
DOL and DME-based electrolytes reveal very low
activation energy both of the salt and of the ether-
chains, i.e. ranging from 5 to 10 kJ mol™, hence a
higher mobility in respect to PEG-based electro-
lytes, characterized by an activation energy ranging
from 25 to about 30 kJ mol. DEGDME and
TEGDME-based solutions exhibit intermediate
values, i.e. ranging from 15 to 20 kJ mol™. The sim-
ilarity in values and activation energy trends be-
tween the ions and the host molecules is consistent
with the highly cooperative ion transport mecha-
nism known to occur in ether-based solvents. The
above reported data are in line with the remarkable
shuttle reaction observed in figure 13 (A, B and C)
for lithium sulfur cells using electrolyte based on
short-chain glymes, in which the high mobility of
salt ions and solvents allows an easy pathway for
polysulfide migration from cathode to anode, and

consequent direct reaction. Instead, long-chain
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Figure 14 Comparison of self-diffusion activation energy for
°F (A), "Li (B) and 'H (C) nuclei. The NMR measurements
were performed using gradient pulses, of rectangular shape
with duration 8 =2-5 ms, strength g =0 -45 G/cm applied on
each side of 180° pulse with a separation of A= 80-800 ms

glymes partially inhibit the above process that is al-
most absent during the first charge-discharge of the

corresponding Li-S cells (see Fig. 13 D, E and F).

LiNO; Addition

The above polysulfide shuttle effect in short-chain
glymes may be efficiently mitigated by protecting
the lithium electrode surface, such as by adding
lithium nitrate (LiNOs) salt to the electrolyte solu-
tion.?2™ Accordingly, Figure 15 reporting the volt-
age profile of the cells using DME (A), DOL:DME
(B) and DEGDME (C) solutions, with added
LiNQOsg, clearly evidences the reduction of the poly-
sulfide shuttle-effect, and the corresponding in-
crease of the cell efficiency during the galvanos-
tatic charge-discharge cycle. Furthermore, the fig-

ure shows an over discharge at about 1 V, attributed
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to the LiNOs reduction, and expected to signifi-
cantly buffer the lithium polysulfide shuttle reac-
tion. The figure shows the typical profile expected
for the Li-S reaction and a relatively limited polar-
ization. These data, in addition to the previous ex-
suggest DEGDME-
LiCFsSOs with added LiNOs solution is a suitable

medium

perimental  evidences,
lithium-sulfur
cell. Therefore, DEGDME-LiICF3SOz3-LiNOs solu-
tion has been employed as the electrolyte in Li/S

for application in

cell, of coin-configuration, galvanostatically cy-
cled for several times at C/20 rate, i.e., a low cur-
rent in order to evaluate possible shuttle process
that is, in general, magnified at the lower C-rates.
The results reported in Figure 16, reported in terms
of voltage profile (A) and corresponding cycling
behavior (B), confirm the mitigation of this side re-
action by showing a coulombic efficiency higher
than 90%. The figure reveals an initial capacity of
about 900 mAh g1, due to the reversible Li-S reac-
tion, that decreases and then stabilizes at about 750
mAh g? due to polysulfide dissolution until final
solution saturation. The above saturation, with con-
sequent buffer-effect by mass action of the dis-
solved polysulfide, i.e. avoiding further cathode
loss and leading to capacity stabilization, is al-
lowed by the use of a separator soaked by a very
low electrolyte amount, i.e. about 10-15 pl. Taking
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Figure 15 Voltage profiles of the galvanostatic charge-dis-
charge cycle of lithium sulfur cells using DME-1m LiCF3SO3
(A) and DOL:DME-1m LiCFsSO3 (B) and DEGDME-1m
LiCF3SO; (C) electrolytes added by 0.4m LiNO;3 as lithium
polysulfide shuttle protecting-agent. Current rate C/20 =
83.75 mA g-1, voltage range 1.2-3.2 V. Room temperature.

into account a specific capacity of about 750 mAh
g ! and a working voltage of 2V, the theoretical en-
ergy of the cell may be calculated to be of the order
of 1500 Wh kg that may reflect, considering side
and inactive cell components, a practical energy as
high as 500 Wh kg and, finally, of 250 Wh kg*
considering also the carbon content of the sulfur
electrode employed for the tests (i.e., S:C, 1:1
weight ratio)
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Figure 16 Galvanostatic behavior of a LI/DEGDME-LiICF;SOs-LiNOs/S-C coin-cell reported in terms of voltage profile (A) and
corresponding cycling behavior (B). Current rate C/20 = 83.75 mA g%, voltage range 1.2-3.2 V. Room temperature.
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LLINOs characterization

The beneficial effect of LiINOs was widely investigated in lithium-sulfur batteries using glyme-based electro-
lytes. Indeed, LiNOs can protect the lithium electrode surface from parasitic reactions by forming a passivation
film, which avoids the polysulfide shuttle phenomenon, i.e., the lithium metal corrosion by polysulfide species
dissolved in the electrolyte solution.”>”® Such protective solid electrolyte interphase (SEI) starts growing im-
mediately upon Li-S cell assembly, by precipitation of LixNOy and LixSOy species blocking the electron trans-
fer from lithium metal to the polysulfides dissolved in the solution and ensuring at the same time Li* conduc-
tion.22Thus, LiNOs ensures stable cycling of Li-S cells by formation of a suitable SEI on the anode. However,
the irreversible reduction of NOs™ anions on the cathode side at potentials lower than 1.8 V vs. Li*/Li leads to
(i) limited electrode kinetics likely due to precipitation of reduction products on the cathode surface, and (ii)
nitrate consumption. In particular, XPS measurements revealed polymerization products over the cathode,
which have been related in literature to possible nucleophilic attack of the solvent molecules by O*  formed
during reduction of nitrate to nitrite species.***%’® This peculiar behavior of electrochemical stabilization

needs further investigations, which is therefore one of the aims of the further paragraphs.

Scheme of the 2032-coin
cell. stainless steel current
collector in blue, the 7
spring in green. Teflon”’
ring inred and in light grey
the body of the cell in
stainless steel
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LiNO:; Effect

Experiment Summary

olyethylene glycol dimethyl ether (Mw
500) dissolving  lithium  trifluoro-

methansulfonate (LiCF3SOs3) salt was se-
lected due to his higher electrochemical stability
window in respect to others glymes. Voltammetry
and galvanostatic tests reveal significant enhance-
ment of the electrolyte characteristics, in terms of
cycling life and chemical stability, by the addition
of lithium nitrate (LiNOs3) to the solution. Further-
more, PFG NMR measurements suggest the ap-
plicability of the electrolyte in battery in terms of
ionic conductivity, lithium transference number,
ionic-association degree and self-diffusion coeffi-
cient. Accordingly, the electrolyte is employed in a
lithium battery using lithium iron phosphate as the
selected cathode. The battery delivers a stable ca-
pacity of 150 mAh g* and flat working voltage of
3.5V, thus leading to a theoretical energy density of
520 Wh kg™. This battery is considered a suitable
energy storage system for advanced applications
requiring both high safety and high energy density.

PEG500 LiCFsS0O:;
Properties

The suitability of the PEG500DME-LiCF3SO3
electrolyte in terms of ion mobility for application
in battery has been verified both by PFG NMR and

Experimental section: Electrolyte and Cathode Preparation

by electrochemical method. Figure 17 A reports
the self-diffusion coefficient of ’Li, °F and 'H
within the electrolyte, as obtained by NMR meas-
urement (the *H NMR results will not be discussed
further here, but they are mostly reflective of solu-
tion viscosity). The figure evidences that lithium,
i.e. the smallest particle in the solution, is charac-
terized by the lowest values of diffusion coefficient
due to a high solvation degree in view of its high
charge density. Furthermore, the figure reveals the
expected increase of the diffusion coefficient of the
various species by increasing the temperature. The
diffusion coefficient of the cation (Dvi) and of the
anion (Dcr3so3) at the various temperatures, repre-
sented by Dui (LICFsSOs) and Dr (LICF3sSOs) in
Figure 17A, respectively, are used to determine the
electrolyte ionic conductivity following the Nernst-
Einstein formula, (see equation (4) in the experi-
mental section: electrolyte characterization of this
paragraph). Figure 17B reports the comparison be-
tween the conductivity values determined by NMR
and directly measured by electrochemical imped-
ance spectroscopy (EIS). The figure reveals a con-
ductivity at 30°C of nearly 102 S cm™, i.e., a satis-
factory value suitable for battery application. How-
ever, the plots reveal a discrepancy between the
value directly measured by EIS and that determined
by employing the diffusion coefficient, i.e., the lat-
ter higher in respect to the former. Indeed, PFG

NMR reveals the movement of all the species

Poly ethylene glycol dimethyl ether (Sigma Aldrich, average MW 500, indicated by the acronym PEG500DME) was dried under
molecular sieves (SA) for several days until the water content was under 10 ppm as determined by Karl Fisher instrument
(Metrohm). Lithium-trifluoromethanesulfonate (LiCFsSO3; Sigma Aldrich) and lithium-nitrate (LiNO3, Sigma Aldrich) were dried
at 100°C under vacuum for 24 hours. The electrolyte solution was prepared by dissolving 1 mol of LiCF;SOs in 1 kg of
PEG500DME. A second solution of the same composition of the previous was added by 0.4 mol of LiNOs. The cathode was

prepared by dispersing an homogeneous slurry of LiFePO

super P carbon conductor (Timcal) and polyvinylidinedifluoride

(PVDF, Solvay) binder in 80:10:10 mass ratio in N-methylpirrolidone (NMP, Aldrich). The cathode film was cast onto aluminum
foil by doctor Blade, dried at 70°C, disk-punched and finally dried under vacuum at 100°C for 3 hours.
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Figure 17 A) Self-diffusion coefficient (D) of "Li, *°F and H within the PEG500DME-LiCF3SOj; electrolyte determined by pulse
field gradient NMR. B) Comparison between the conductivity values determined by using ions self-diffusion coefficients (equation
4) and measured directly by electrochemical impedance spectroscopy (EIS). C) Ionic association degree (a) trend at various tem-
peratures calculated by (equation 5). D) Lithium transference number (t*) trend determined at various temperatures (using equation
6). Temperature range 20°C-90°C. For equations (4), (5) and (6) see experimental section in the next page.

within the electrolyte solution, including single
ions, neutral ionic pairs, couples and multiple asso-
ciated ions. On the other hand, impedance spec-
troscopy records only the movement ascribed to the
single charge carriers. This is a well-known and
widely reported phenomena in both liquid and
PEO-based solid electrolytes.’37":"8 Accordingly,
the ratio between the two values may be employed

to determine the ionic association degree (o) using

Experimental section: Cathode Characterization

equation (2) reported in the experimental section.
Figure 1(c), reporting the trend of a, reveals an in-
crease of the ionic association by increasing the
temperature as most likely ascribed to possible re-
combination of the various ions into couple pairs or
higher multiplet. This effect is in part due to the de-
creasing dielectric constant and hence decreasing
solvating power of the polyether host at elevated

Cyclic voltammetry was carried out by using a tree-electrodes cell equipped by lithium metal counter and reference
electrode and a Super P coated on copper working electrode. The measurement was performed by a 10 mV s scan
rate, within 0.01V and 3V potential window using a Biological VMP3 instrument. Swagelok, T-type lithium cells using
lithium iron phosphate (LiFePO,) cathode and PEG500DMEDME-based electrolyte soaked in a Whatman® glass fiber
separator, were galvanostatically characterized at C/5 rate (1C = 170 mA g*) using MACCOR Series 4000 Battery Test
System (Maccor Inc.).
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temperature.” Li-transference number has been de-
termined by NMR at the various temperatures and
reported in Figure 17D, in order to evaluate the
charge fraction carried by lithium ions. The figure
shows a stable value of about 0.45 in the whole
temperature range that is considered a suitably high
value allowing the use of the electrolyte in lithium

ion batteries.

LiNQO; Free

In order to verify the suitability of the electrolyte
for lithium battery application, a Li/PEG500DME-
1M LiCF3SOs/LiFePOs cell was assembled and cy-
cled. Figure 18, reporting the voltage profile (A)
and corresponding cycling behavior (B), reveals an
initial cycle characterized by a typical profile cen-
tered at about 3.5V, a low charge-discharge polari-
zation, a high efficiency and a specific capacity of
about 150 mAh g%, i.e., of about 90% of the theo-
retical value. However, the following cycles evi-
dence a remarkable polarization increase (Fig.18A)
leading to efficiency decrease, noise, capacity fad-
ing and final cell failure (Fig.18B). These issues are
attributed to an unstable solid electrolyte interphase
(SEI) film at the lithium surface, or to a very poor
stability of the latter. It has been reported that the
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Figure 18 . A) Voltage profiles and B) cycling behavior of
the Li/PEG500DME, 1m LiCF3SOs/LiFePQOq lithium cell cy-
cled at a C/5 rate (1C = 170 mA g') within 2.5V and 4V volt-
age range. Room temperature (25°C)

addition of lithium nitrate (LiNiO3) to the electro-
Iyte as film-forming agent may represent a suitable
solution to increase the lithium cell perfor-
mance.*’* Indeed, LiNiOs may decompose at
about 1.5V to form a stable SEI layer protecting the

lithium surface and preventing cell degradation.

Experimental section: Electrolyte Characterization

Self-diffusion coefficient was measured by using a Bruker 400 Avance 111 NMR spectrometer operating by double-stimulated echo
pulse sequence in order to suppress convection effects [28]. The measurements were performed by within temperature ranging from
20°C to 70°C, collecting the signal each 10 °C, by gradient pulses of sine-shape with duration 8 = 2-5 ms, strength g = 0-45 G/cm
and diffusion delay of A =80-800 ms. The electrolyte conductivity (8) was calculated by using the diffusion coefficient of the anion

and the cation along with the Nernst-Einstein equation (4):6 = = [C]( Dyii + Dcr3sos)

were F is the Faraday constant (96485 Coulmb), [C] is the solutlon concentration (mol cm-3), R is the ideal-gas constant (8.314472
JK~1 mol-1), T is the selected temperature value, Dy ; and Dcessos are the self-diffusion coefficient Li* cation and CF3;SO; anion,
respectively, measured of by NMR technique. The ionic conductivity was also directly determined within temperature ranging from
20°C to 90°C by electrochemical impedance spectroscopy (EIS) in symmetric stainless steel/electrolyte/stainless steel 2032 coin
cell. The cell was equipped by Teflon separator in order to fix the cell thickness, and the impedance spectroscopy was performed
in a 100 mHz - 100 kHz frequency range with a signal amplitude of 10 mV using Biological VMP3 instrument. The ion association

degree (o) was determined by using equation (5): @ = (1 — ;E’S ) where 3EIS and SNMR are the conductivity values measured
NM

by EIS and calculated by equation (4), respectively. The cation transference number (t+), corresponding to the fraction of current

carried out by the lithium ions, was calculated by using equation (6) : t* = S
Dri +DcF so



LiNOs;Added Solution

Accordingly, PEG500DME-LiCF3SO3 solution
has been augmented by the addition of LiNOs salt
and characterized by voltammetry in order to detect
its decomposition potential. Figure 19 reports the
cyclic voltammetry of the bare PEG500DME-
based electrolyte (blue line) and the corresponding
solution containing LiNOs (green line) in a lithium
cell using a carbon working electrode. The poten-
tial profiles show a huge peak around 0.5V mainly
due to the reductive degradation of the
PEG500DME for the bare electrolyte, and the ex-
pected additional peak at around 1.5V for the
LiNOs containing one that is expected to form the
above mentioned protective layer.*® The voltam-
metry test suggests a discharge voltage lower than
1.5V in order to allow LiNOs decomposition with
production of a passivation film preventing cell de-
terioration. assembled a
Li/PEG500DME, 1M LiCFsSOs, 0.4M
LiNOs/LiFePO4 cell and performed a first dis-

charge lowering the voltage down to 1V in order to

Accordingly, we

allow the LiINOs decomposition, while the follow-

ing cycles were performed within a typical voltage
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Figure 19 Cyclic voltammetry trends of the bare
PED500DME, 1m LiCF3SO; electrolyte (blue line) and the
corresponding solution added by 0.4m LiNQOs (green line) in a
lithium cell using a carbon working electrode. Scan rate 0.1
mV s, potential limits 0.01V-2V. Room temperature (25°C)
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Figure 20 A) Voltage profiles and B) cycling behavior of the
Li/PEG500DME, 1m LiCF3SOs3, 0.4LiNO3/LiFePO, lithium
cell cycled at a C/5 rate (1C = 170 mA g). First cycle per-
formed within 1V and 4V and following cycles within 2.5V
and 4V voltage range. Room temperature (25°C)

range, i.e. 2.5V to 4V. Figure 20, reporting the volt-
age profiles (a) and the cycling behavior (b) of the
lithium cell, shows a greatly enhanced behavior in
terms of low polarization and cycling stability.
During the first cycle, the cell reveals the expected
decomposition starting at about 1.5V and a follow-
ing charge characterized by a specific capacity of
about 170 mAh g%, comprised of irreversible reac-
tions such as minor electrolyte oxidation and struc-
tural reorganization of the LiFePO: electrode.®
During the following cycles, the cell reveals a
working voltage of about 3.5V, very limited polar-
ization and a specific capacity of about 150 mAh g
! that is 90% of the theoretical value (Fig. 20A).
Furthermore, the cell shows an efficiency ap-
proaching 100% and a very stable cycling trend
(Fig. 20B), thus confirming the effective role of the
film formed by LiNOs in protecting the cell from
side reactions and allowing optimized cycling.
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LiNO:; effect - overview

The results demonstrated the suitability of a poly-
ethylene glycol dimethyl ether (PEGDME)-based
electrolyte for application in an efficient lithium
battery. NMR and electrochemical tests revealed
that the electrolyte has a conductivity of the order
of 10 S cm and a lithium transference number of
0.45, i.e. proper values for optimized cell perfor-
mances. The addition of a lithium nitrate salt
(LiNOg) allowed the formation of a stable SEI film
protecting the lithium metal and avoiding further
electrolyte decomposition. Indeed, the lithium bat-
tery employing the modified electrolyte has shown
high performances in terms of delivered capacity,
efficiency and stability. The cell delivered a capac-
ity of 150 mAh g* at a working voltage of 3.5V,
thus leading to a theoretical energy density of 525
Wh kg*. We believe that the data here reported
may allow a safe use of lithium metal in efficient,

high energy lithium batteries

LiNO:3 Added Electrolyte a
Deep Investigation

or the first time, we presented that LiNO3

allows the use of glyme-LiCFsSOs-based

electrolytes in lithium metal batteries with
olivine cathodes. However, this peculiar behavior
needed further investigation. Therefore, the full
study of an electrolyte solution formed by dissolv-
ing lithium triflate (LiICF3SOs) in new end-capped
glyme, i.e., triethylene glycol dimethyl ether
(TREGDME, CHs(OCH2CH2)sOCHs) is pre-
sented. TREGDME is characterized by a lower vis-
cosity, thus higher conductivity, with respect to
previously studied glyme. Thermogravimetric

analysis (TGA), differential scanning calorimetry
(DSC), viscosity analysis, as well as pulse field
gradient nuclear magnetic resonance (PFG NMR)
and electrochemical impedance spectroscopy
(EIS), are employed to determine thermal and rhe-
ological properties, the mobility of the dissolved
species and the electrochemical characteristics of
the electrolyte, respectively. The paragraph reports
a deep investigation of the self-diffusion coeffi-
cient, ionic conductivity, lithium transference num-
ber, and ionic association degree and suggests the
solution as suitable electrolyte medium in a lithium
metal cell using a LiFePO4 cathode prepared in our
laboratory.8! Particular care is devoted to the study
of both LiNOs addition effects and the electro-
chemical activation procedure before cell cycling,
which ensure the formation of a stable elec-
trode/electrolyte interface over anode and cathode.
The study of the electrode/electrolyte interface is
carried out by lithium stripping/deposition, voltam-
metry, electrochemical impedance spectroscopy
(EIS), as well as by ex situ scanning electrode mi-
croscopy (SEM). Accordingly, the formation of the
SEI at the electrodes surface promoted by the con-
dition adopted in this work represents a key param-
eter allowing proper operation of the lithium cell.
The Li/LICF3SO3-TREGDME-LINOs/LiFePO4
battery is studied by galvanostatic cycling at sev-

eral current rates, revealing suitable performances.
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TREGDME LiCF3SOs
Properties

TREG-LICF3S0s is investigated by TGA and DSC
for determining key parameters for battery applica-
tion, such as thermal characteristics and freezing
point. Fig. 21a, reporting TGA under nitrogen flow,
reveals weight loss starting at about 75 °C, likely
due to evaporation of TREGDME, which repre-
sents a first indication of the upper operating tem-
perature of the electrolyte.8? A further massive
weight loss is observed above 200 °C. This could
be related to the boiling of TREGDME (which falls
in the 224 — 227 °C range). Then, weight losses at
higher temperatures reveal salt decomposition.*

The inset in figure 21A compares the TGA profiles
of pristine TREGDME black, TREG- LiCF3SOs
grey, and TREG- LiCF3SOs3-LiNO3 green. The
pure solvent exhibits a weight loss beginning at 60
°C due to evaporation promoted by the N2 flow,
followed by a further weight loss above 200 °C in-
dicating the boiling point. TREG-LICFsSO3 and
TREG- LiCF3SOs-LiNO3s exhibit a similar trend
upon heating and a higher thermal stability than
pristine TREGDME. Fig.21B shows the DSC cool-
ing profile of TREG- LiCFsSOsfrom room temper-
ature to —90 °C, performed in order to determine
the freezing point of the electrolyte. The curve re-
veals an exothermic crystallization peak at —60 °C
which suggests the lowest temperature suitable for
the application of the electrolyte in lithium cell. In
summary, the thermal properties revealed by Fig.
21 suggests a possible operating range extending
from —60 °C to 75 °C, which exceeds that one of
conventional carbonate-based electrolytes.®® Fig.
21C reports the viscosity profile of TREG-

LiCF3sSOsstudied within temperature ranging from
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Figure 21 Thermal properties of TREG-LiICF3;SOs; as studied
by (A) thermogravimetric analysis (TGA) under nitrogen
purge (40 mL min™t) at 10 °C min* heating rate from room
temperature to 600 °C and (B) differential scanning calorime-
try (DSC) under Ar atmosphere at 5 °C min™! cooling rate
from 20 °C to —90 °C. (C) Viscosity vs. temperature of TREG-
LiCF3SOg3 performed by applying constant shear rates and col-
lecting data every 10 °C after 15 minutes of thermal stabiliza-
tion; temperature range from —10 °C to 80 °C. (in the inset the
comparison between TREG solvent black, electrolyte grey and
LiNO3 added solution green)
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Figure 22 (A) Self-diffusion coefficient of the H, °F, and “Li nuclei of TREG-LiCF3SOjs (see the experimental section for sample
acronym) as determined by PFG NMR in the 20 — 80 °C temperature range; figure inset: self-diffusion activation energies for each
nucleus (*H, °F, and “Li) extrapolated from the self-diffusion coefficient in the Arrhenius plot. (B) Lithium transference number
calculated from the self-diffusion coefficient data by equation (2) within the 20 — 80 °C temperature range. (C) lonic conductivity
obtained by EIS (black line) and calculated from the self-diffusion coefficient data by equation (3) within the 20 — 80 °C temperature
range. (D) lon association degree between Li* cation and CF3SO3™ anion calculated by using equation (4) from the ionic conductivity

data obtained by EIS and PFG NMR.

—10 °C to 80 °C. The figure reveals the expected
decreasing trend by raising temperature. The
TREG- LiCF3SOs electrolyte has viscosity of about
5 mPa s at 20 °C, which is consider suitable value

for battery application. Viscosity measurements on

TREGDME solvent and TREG- LiCF3SO3-LiNO3
electrolyte have been also carried out to evaluate
the changes due to salt addition. The inset of figure
21C shows that the viscosity increases in the whole

range of temperature due to addition of LiCF3SOs

Experimental section: Electrolyte Preparation

Triethylene glycol dimethyl ether (TREGDME, CH3(OCH,CH,)30CH3, Sigma-Aldrich) was dried under molecular sieves (5A) until
the water content was below 10 ppm, as determined by using the Karl Fischer titration instrument (831 Karl Fisher Coulometer,
Metrohm). Lithium trifluoromethanesulfonate (lithium triflate, LiCF3SOs, Sigma-Aldrich) and lithium nitrate (LiNO3, Sigma-Al-
drich) were dried overnight under vacuum at 80 °C before use. The electrolyte was prepared by dissolving LiCF;SO3; in TREGDME
in 1 mol kg* concentration with respect to the solvent (solution indicated by the acronym TREG-LiCF3SO3). A second electrolyte
solution was prepared by dissolving LiCF3SO3 and LiNO; in TREGDME; both salts were used in 1 mol kg™ concentration with
respect to the solvent (solution indicated by the acronym TREG-LiCFsSO3-LiNOs). The electrolyte preparation was carried out in an
argon-filled glovebox with moisture and oxygen content lower than 1 ppm.



and LiNOs, with values at 20 °C of 2.3 and 11.7
mPa s for TREGDME and TREG- LiCF3sSOs-
LiNOs, respectively. The transport properties of
TREG-LiICF3SOs were investigated by coupling
PFG NMR and EIS in the temperature range from
20 °C t0 80 °C, i.e., the typical window for battery
applications. Fig. 22 shows the results in terms of
self-diffusion coefficient (Fig. 22A), lithium trans-
ference number (Fig. 22B), conductivity (Fig.
22C), and ion association degree (Fig 22D). The
PFG NMR of H, "Li and *F nuclei indicates the
same increasing trend of self-diffusion coefficient
of TREGDME solvent, Li* and CFsSOs™ salt ions,
respectively, with increasing temperature (Fig.
22A); however, the TREGDME chains exhibit

higher mobility in the whole temperature range
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value of the coefficients. The activation energies
related to the self-diffusion process, reported in in-
set of Fig. 22A, are comparable for TREGDME
chains and anions, while the small lithium ion
shows a slightly higher activation energy, however
within the experimental error of the test (see exper-
imental section: electrolyte characterization of this
paragraph). On the other hand, a higher activation
energy for lithium ions may be reasonably expected
by the strong interaction with the other species pro-
moted by its high charge density. The lithium trans-
ference number (t*) was calculated by equation (6)
as the amount of charge carried by lithium cations
with respect to the total charge and reported in Fig.
22B. The figure shows a t* value of about 0.5

within the whole temperature range, which may be

with respect to the ion species, which show similar

Experimental section: Electrolyte Characterization part 1

The thermal properties of TREG-LiCF3;SO3; were evaluated by differential scanning calorimetry (DSC). The samples were put in
a sealed Al crucible in an argon-filled glovebox for DSC; the measurement was performed from 20 °C to — 90 °C with a cooling
rate of 5 °C mint. Thermogravimetric analyses (TGA) of TREGDME, TREG-LiCF3sSOs, and TREG-LiCF3SO03-LiNO3 were
carried out by using a TG209 F1 Libra, Netzsch, instrument. The samples were heated at a rate of 10 °C min™* from room temperature
to 600 °C under a nitrogen purge (40 mL min™?). The samples were hermetically sealed inside a dry room (dew point < =70 °C) in
aluminum pans, which were punched under nitrogen atmosphere just before the measurement. The viscosity of TREGDME, TREG-
LiCF3SOs, and TREG-LICF3SOs3-LiNO; was evaluated at various temperatures in a dry room (dew point < =70 °C) through an
Anton-Paar Physica MCR102 rheometer, by applying constant shear rates and using a Peltier system for cooling/heating. The meas-
urements were performed every 10 °C upon sample heating after 15 min of equilibration at constant temperature. The self-diffusion
coefficients of TREG-LiCF3SO; for the *H, *°F and 7Li nuclei were investigated with a Bruker 400 Advance 111 NMR spectrometer.
Screw-cap gas-tight NMR tubes were used. The measurements were carried out using a double stimulated echo sequence with
pulsed field gradients (PFG) in order to suppress convection; data were collected every 10 °C from 20 °C to 80 °C for each nucleus.
Gradient pulse duration (3) of 1.4 — 4 ms, diffusion delay (A) of 200 — 400 ms, and a gradient pulse strength increased linearly in
32 steps from 1 to 45 G cm™* were used. A longitudinal eddy-current delay (LED) of 5 ms was used to avoid eddy current effects.
error on the self-diffusion coefficient is about 3-5%.%* lonic conductivity was measured by impedance spectroscopy (EIS) using 10
mV signal amplitude in the 100 kHz — 100 mHz frequency range through a VSP (Biologic) instrument. The measurements were
performed every 10 °C from 30 °C to 80 °C on symmetrical stainless steel/electrolyte/stainless steel 2032-coin cell, using a Teflon
ring (thickness = 500 um) as the separator in order to fix the cell constant. The conductivity values obtained by EIS were compared
with those calculated using the self-diffusion coefficient (dnmr) through the Nernst-Einstein eq.

F2[C
(4):8 = %( Dyi + Dcrssos)

where dnmr is the conductivity determined by the NMR, F is the Faraday constant (96485 C), [C] is the concentration of the salt in
the electrolyte (mol cm™3), R is the ideal-gas constant (8.314472 J K™t mol™), T is the temperature (K), Dii and Dcrssos are the
corresponding self-diffusion coefficient. The ion association degree was derived from equation

(5): @ = (1 -2

SNMR

where a is the ion association degree, dnmr and dgis are the conductivity by PFG NMR and EIS, respectively. The lithium trans-
ference number was obtained by the following equation
6):tt=—+2LH =
Dri +DcF so
where t* is the trarfsférence number of the cation, Dy; is the self-diffusion coefficient of lithium, and Dcessos is the self-diffusion

coefficient of the CFsSO3™ anion. Lithium stripping-deposition tests were carried out on TREG-LiCF;SO; and TREG- LiCF3SOs-
LiNO;s solutions using Swagelok-type symmetrical cell with a Whatman® separator, by applying constant current of 0.1 mA cm™
with step duration of 1 h through a Maccor 4000 series Battery Test System.
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considered a suitable value for lithium battery ap-
plication. The ionic conductivity of the electrolyte
was calculated from the self-diffusion coefficient
data estimated from PFG NMR by applying the
equation (4) and is compared with the data meas-
ured by EIS in Fig. 22C. Remarkably, the two
methods provide conductivity values having differ-
ence of about one order of magnitude, as already
reported in the previous paragraph.5?7884 Indeed, is
noteworthy to remind again that this discrepancy is
due to the differences between the two techniques:
PFG NMR overestimates the ionic conductivity
since it reveals the motion of all selected atoms
within the electrolyte, i.e., single ions, ionic cou-
ples, and multiple associated ions, while EIS indi-
cates the actual ionic conductivity ascribed to the
net charge flow.>2"884 In fact, this high degree of
ionic association is at least partially responsible for
the observation that the apparent Li* transference
numbers are close to 0.5. Indeed, the conductivity
measured by EIS has a stable value of about 1.9 *
1072 S cm™ within the whole temperature range,
which well matches the battery application require-
ments, while the conductivity derived from self-

diffusion coefficient exhibit slightly increasing

trend, with a value of the order of 1072 S cm™. Ac-
cording to the above discussion, the conductivity
data were used to calculate the ion association de-
gree (Fig. 22D) by applying the equation (5). The
slight increase of the association degree with in-
creasing temperature reflects free ions recombina-
tion in pairs or complexes, which leads to a lower
number of charge carriers at higher temperature.
This phenomenon, already reported in literature for
ether-based electrolytes, has been attributed to a
solvent dielectric constant drop due to temperature
increase, which causes a decrease of the glyme
solvation power.>? Despite increased ion associa-
tion degree, the stable values of the actual ionic
conductivity measured by EIS (Fig. 22C) is at-
tributed to a simultaneous solvent viscosity de-
crease at the higher temperature, leading to a better

mobility of the charge carriers.

Bare and LiNO; added
Solution Comparison

The previous chapter underlined the stability of
lithium cell using insertion electrode and long
chain glyme electrolyte. The issues may be
strongly mitigated by the addition of LiNOs to the

Experimental section: Electrolyte Characterization part 2

The anodic stability of TREG-LiCF;SO; and TREG-LiICF3SO3-LiNO3 was investigated by linear sweep voltammetry at 0.1 mV
st on Swagelok-type 3-electrodes cells with lithium metal for the counter and reference electrodes, and carbon-coated on alumi-
num foil as working electrode. Carbon-coated Al electrode allows determination of the actual electrochemical anodic stability
window, which may be underestimated with Ni or Pt working electrodes. The same cell configuration, was used for cyclic volt-
ammetry measurements; the working electrode reasonably reproduces the electrolyte behavior on composite cathodes, usually
formed by active material, conductive carbon and polymer binder. The tests were performed on TREG-LiCF3;SO3; and TREG-
LiCF5S0s-LiNOs3 to evaluate electrolyte behavior and the effect of LiNO; addition, at a scan rate of 0.1 mV s within the 1 - 4.3
V vs. Li*/Li potential range for the first cycle, and within the 2 — 4.3 V vs. Li*/Li potential range for the subsequent cycles. Further
voltammetry experiments were carried out employing LFP (on aluminum support) as the working electrode, with a scan rate of
0.1 mV st within the 1 — 4.3 V vs. Li*/Li potential range for the first cycle, and within the 2 — 4.3 V vs. Li*/Li potential range for
the subsequent cycles. The voltammetry measurements were performed though a VersaSTAT MC Princeton Applied Research —
AMETEK potentiostat. The lithium/electrolyte interfacial stability of TREG-LiCF;SO3; and TREG-LiCF3SOs-LiNO3 were
evaluated by performing EIS tests on symmetrical lithium/electrolyte/lithium Swagelok-type cells with a Whatman® separator,
using 10 mV signal amplitude in the 500 kHz—200 mHz frequency range through a VersaSTAT MC Princeton Applied Research—
AMETEK potentiostat. The impedance spectra were analyzed by nonlinear least-square (NLLS) fit using the Boukamp soft-
ware;528 the fit reliability was confirmed by chi-square (y2) values lower than 107*. The equivalent circuit (shown in the inset of
the figure )adopted for the Nyquist plot was Ra(RiQi) or Ra[(RiQi)(RW)] , where R represents a resistance and Q a constant phase
element (CPE) and W a finite length diffusion element for non-blocking electrodes.
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Figure 23 lonic conductivity TREG-LICF;SO3; and TREG-

LiCF3SOs-LiNO; obtained by EIS, collecting data every 10
°C from 20 °C to 80 °C.

electrolyte, despite negligible change of the ther-
mal characteristic and viscosity increase (Fig. 22).
Furthermore, the LiNOs addition partially affect
the ionic conductivity of the solution. Indeed, Fig.
23 reveals for both TREG-LICFsSO3 and TREG-
LiCF3SOs-LiNOs ionic conductivity of the order of
1072 S cm™ within the investigated temperature
range. However, the effect of LiNOz addition is fur-
ther studied by galvanostatic measurements, im-
pedance spectroscopy and voltammetry. Fig. 24
shows a comparison of the electrochemical features
of TREG-LiICFsSO3 and TREG-LiICF3SOs-LiNO3
in terms of lithium/electrolyte interface stability
throughout lithium deposition/dis solution by gal-
vanostatic cycling (Fig. 24A), anodic stability win-
dow (Fig. 24B), and lithium/electrolyte interface
resistance trend upon storage of Li/Li symmetrical
cell (Fig. 24C). Fig. 24A reveals for TREG-
LiCF3SOs a remarkable overvoltage increases over
six days of cycling, which indicates poor stability
of lithium metal anode in the pristine electrolyte.
On the other hand, the LiNOs addition stabilizes the
lithium/electrolyte interface; indeed, the TREG-
LiCF3SO3-LiNOs cell maintains a polarization as
low as 20 mV for up to 12 days of cycles. LiNOs
has a beneficial effect on the anodic stability too, as
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Figure 24 (A) Lithium stripping/deposition test of TREG-
LiCF3SO3; and TREG-LiICF3SOs-LiNO; (see the experimental
section for sample acronyms) in symmetrical Li/Li cell at con-
stant current of 0.1 mA cm™?; voltage limit: +1 V and -1 V; step
time: 1 hour each. (B) Anodic stability window of TREG-
LiCF3SO; and TREG-LICF3SOs-LiNO; (see the experimental
section for sample acronyms) as determined by linear sweep
voltammetry of three-electrode cells at 0.1 mV s™* scan rate (car-
bon-coated Al disk working electrode, Li metal counter and ref-
erence electrodes, respectively). (C) Interface resistance of
TREG-LICF3S03 and TREG-LiICF3SO3-LiNOs3 (see the experi-
mental section for sample acronyms) as calculated by NLLS of
EIS tests on Li/Li symmetrical cells throughout storage.
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shown by the linear sweep voltammetries of Fig.

24B. TREG-LICF3sSOs exhibits a current onset of O e P 24d
about 5 pA cm 2 at 3.55 V vs. Li*/Li and undergoes VRS 20d V4. SR BEREN ‘122 :
I I 7 N~ T 16d N~
+
further oxidation above 4 V vs. Li*/Li, as revealed N 12d G
by rising current at higher potential. Meanwhile, N T O | N T Td
My S—
TREG-LICF3S03-LiNO3 shows a current peak at ﬁ\v 4 d £ -~ :Z
——2d | N

about 3.72 V vs. Li*/Li, likely associated with /’"‘\ oahl R ——24h
LiNOs, and only minor decomposition processes m ——12h 7\ ——12h
below 4.5 V vs. Li*/Li, followed by remarkable N gh N én

. . o 7 i 3h ~ gh
current increasing at 4.6 V vs. Li*/Li. Therefore, —~_ ——o0ocV A ocv
the anodic stability of the electrolyte well matches T N N N
the application in a lithium battery using LFP cath- O 200 400 600 D 200 400 600

. . Z. Q) Z, [Q

ode characterized by working voltage of 3.45 V vs. Re Re
Li*/Li (see following paragraphs).® The stability of A
tion, i.e., the chemical stability, is investigated by ?égg{ﬂgg%éiogﬁge(g 'T‘glé';{?qcn;igg:lljﬂ'oszus'ng (A)

EIS tests carried out during 28 days of storage in
layer,®” and further interface stabilization. On the

other hand, TREG-LiCF3SOs-LiNOs reveals stable
lithium/electrolyte interface upon storage, after in-

symmetrical Li/Li cell without current flowing.
The impedance data of Fig 25 have been analyzed
by NLLS fit, in order to evaluate the lithium/elec-
. . _ itial increase due to SEI formation,® which is re-
trolyte interface resistance; the related results are

flected into interface resistance values ranging be-

tween 110 Q and 160 Q. In summary, LiNO3 addi-

shown in Fig. 24C. The interface resistance of
TREG-LICF3SOs quickly grows to 260 Q during

the first day upon SEI formation® and slightly in- tion to the glyme-based solution has beneficial ef-

creases up to 280 Q throughout the following days. fects on the lithium/electrolyte interface, since it

After 10 days of storage, the cell exhibits an inter- promotes the formation of a stable SEI layer. This

face resistance drop to about 200 Q, attributed to phenomenon has been widely investigated for Li-S

inc 43,47,48,50,88 P
partial dissolution/degradation of the passivation batteries. Furthermore, Fig. 25 shows the

Nyquist plots related to EIS measurements of the

Experimental section: Cathode Preparation

The LiFePO, (LFP) powder was synthesized by solvothermal treatment and following high-temperature annealing in inert atmos-
phere, as reported in our paper. 81The cathode film was prepared mixing the active material, poly(vinylidene fluoride-hexafluoro-
propylene) (PVdF-HFP copolymer, Kynar Flex 2801) as binder, and Super P Carbon (Timcal) as conductive additive in the ratio
80:10:10% wi/w in Tetrahydrofuran (THF, Sigma-Aldrich). The slurry thus obtained was casted on either aluminum foil or carbon
cloth current collector by doctor blade. The carbon cloth support was used for cycling test at constant current rate, while the
aluminum support was used for cyclic voltammetry and rate capability tests. The carbon cloth electrode supports may enhance the
electrochemical performances of olivine cathode materials synthesized in our laboratory, particularly in terms cycling stability.
This phenomenon is likely related to the improved electric contact between active material particles and current collector as well
as to the higher electrode contact area of carbon cloth with respect to Al foil. Therefore, we used the carbon cloth for cycling test
at a constant rate. Beside cycle life, cyclic voltammetry and rate capability tests were performed in order to detect the electrochem-
ical processes due to LiFePO4 and LiNOs, hence we considered the aluminum support as the most suitable current collector for
evaluation. The electrode films were dried overnight under vacuum at 110 °C, cut in the form of 10 mm dimeter disks, and brought
in an argon-filled alovebox before cell assemblina. The electrodes had mass loadina of about 4 ma cm™.
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Figure 26 Cyclic voltammetry of TREG-LiCFsSOs (grey line) and TREG-LiCF;SOs-LiNOs (black line, see the experimental section
for sample acronyms) used in three-electrode cells with Li metal as counter and reference electrodes; (A) carbon-coated Al disk
working electrode and (B) LFP working electrode; scan rate: 0.1 mV s™%; potential range: 1 — 4.3 V vs. Li*/Li for the first cycle, 2 —

4.3 V vs. Li*/Li for the subsequent cycles; first cycles in the main figure; subsequent cycles in inset.

cells using TREG-LiCFsSOs (Fig. 25A) and
TREG-LICF3SOs-LiNOs (Fig. 25B). Both panels
reveal impedance responses characterized by a
high-medium frequency semicircle due to the SEI
over the electrode surface.®® In addition, after 4
days of storage, the cell using TREG-LiICF3SOs-
LiNOs exhibits a low frequency response attributed
to the finite-length Warburg-type %%°1, Despite this
aspect exceeds the scope of this study, which fo-
cused on the passivation film properties, it may be
consider as different feature of the SEI owing to the
LiNOz addition.

LiNO; Voltammetry Study

The electrochemical activation technique consist-
ing in potential decrease down to 1 V vs. Li*/Li to
reduce LiNOs at the working electrode allowed the
efficient use of a polyethylene glycol dimethyl
ether PEGDME-LICF3SOs3 solution added by
LiNOs as the electrolyte in lithium cell using inser-
tion cathodes. This intriguing behavior is herein
further investigated for TREGDME-based electro-
lyte by cyclic voltammetry of lithium cells using
carbon (Fig. 26A) and LFP (Fig. 26B) working

electrodes. The voltammetry of Fig. 24A clearly re-
veals for the TREG-LICFsSOs electrolyte (light
gray line) a positive current flow of about 15 pA
within the 2 — 4.3 V vs. Li*/Li potential range after
the first charge, both during oxidation and during
reduction scans. This undesired current flow may
be attributed to parasitic decomposition processes
of the pristine electrolyte at the carbon electrode.
Furthermore, a current drift is observed by lower-
ing the potential to 1 V vs. Li*/Li during the first
reduction, which is attributed to further electrolyte
reductive decomposition at the working electrode®®
as well as to possible lithium arrangement within
carbon. Oxidative positive current is also observed
by the subsequent cycles, performed by limiting the
potential cutoff to 2 V vs. Li*/Li (inset of Fig. 26A).
Instead, the voltammetry of TREG-LICF3SOs-
LiNOs shows a different trend owing to the LiNO3
addition. The test reveals the small oxidation peak
at 3.72 V vs. Li*/Li, already observed in Fig. 26B,
during the first anodic scan, and a narrow peak at
1.5 V vs. Li*/Li during the first cathodic scan, as-
cribed to the electro-reduction of LiNOs at the

working electrode.?>*® During the second anodic
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Figure 27 Nyquist plots related to EIS measurements carried out on three-electrode cells using LFP working electrode and lithium
metal counter and reference electrodes; tests performed at the open circuit voltage (OCV) and at the end of each voltammetry cycle
shown in Fig. 4. Cells using (a) TREG-LiICF3SO; and (b) TREG-LiCF3;SO;-LiNO; (see the experimental section of the manuscript

for sample acronyms).

scan the peak at 3.72 V vs. Li*/Li increases, and
drops by subsequent cycles (inset of Fig. 26A). The
peak at 3.72 V vs. Li*/Li, missing in the cyclic volt-
ammetry of the pristine TREG-LICF3SOs, may be
associated to LiNOs indeed. Furthermore, the ab-
sence of undesired positive current flow for cell us-
ing TREG-LiICF3SOs-LiNOs indicates that LiNO3
addition actually mitigates the parasitic processes
due to electrolyte oxidation, thus suggesting this
solution as suitable electrolyte for application in
lithium cell using LFP. This aspect is confirmed by
Fig. 26B, reporting the cyclic voltammetry in
Li/LFP cell of bare (light gray) and LiNO3-added
(black) electrolytes. The cell using TREG-

LiCF3SO3 shows noisy voltammetry profiles and

shift toward positive currents due to electrolyte de-
composition, as already observed for the cell using
the carbon electrode (compare Fig. 26A and 26B).
Furthermore, the continuous electrolyte electro-ox-
idation at the LFP working electrode during cycles
progressively leads to additional issues such as
peak broadening, remarkable increase of the
charge-discharge polarization, and final cell failure
(inset of Fig. 26B). The voltammetry of the
Li/TREG-LiCF3SOs-LiNOs/LFP cell shows a dif-
ferent trend characterized during the first cycle by
narrow peaks centered at 3.45 V vs. Li*/Li due to
the Fe3*/Fe?* redox reaction within the olivine
structure,® in addition to the previously discussed
reduction peak at about 1.5 V vs. Li*/Li attributed

to LiNOs #2°°The subsequent cycles overlap and

Experimental section: Cathode Characterization

Galvanostatic cycling tests were performed through a Maccor 4000 series Battery Test System on Li/TREG-LiICF3SO3-LiNO3s/LFP
Swagelok-type two-electrode cells with a Whatman® separator. The cells were electrochemically activated by 4 galvanostatic cycles
at C/5 rate (1C = 170 mAhg™); the first discharge was performed by decreasing the voltage below 2 V and limiting the time to 5.15
h, in order to form a stable solid electrolyte interphase (SEI) layer at the electrode surface. The subsequent cycles were performed
within the 2 — 4 V voltage range at C/5 rate for test at single current, and at C/10, C/5, C/3, C/2, 1C, and 2C for rate capability test
(1C = 170 mAhg™?). SEM Zeiss EVO 40 with a thermionic electron gun equipped by LaBs crystal was employed to study the
morphology of the electrodes at various cycling stages.
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Figure 28 Galvanostatic cycling at C/5 rate (1C = 170 mA g %) in terms of (A) voltage profile and (B) cycling behavior of a LI/ TREG-
LiCF3SO3-LiNO3/LFP cell within 2 — 4 V voltage range. Rate capability test at C/10, C/5, C/3, C/2, 1C, 2C rates (1C = 170 mAh
gl) in terms of (C) voltage profile and (D) cycling behavior of a Li/TREG-LiCFsSO3-LiNOs/LFP cell within 2 — 4 V voltage range

the electrochemical process proceeds reversibly
with limited polarization, following the typical pro-
file associated with lithium (de-)insertion within
LiFePOas (inset of Fig. 26B). Fig. 27 reports the
Nyquist plots of the EIS tests performed throughout
the voltammetry experiments. In particular, imped-
ance spectra have been taken at open circuit voltage
(OCV) and at the voltammetry cutoffs, i.e., at 4.3
V vs. Li*/Li at the end of charge as well as at 1 V
vs. Li*/Li (first cycle) and at 2 V vs. Li*/Li (subse-
quent cycles) at the end of discharge. Fig. 25A re-
veals remarkable increase of the LFP/TREG-
LiCF3SOs interface resistance after three voltam-

metry cycles. On the other hand, Fig. 25B reveals

for the LFP/TREG-LiCF3SO3-LiNOs interface a
stable resistance after the first activation, which is
reflected into the above discussed stability of the
voltammetry profiles of Fig. 25B. This behavior
suggests formation of a suitable LFP/electrolyte in-
terface during the first voltammetry scan using the
solution added by the LiNOs.

TREGDME-LiNO;
Galvanostatic Cycling

The electrochemical results of Figs. 25, 26 and 27

suggest LiNOs as effective stabilizing agent for al-
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lowing proper operation of the lithium metal bat-
tery using LFP and TREGDME-based electrolyte.
In particular, the lithium plating/stripping and cy-
clic voltammetry tests of Figs. 25A and 26 clearly
reveal fast failure of the cells without LiNOs, which
might be attributed to poor stability of the elec-
trode/electrolyte at both anode and cathode sides.
Accordingly, the previous chapter reported the
comparison of the galvanostatic cycling behavior
of two Li/LiFePOg cells using glyme-based electro-
lyte with and without LiNOs. The paragraph re-
vealed remarkable increase of cell polarization,
electrolyte decomposition and high irreversible ca-
pacity upon cycling of the cell without LiNOs,
which led to capacity fading from 150 mAh gt in
the first cycle to a value as low as 0 mAh g after
only 37 cycles. Therefore, basing on the voltamme-
try tests reported herein as well as on the previous
results may be confirmed the stabilizing effects of
LiNOs addition to the electrolyte on the galvanos-
tatic cycling trend of LiI/TREG-LICF3SOs-
LiNOs/LFP cells (Fig. 28). An electrochemical ac-
tivation procedure of the cell for galvanostatic cy-
cling, first proposed in the previous paragraph and
herein further optimized, has been performed and
shown in Fig. 29. The figure indicates a plateau at
about 1.7 V related to the LiNO3 reduction, accord-
ing to the CV results shown in Fig. 26, and a 2"
charge plateau with capacity exceeding the theoret-
ical value for LFP (170 mAh g™?), partially at-
tributed to electrolyte irreversible reaction occur-
ring at about at 3.5 V, which overlaps the Fe3*/Fe?*
redox reaction. It is noteworthy that the actual com-
position of the electrolyte solution reasonably
changes due to the significant consumption of
LiNOs in the electrochemical activation process.

However, the 1 mol kg™ concentration of lithium

42
3.6T_J/
> 30-
S
[ 1] i
24
S 18-
> -
1'2_ 2lll|
rd
0'6_| '3\ T T T T T T T T T T
0 30 60 9 120 150 180
Capacity / mAh g

Figure 29 Three electrochemical activation cycles of a
LiI/TREG-LiICF3SOs-LiNOs/LFP cell cycled at C/5 rate (1C =
170 mAh g™b); first discharge performed by decreasing the
voltage below 2 V and limiting the time to 5.15 h; subsequent
cycles within the 2 — 4 V voltage range; C/5 rate for test at
(1C =170 mAh g™).

nitrate ensures suitable cell operation after the acti-
vation process. Indeed, this process leads to for-
mation of stable electrode/electrolyte interface, as
confirmed by EIS in Fig. 27, as well as by gal-
vanostatic tests of the LiI/TREG-LiICF3SOs-
LiNOs/LFP cell performed at C/5 rate (1C = 170
mA g) and reported in Fig. 28 in terms of voltage
profile (A) and cycling trend (B). Fig. 28A reveals
a flat voltage plateau centered at 3.45 V, according
to the two-phase reaction of LiFePQ4,% with polar-
ization as low as 0.05 V. The cell stably delivers
reversible capacity of about 125 mAh g%, upon ca-
pacity increase during the first 10 cycles owing to
structural stabilization of the olivine cathode and
electrode wetting.8#% However, the electrolyte for-
mulation and the electrochemical activation proce-
dure of the Li/TREG-LICF3SOs-LiNOs/LFP cell
herein proposed do not completely avoid a slight
capacity fading after 70 cycles and a coulombic ef-
ficiency limited to 98%. These issues, likely related
to electrolyte side reaction, require additional work
aimed at optimizing the electrolyte composition
and improving the electrode/electrolyte stability, in
order to further enhance the cell performances. An
additional Li/TREG-LiICF3SOs-LiNOs/LFP cell
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Figure 30 Ex situ SEM images of LiFePO, electrodes recovered by Li/TREG-LICF3SO3-LiNO3/LFP cells at the OCV (just after
cell assembling and stabilization) and after the first, the 10™, and the 50™ galvanostatic cycles. First discharge performed by
decreasing the voltage below 2 V at C/5 rate and limiting the time to 5.15 h; subsequent cycles within the 2 — 4 V voltage range

at C/5 rate (1C = 170 mAhg ™).

has been tested by galvanostatic cycling at several
current rates, as shown by Fig. 28C, D. The voltage
profiles of Fig. 28C reveal flat reversible plateaus
with minor polarization increase due to current rise
to 2C rate (1C = 170 mAh g1). The cell delivers
reversible capacities of 133, 129, 125, 120, 112 and
100 mAh gt at C/10, C/5, C/3, C/2, 1C, and 2C
(1C = 170 mA g%), respectively. These perfor-
mances clearly evidence the suitability of the elec-
trolyte in lithium metal batteries by formation of a
stable solid electrolyte interphase. LiNOs pas-
sivation layer over LFP electrode. Beside the for-
mation of stable SEI at the lithium surface by the
addition of LiNOs, already demonstrated by several
literature works, #3807 the electrochemical tests
suggest the formation of a suitable layer over the
LFP electrode during cell operation (see Fig. 26B
discussion). This aspect is further investigated by
ex situ SEM on LFP electrodes recovered from
Li/TREG-LICF3SOs-LiNOs/LFP cells. LFP elec-
trodes have been recovered at the OCV (just after

cell assembling and stabilization), after the first
discharge, at the 10" discharge, and the 50" cycles
of galvanostatic test (Fig. 30). The experiments
clearly reveal a film growth during cell operation.
It is worth noting that this film allows the Li*
transport at the cathode and ensures stable cath-
ode/electrolyte interface and reversible cycling, as
shown by the EIS and galvanostatic tests of Figs.
28 and 29, respectively.

Chapter Overview

The results demonstrate very promising features
suitable for lithium metal battery application and
wide  operating
TREGDME-LICF3SOs solution has an ionic con-

ductivity of 102 S cm™, lithium transference num-

temperature  range. The

ber of about 0.5, and association degree ranging
from 0.85 to 0.95 with increasing temperature due
to the formation of ion-ion couples. Furthermore,

the LiNOs addition to the electrolyte formulation
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played crucial role in determining the elec-
trodes/electrolyte interfacial and electrochemical
stability. The study demonstrated that an electro-
chemical activation procedure promoting the
LiNOs reaction may allow full operation of the
Li/TREGDME-LiICF3SO3-LiNOs/LiFePOs4  cell.
The battery revealed stable galvanostatic cycling,
with polarization as low as 0.05 V cell, coulombic
efficiency higher than 98% and reversible capacity
ranging between 133 mAh gt at C/10 and 100
mAh g* at 2C rates at about 3.5 V. Accordingly,
the estimated theoretical energy density of the sys-
tem is about 460 Wh kg 2. This value might lead to
a practical energy density of the order of 150 Wh
kg™t in a lithium-ion battery using conventional
carbon-based anodes. However, the use of lithium
metal anode, allowed by the low flammability of
glyme-based electrolytes, may increase the energy
density of the battery to an estimated value of the
order of 200 Wh kg™2.

LiNOs-Glymes electrolytes
toward better
performances

lymes based electrolyte have revealed

appealing properties reflecting in good

transport properties and stability by the
use of a film forming agent. Moreover, the glymes
electrolyte are not flammable, thus suggesting their
suitability with olivine materials with working
voltage below 4.5 V vs. Li*/Li 8 such as Fe and
Mn which are characterized by remarkable stability
of the polyanionic framework %°4.In the previous
paragraph the use of LiFePO4cathode material with
glymes electrolyte was already presented, however

a further investigation in terms of current rate and

operative working voltage is needed. Therefore, the
electrochemical study of LiFei-«Mn.PO4 olivines
in glyme-based solutions is expected to effectively
contribute to the development of rechargeable lith-
ium cells. Several synthetic approaches have been
studied in order to achieve olivine cathodes with
controlled morphology and proper particle size for
ensuring efficient electrochemical process with
limited electrolyte decomposition %192, The use of
alternative electrolytes designed for lithium metal
cell, such as those basing on end-capped glyme sol-
vents, may lead to a narrow voltage window with
respect to conventional carbonate-based solutions
%2, This choice reasonably requires further careful
morphology optimization of the LiFei-«Mn.PO4
cathode. Indeed the particle size plays a crucial role
for allowing fast Li" insertion/de-insertion at the
high rates and contemporary ensures limited para-
sitic processes at low current 19310 Accordingly,
LiFePOs  and

LiMnosFeosPO4 olivine materials 1% are employed

morphologically  optimized
in lithium metal cells using a solution of lithium tri-
flate (LiCFsSOs3) in tetra ethylene glycol dimethyl
ether (TEGDME) as electrolyte. This particular
electrolyte formulation has already shown suitable
characteristics in terms of thermal properties, and
electrochemical stability window *. However, prior
to use in cell, the electrolyte was studied by pulse
field gradient nuclear magnetic resonance (pfg-
NMR) for the determination of conductivity value,
ionic association degree and lithium transference
number. Additional, ad hoc designed test demon-
strate herein a complete non-flammability of this
promising electrolyte. The morphology and atomic
composition of the olivine cathodes are studied by
scanning electron microscopy (SEM), transmission

electron microscopy (TEM), and energy-dispersive
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Figure 31 Flammability tests carried out on (A, top panels) conventional 1 M LiPFg in EC:DMC 1:1 w/w and (B, bottom panels)

1 mol kg™* LiCF3S03, 1 mol kg™ LiNO3 in TEGDME

X-ray spectroscopy (EDS). Hence, the electro-
chemical performances of the Li/LiCF3SOs-
TEGDME/LiFe1-«MnePO4 (a0 = 0, 0.5) cells are
evaluated by galvanostatic cycling at several cur-
rent rates. To the best of my knowledge, the results
herein reported demonstrate for the first time the
applicability of LiCF3SOs-LiNOs-TEGDME with
LiFePOs and LiMnosFeosPO4 cathodes and lithium

metal anode.

Nonflammable Glyme

The employment of glyme and olivine electrode
may actually hinder the safety issues related to the
use of lithium metal anode, owing to the high ther-
mal stability of both electrolyte 4 and cathode %. A
relevant proof of the electrolyte suitability even un-
der hazardous conditions is represented by the
flammability test in reported in Fig. 31, carried out
on the LiCF3SO3-LINOs-TEGDME solution and,

for comparison, on conventional carbonate-based

electrolyte. Fig.31A shows that flame exposure
leads to fast ignition of the conventional LiPFs-EC-
DMC electrolyte, followed by combustion up to al-
most full electrolyte consumption. Instead, the
LiCF3SOs-LINOs-TEGDME solution shows a re-
markable stability and a complete absence of fire
evolution, even towards prolonged flame exposure,
as confirmed by Fig. 31B. The flash points of
TEGDME, EC, and DMC may account for the ob-
served enhanced stability of the proposed electro-
lyte with respect to standard carbonate-based solu-
tions. Indeed, despite the flash point of TEGDME
is 141 °C, which is slightly lower than that of EC
(143 °C), the volatile DMC has a flash point as low
as 16 °C. Therefore, 1:1 mixtures of EC and DMC,
allowing proper ion conduction and commonly
used in lithium-ion batteries, suffers by flammabil-
ity issue mainly due to low flash point of DMC 1%,
On the other hand, the LiCF3SO3-LiNOs-

TEGDME solution is stable upon flame exposure



Figure 32 Electron microscopy analyses of (top, A-C) LiFePO, and (bottom, D-F) LiMngsFeqsPO4 in terms of: (A,D) SEM images
(magnification in inset); (B,E) SEM-EDS maps of (blue) Mn, (red) Fe, and (green) P over the sample powders (overlapped maps
in the main panel; single maps in inset); (C,F) TEM images (magnification in inset).

by the experimental setup adopted in this work, as
shown by Fig 31, due to the relatively high flash
point of TEGDME. Despite the non-flammability
of the electrolyte in its pristine state, i.e., prior to
cell assembly, possible formation of new side spe-
cies during cycling that may alter the flammability
of the whole system, i.e., the battery composed of
electrodes, electrolytes as well as decomposition

products. The evaluation of such as complex sys-

thermo-gravimetric and chemical detection tech-
niques, e.g. as mass spectroscopy, upon cell opera-
tion such as that reported in literature for polymer
cell 17, This study exceeds the aim of the present
work; however, we may reasonably expect the non-
flammability of the pristine glyme-based electro-
Iyte (Fig. 31B) to remarkably increase the safety
level of the cell with respect to the flammable car-

bonate-based electrolyte reported in Fig. 31A.

tem requires ad hoc extended study, including cell

nailing and heating tests, as well as calorimetric,

Experimental section: Cathode Preparation

C-coated LiFePO,4 and LiMngsFeosPO4 powders (C content of about 5 wt. %) with olivine structure were synthesized by using a
solvothermal pathway followed by high-temperature annealing in Ar atmosphere as previously reported %1%, Sample morphology
was investigated by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). SEM images were acquired
by using a Zeiss EVO 40 microscope, equipped with a LaBs thermo-ionic electron gun. The atomic composition of the samples was
studied by SEM-energy dispersive X-ray spectroscopy (EDS), by using a X-ACT, Cambridge Instruments analyzer. TEM images
were taken by a Zeiss EM 910 microscope, equipped with a tungsten thermo-ionic electron gun operating at 100 kV. The samples
were suspended in water, sonicated, and deposited onto a Formvar® support film applied to Cu grid for TEM. The cathode slurries
were prepared by mixing active material (LiFePO4, LiMngsFeqsPO4), poly (vinylidene fluoride-hexafluoropropylene) (PVdF-HFP
copolymer, Kynar Flex 2801) binder, and Super P Carbon (Timcal) conductive additive in the ratio 80:10:10% w/w. Tetrahydrofuran
(THF, Sigma-Aldrich) was used as solvent for the electrode slurries. The slurries were de-posited on carbon-cloth current collector
by doctor blade, casted, dried overnight under vacuum at 110 °C, and cut in the form of 10 mm diameter disks. The electrode mass
loading was about 4 mg cm—2. Additional LiFePO4 electrodes were prepared using Al foil, in order to evaluate the effect of the
current collector. T-type cells were assembled in Ar-filled glovebox by stacking cathode, glass fiber separator (Whatman) soaked
in the electrolyte solution (LICF3SO3-LiNOs-TEGDME), and lithium metal an-ode. Benchmark electrolyte solution, i.e., 1 M LiPFg
in ethylene carbonate (EC): dimethyl carbonate (DMC) 1:1 w/w, was used for flammability tests and Li/LiFePO, reference cells.
The cell case had three stainless steel cylinders as current collectors and polypropylene holder; the cell was sealed by polypropylene
screws. The flammability tests were carried out on the electrolytes just taken out from the glovebox.
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Figure 33 Self -Diffusion coefficients of Li (D) and F (D) in LiCF3SOs salt, and of H (Dw) in TEGDME solvent. (B) Comparison
of conductivity values directly obtained by EIS and calculated by NMR data (see experimental section for details). (C) lonic
association of lithium LiCF3;SOs. (D) lithium transference number calculated by NMR data (see experimental section for details).
All measurements were performed in a 20 °C — 70°C temperature range.

Olivine Cathode for ether
based electrolyte

LiFePOs and LiMnosFeosPO4 cathodes have been
prepared by a simple solvothermal synthesis opti-
mized in our laboratory, which leads to crystalline
LiFe1-«MnoPO4 powders able to operate reversibly
in lithium and lithium-ion cells %1%, Further care-
ful characterization of the LiFePOs (Fig. 32A-C)

and LiMnosFeosPOs (Fig. 32D-F) materials has
been carried out by SEM (panels A, D), SEM-EDS
(panels B, E), and TEM (panels C, F) considering
the expected influence of sample morphology in
controlling the electrochemical behavior of the
electrode in glyme-based lithium cell. Fig. 32A, B
reveals that the LiFePO4 sample is homogeneously
formed by sub-micrometric platelet-like particles,

having uniform distribution of Fe and P in the 1:1

Experimental section: Electrolyte Preparation

The electrolyte solution was prepared in Ar-filled glovebox by dissolving lithium trifluoromethanesulfonate (lithium triflate,
LiCF3SQgs, Sigma-Aldrich) and lithium nitrate (LiNOs, Sigma-Aldrich) in tetraethylene glycol dimethyl ether (TEGDME, Sigma-
Aldrich) solvent; both salts were used in 1 mol kg™* concentration with respect to the solvent. Prior to electrolyte preparation, the
salts were dried under vacuum at 100 °C for 24 h and TEGDME was dried under molecular sieves. The final water content in
TEGDME was below 10 ppm by Karl Fisher titration (831 Karl Fisher Coulometr, Metrohm).
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atomic ratio. The LiFePOs particles have elongated
shape with maximum size of about 500 nm, as fur-
ther shown by TEM (Fig. 32C). The
LiMnosFeosPO4 material has comparable morphol-
ogy, characterized by diamond-shaped platelets
with maximum size of about 500 nm (see SEM of
Fig. 32D and TEM of Fig. 32F). The EDS analysis
reveals homogeneous distribution of Mn, Fe, and P
over the LiMnosFeosPO4 grains, and quantification
confirms sample stoichiometry. The particle size
shown in Fig. 32 is considered suitable both for al-
lowing a fast Li* transport through the one-dimen-
sional olivine channels, and for limiting the decom-
position of LICF3SOs3-TEGDME-based solution
during cell operation. Indeed, particle size reduc-
tion down to few tens of nanometers significantly
enhances the electrochemical performances of
LiFe1-«Mn4PQO4 cathodes, particularly at the higher
Mn contents 92194108 ‘however it contemporary fa-
vors electrolyte decomposition, interfacial re-
sistance increase, and cell failure due to the deteri-
oration of the electrode/electrolyte interface 103194,
This aspect appears particularly relevant in view of
the narrow oxidative stability windows of
TEGDME-LIiCF3sSOs solution (i.e., 45 V vs.
Li*/Li) # with respect to conventional LiPFe-car-
bonate electrolytes (above 4.7 V vs. Li*/Li) 1%,

TEGDME LiCF3S0O3 LiNOS3
Properties

Therefore, was selected these cathode materials,

characterized by sub-micrometric particles, for

study in LiCFsSO3-LINO3-TEGDME electrolyte.
Figure 33 reports the TEGDME-LiICF3sSOs charac-
teristics as determined by combining NMR and im-
pedance spectroscopy. The H, ‘Li and ‘°F nuclei
self-diffusion coefficients determined by NMR in-
crease with increasing temperature over the inves-
tigated temperature range (Fig. 33A), as indeed ex-
pected for glyme based electrolytes for application
in lithium battery.* Lithium cation as well as
CF3SOs anion, i.e., the charge carriers in the solu-
tion, exhibit similar self-diffusion coefficients (Dvi
and Dr, respectively) with value lower than that
corresponding to TEGDME (Dw) due to their sub-
stantial solvation shell. Electrolyte conductivity
may be calculated by the Nernst-Einstein equation
(4) using the self-diffusion coefficients () and
measured by EIS (&g ). Fig. 33B, reporting the
comparison between §y,r and 8y, reveals the
same increasing trend with increasing temperature,
however with values differing by one order of mag-
nitude, i.e., of the order of 103 S cm™ for &5, and
102S cm for 8z, due to the different nature of
the two techniques as already discussed in previous
chapters.%811%  Accordingly, the combination of
Symr and &g in equation (5) leads to the ionic as-
sociation degree (a) over the explored temperature
range reported in Fig. 33C, with s a stable value of
about 0.87, in line with the values observed for sim-
ilar glyme-based electrolytes.>>!! It is noteworthy
that carbonate base electrolytes, such as EC:DMC,
LiPFs (namely commercial LP30), have a room

temperature conductivity of about 5*10° S cm™,

Experimental section: Cathode Characterization

Rate capability tests on two-electrodes lithium cells were performed by galvanostatic cycling at C/10, C/5, C/3, C/2, 1C, and 2C
rates (1C = 170 mAh g 1), within the 2 — 4 V and 2 - 4.3 V voltage ranges for LiFePO,4 and LiMngsFeosPOa, respectively. Gal-
vanostatic cycling tests using a single current rate were performed at C/5, C/3, and 2C rates. All the cells using glyme-based
electrolyte were activated by 4 galvanostatic cycles at C/5 rate; the first discharge was performed by decreasing the voltage below
2 V and limiting the time to 5.15 h, according to a previously reported procedure suitable for the formation of a stable SEI layer at
the electrode surface, see Fig. 29. All the cycling tests were carried out at room temperature through a Maccor 4000 series Battery

Test System.



29109 while our solution has, at the same tempera-
ture a conductivity of 2*10°. The conductivity val-
ues, slightly lower than those expected for car-
bonate based electrolytes 112113 are considered
suitable for lithium cell application; however, they
might partially limit the rate capability of the cell
using LiFePOs at the lower temperatures. Never-
theless, the ion association still allows our electro-
lyte to have an ion conductivity value well suitable
for lithium battery application. Figure 33D, report-
ing the lithium transference number calculated by
using the self-diffusion coefficients of Li-cation
(DLi) and CF3SOs-anion (Dr) determined by NMR
and equation (6), reveals a stable value of about 0.5
in the whole temperature range, considered a suita-
ble value for electrolyte application in lithium bat-
teries.®® This method does not take into account the
effects of ion association and is therefore used only
as guide to comparative behavior in electrolytes.*>?
Furthermore, the TEGDME-LiCF3SOs electrolyte
has been herein added by LiNOs as film forming
agent that allows a further stabilization of the SEI
at the electrodes surface, as reported previously.>
Accordingly, the cycling tests herein reported have
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been carried out after performing 3 activation cy-
cles reported in Fig 29 The TEGDME-based elec-
trolyte herein proposed has thermal stability rang-
ing from — 49 °C to 200 °C and ionic conductivity
of about 1 x 102 S cm™ at room temperature *;
therefore, it is expected to ensure suitable perfor-
mances in Li/LiFePOa cell at higher current rates
and lower temperatures than PEG500DME of the
previous chapter. The high-rate performances have
been herein demonstrated up to 2C rate (1C = 170
mAh g ) for Li/LiFePOs and Li/LiMno.sFeosPOa4

cells, as following reported.

TEGDME Electrolyte and
High Rate Olivine Cathodes

Rate capability of the Li/LiICFsSOs-LiNOs-
TEGDME/LiFePOs cell has been evaluated by gal-
vanostatic cycling at several current rates, as shown
in Fig. 34. The voltage profiles (Fig. 34A) reveal
plateaus centered at about 3.45 V, which indicate
reversible two-phase reaction of LiFePOs . The
cell exhibits flat voltage profiles and low polariza-
tion (about 0.05 V) at slow rates; as expected, the
rise of C-rate to 2C (1C = 170 mA g!) produces
slope of the voltage profile, polarization increase,

Experimental section: Electrolyte Characterization

The TEGDME-LICF3SO; 1 mol kg™ electrolyte was characterized by a Bruker 400 Avance 11l NMR spectrometer in order to
determine self-diffusion coefficients of *H, "Li and *°F nuclei using PFG double-stimulated echo sequence to suppress convection
effects.??* The gradient pulse widths were 4-5 ms, gradient strength g was varied from 0-45 G/cm and diffusion delay A of 500-
800 ms was employed. Measurements were made each 10°C from 20°C to 70°C. The Nernst-Einstein equation (4) was used to

calculate the electrolyte conductivity (dnvr) from Li* cation and CF;SO3 anion self-diffusion coefficients:

2
Onmr = FR_;C] (Dpi+ + Depyso,= ) (4)
Where F is the Faraday constant (96485 C), [C] is the salt concentration (mol cm), R is the ideal-gas constant (8.314472 J K
mol 1), T is the temperature (K) and D ;+ and D¢, s0,- are the self-diffusion coefficient of lithium cation and triflate anion respec-
tively. The electrolyte conductivity was also measured by electrochemical impedance spectroscopy (EIS) in symmetric stainless
steel/electrolyte/stainless steel 2032-coin cell, with an O-ring Teflon separator to keep the volume of the cell constant. VSP (Bio-
logic) instrument was used to perform the measurements in a 100 mHz — 100 kHz frequency range with signal amplitude of 10
mV, acquiring data from 30°C to 60°C each 10°C. The equation (5) was used to calculate the ion association degree (o):
a=(1-32 ()

SNMR
Where &g is the conductivity value obtained from EIS measures and &y is the conductivity from equation (4). The lithium

transference number (t*) can also be calculated from the self-diffusion coefficients according to equation (6):

D, .+
+ — Li
t D +D - (6)
Lit CF3S03

where D;;+ and D¢, s0,~ are the self diffusion coefficienst of the lithium cation and the triflate anion respectively.



45

>
(0]
(@]
S
o 1.84—-cno
> —cCi5

—C/3

1'2_—(3.’2
= A
0.6{——2C , , , , , ,
0 20 40 60 80 100 120 140 160
Capacity / mAh g

|c) |

c/1o c/10
£ 1801 c/5
E | c/3
Z 150 9299233999900 C/2 4 SSNSY
- | mm 2C
S 1204
S | 93339
o
o 90-
O ]
@ 601
E) |
© 30
5 7 B
'9 0 T T T T T T
O o 5 10 15 20 25 30 35

Cycle Number
Figure 34 Rate capability test of the Li/LiCF3SO3-LiNO3-

TEGDME/LiFePOQ; cell in terms of (A) voltage profiles and
(B) cycling behavior, performed by galvanostatic cycling at
C/10, C/5, C/3, C/2, 1C, and 2C rates (1C = 170 mAh g?)
within the 2 — 4 V voltage range; test performed after electro-
chemical activation of the cell (see Fig. 29); room tempera-
ture (25 °C).

and lower capacity. Indeed, the cell delivers re-
versible capacity of 152, 150, 145, 138, 125, and
112 mAh gt at C/10, C/5, C/3, C/2, 1C, and 2C
(1C = 170 mA g%), respectively (see Fig. 34B).
These results demonstrate the full suitability of the
LiCF3SO3-LiINOs-TEGDME electrolyte in lithium
cells that use LiFePO4 cathode. This cathode has
been widely investigated over the last few years,
leading to its current commercial use in cells 1*4. In
particular, recent literature works '>'8 reported
LiFePO4 powders prepared by solvothermal path-
ways characterized by excellent electrochemical
performances in standard carbonate-based electro-

lyte. Hence, cycling results of lithium cells using
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Figure 35 Galvanostatic cycling tests at C/3 rate (1C = 170
mAh g?) of Li/LiFePO, cells using either 1 M LiPFs in
EC:DMC 1:1 w/w or 1 mol kg LiCF3SO3, 1 mol kg™t LiNO3
in TEGDME as electrolyte; 2 — 4 V voltage range; LiFePO,
on either Al or carbon-cloth current collector; tests using
TEGDME-based electrolyte performed after electrochemical
activation of the cell (see Fig. 29); temperature = 25 °C.

LiCF3SO3-LINO3-TEGDME and a common car-
bonate-based electrolyte are compared with the
LiFePO4 sample synthesized in our laboratory 9410°
in Fig. 35. Cycling performances at C/3 rate (1C =
170 mAh g %) of LiFePO4 in 1 M LiPFs EC:DMC
1:1 w/w standard electrolyte and in the new
LiCFsSOs-LINOs-TEGDME formulation are re-
ported in Fig. 35. The cell using standard car-
bonate-based electrolyte delivers reversible capac-
ity of 114 mAh g ! at the 1% cycle, which increases
to 121 mAh g after 10 cycles due to cathode struc-
tural reorganization already observed for similar
olivine materials ®+111%5; at the 30" cycle the ca-
pacity slight decreases to 117 mAh g%, i.e., 103 %
and 97 % with respect to the 1% cycle and 10" cycle
values, respectively. The glyme-based electrolyte
ensures capacity of 124 mAh gt and 126 mAh g*
at the 1% and 10" cycles, respectively; at the 301
cycle the capacity is 120 mAh g%, i.e., 97 % and
95 % with respect to the 1 cycle and 10™ cycle
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Figure 36 Galvanostatic tests of Li/LiCF3SO3-LiNO3-TEGDME/LiFePOy cells in terms of (A,C) voltage profiles and (B,D) cy-
cling behavior within the 2 — 4 V voltage range at two C-rates: (A,B) C/3, and (C,D) 2C rates (1C = 170 mAh g1); test performed
after electrochemical activation of the cell (see Fig. 29); room temperature (25 °C).

values, respectively. Therefore, these results fur- with insertion cathodes revealed very poor electro-
ther demonstrate the applicability of TEGDME- chemical stability, which has been remarkably im-
based electrolyte in Li/LiFePOas cell: indeed, the proved by LiNOs addition, as shown by Fig. 35.
cells employing TEGDME-based electrolyte ex- The figure also reveals the beneficial effect on the
hibit comparable electrochemical behavior with cell performances of C-cloth support with respect
higher capacity with respect to the conventional to standard Al foil as well. In particular, we have
carbonate-based electrolyte. This observation has compared the cycling behavior at C/3 rate (1C =
been confirmed by several tests in lithium cell. 170 mAh g% of two Li/ LiCF3SO3-LiNOsz-
However, the cell using glyme suffers more capac- TEGDME/LiFePOs4 cells only differing in the cur-
ity fading, which may be ascribed to not fully opti- rent collector. Fig. 35 clearly shows a capacity im-
mized LiFePOQOu/electrolyte interface. This issue provement due to C-cloth from 126 mAh g™* to 139
could be addressed by further tuning of the electro- mAh g1, which is likely related to the higher sur-
chemical activation procedure, which is expected face area of the electrode support with respect to Al
to improve the SEI films attributed to nitrate reac- disk. This particular current collector morphology
tion °2. It is noteworthy that the first attempts to em- enhances the electric contact between olivine parti-

ploy LiCFsSOs-glyme solutions in lithium cells
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cles and current collector and increases the effec-
tive cathode/electrolyte interface. Fig. 36 shows the
galvanostatic cycling performances of the
Li/LiCF3SOs-LiNOs-TEGDME/LiFePO4 cell at
C/3 (panels A, B) and 2C rates (panels C, D; 1C =
170 mA g1) upon 100 cycles. The Li/LiFePOs cell
cycled at C/3 rate exhibits flat plateaus with limited
polarization, which slight evolve throughout cy-
cling. This phenomenon may be related to irre-
versible processes leading to coulombic efficiency
of 97%, and it is reflected into capacity fading from
about 140 mAh g! at the first cycles to 110 mAh
g ! at the 100" cycle (see Fig. 36B). Low cou-
lombic efficiency values and capacity fading are
likely attributed to a not fully optimized
LiFePQOu/electrolyte interface, as well as to the re-
active lithium metal interface and the adopted T-
cell configuration, which is commonly used for
short-time cycling. Higher efficiency values, i.e., of
about 99%, are obtained by rising the C-rate to 2C,
thus allowing enhanced cycling stability with re-
versible capacity of 100 mAh g (Fig. 36D) and
expected cell polarization increases (Fig. 36C). The
improvement of stability at high C-rate is likely re-
lated to decreased magnitude of parasitic reactions
at the electrode/electrolyte interface. Fig. 37 re-
ports a rate capability test of the LiMnosFeosPOas
cathode in the LiCFsSO3-LINOs-TEGDME elec-
trolyte. The voltage profiles (Fig. 37A) clearly evi-
dence the electrochemical fingerprints of the
Fe3*/Fe?* 8 and Mn*/Mn?* °2 couples at the vari-
ous rates. Fig. 37B shows reversible capacity val-
ues of 166, 148, 130, 120, 99, and 73 mAh g* at
C/10,C/5,C/3,C/2,1C,and 2C (1C =170 mA g ™}),
respectively. It is noteworthy that the Li/LiCF3SOs-
LiNOs-TEGDME/LiMnosFeosPO4 cell exhibits

lower performance at high rates with respect to the
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Figure 37 Rate capability test of the Li/LiCF3SO3-LiNOs-
TEGDME/LiMngsFeqsPO4 cell in terms of (A) voltage pro-
files and (B) cycling behavior, performed by galvanostatic
cycling at C/10, C/5, C/3, C/2, 1C, and 2C rates (1C = 170
mAh g!) within the 2 — 4.3 V voltage range; test performed
after electrochemical activation of the cell Fig. 29; room tem-
perature (25 °C).
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cell using LiFePO4 (compare Fig. 34 and Fig. 37),
owing to the well-known kinetic hindrance to Li*
insertion/deinsertion of LiFei-«MnuPO4 phases %,
The rate capability test of the Li/LiCF3SOs-LiNOs-
TEGDME/LiMnosFeosPO4 cell suggests the sys-
tem particularly suitable for application at the
lower currents. Therefore, we have studied the gal-
vanostatic performances over 100 cycles using C/5
rate (1C = 170 mA g%). Fig. 38 demonstrates re-
versible operation of the Li/LiCF3SO3-LiNOs-
TEGDME/LiMnosFeosPO4 cell, with relatively
stable voltage profile upon cycling (Fig. 38A) and
reversible capacity of about 125 mAh g*. How-
ever, the cell exhibits coulombic efficiency values
of about 95% and capacity fading to 94 mAh g at
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Figure 38 Galvanostatic cycling tests of Li/LiCF3SOs-
LiNO3-TEGDME/LiMngsFeosPO4 cells in terms of (A) volt-
age profiles and (B) cycling behavior at C/5 rate (1C = 170
mAh g) within the 2 — 4.3 V voltage range; test performed
after electrochemical activation of the cell (see Fig. 29); tem-
perature = 25 °C.

Discharge Capacity / mAh g™

the 100" cycle, i.e., a cycling performance less re-
markable than that one of the Li/LiCF3SOs-LiNOs-
TEGDME/LiFePO4 cell. As already reported in
Fig. 37 discussion, we partially attribute this draw-
back to not fully optimized cathode/electrolyte in-
terface. Furthermore, the higher working voltage of
LiMnosFeosPO4 with respect to LiFePO4 may ac-
count for the observed cell performance. Indeed,
the higher voltage cutoff used for the Li/LiCF3SOs-
LiNOs-TEGDME/LiMnosFeosPOs4  cell allows
proper operation at the Mn**/Mn?* potential, but

contemporary induces a concomitant electrolyte
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decomposition. Accordingly, the previous chapter
revealed that the electrolyte undergoes oxidation at
about 4.5 V vs. Li*/Li %, which is close to the volt-
age cutoff used herein. In addition, comparison of
Fig. 37 and Fig. 38 reveals higher capacity values
at the higher currents with respect to the galvanos-
tatic cycling at single rate, similarly to the trend ob-
served for the lithium cell using LiFePO4 by com-

paring Fig. 34 and Fig. 36.

Glymes and High Rate,
Overview

The last chapter revealed a possible strategy to em-
ploy high energy lithium metal in safe and high en-
ergy rechargeable batteries. LiFePOs and
LiMnosFeosPOas olivine cathodes were studied in
lithium cells with a glyme-based electrolyte solu-
tion having composition 1 mol kg™ LiCFsSOs, 1
mol kg LiNO3z in TEGDME. Flammability tests
demonstrated the electrolyte stability under hazard-
ous conditions, thus suggesting possible applicabil-
ity in combination with lithium metal anode. Scan-
ning and transmission electron microscopies, as
well as X-ray energy dispersive analysis of the oli-
vine powders, evidenced sub micrometrical parti-
cles with homogenous atomic distribution. This
morphology allowed proper operation of the lith-
ium cell using TEGDME-based electrolyte, as
demonstrated by galvanostatic cycling tests.
Li/LiCF3SO3-LiNOs-TEGDME/LiFePO4 and
Li/LiCF3SOs3-LiNO3-TEGDME/LiMnosFeosPO4

cells exhibit promising rate performances and sta-
ble cycling trends, thus actually suggesting the suit-
ability of the proposed combination as promising

energy storage systems.
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Glymes and Lithium Sulfur
Battery

In the previous chapters a deep investigation of the LiNOs stabilizing agent was presented. The film forming
agent addition to ether based electrolytes increases the lithium/electrolyte interface formation improving the
stability and the battery operations. Moreover, the transport properties of the bare electrolyte are slightly af-
fected from the LiNOs addition, due to its sacrificial rule on the electrodes surface. These promising results
confirm the suitability of ether based electrolyte with LiNOs3 for the use in high energy storage devices such
as lithium sulfur battery. Indeed, the next chapters focus on the preparation, synthesis and characterization of
carbon composite cathode materials. The low conductivity of sulfur, which significantly depresses the deliv-
ered capacity and the rate capability of the cell,''® is mitigated by infiltrating sulfur into several kinds of
carbonaceous materials, such as graphite layers,*?° amorphous carbon,'?* carbon nano-tubes'??, nano-sheets'?
and hierarchical-structure carbons!?*. This strategy led to great improvement of the cycling stability, electron
and ion conductivity and, consequently, the rate capability and the cycle life of sulfur cathodes in lithium
cells. 4125126 However, most of the studies reporting sulfur composites,'?"12¢ mainly basing on carbons,
31121129 involved complex procedures for the active material preparation which may actually lead to a rapid
increase of the economic impact of the cell. Instead, this study proposes a simple syntactical pathway, involv-
ing bare commercial carbons, sulfur and mechanical milling, thus allowing a remarkable decrease of the com-
posite material cost. The S/C active materials presented is obtained by high energy ball milling of carbons and
molten sulfur, is then studied in terms of structure, morphology and electrochemical process. The electrodes
are employed in Li/S cells revealing a performance clearly influenced by the morphology of the carbons over
140 galvanostatic charge/discharge cycles. Furthermore, the optimization of the cathode with higher perfor-
mances is reported, revealing outstanding performances, very stable specific capacity of about 1000 mAh g*

delivered with coulombic efficiency approaching 100%.

Scheme of the 2032-coin cell.
Every coin cell is sealed at the
same pressure by a crimping'ma-
chine. The Teflon ring avoid the
electrodes contact to prevent the
short circuit and seals the coin
cell from the external environ-
ment.
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Carbon Composites for * "SR
Sulfur 3 *
=
comparative study of sulfur composites g "
using carbon of various natures, namely £ X
graphite, mesophase micro bead carbon g )
(MCMB) and multi walled carbon nanotubes E el 0 T WO E- S
(MWCNTS), is performed in lithium battery design @
and evaluation. Morphological and structural anal- I l . | | H|| | Li |.| Lol .S_?:fulr
yses, by means of scanning electron microscopy 10 15 20 25 30 35 40 45 50

2 theta /degrees

(SEM) and X-ray diffraction with cycling voltam-
metry and galvanostatic cycling in lithium cells are
employed for materials characterization. Tetra eth-
ylene glycol dimethyl ether (TEGDME) dissolving
lithium trifluoromethansulfonate (LiICF3SOs3) is
considered the preferred electrolyte (the electrolyte
was already investigated in the previous chapter

and will not be further discussed). The lithium sul-

Figure 39 Comparison of the X-ray diffraction (XRD) pat-
terns of the various S-C electrode samples performed using
diffractometer equipped by Cu Ka source and a graphite
monochromator, in the 26/6 scanning mode.

Cathode Characterization

The structure of the electrode materials, i.e., S—
Graphite, S-MCMB and S-CNTs, is detected by

fur following reported achieves a capacity higher means of XRD and reported in Figure 39 (A, B and

than 500 mAh gt over 140 cycles with no sign of C, respectively). The diffraction patterns reveal the
characteristic peaks ascribed to the orthorhombic
sulfur Ss (Ref. JCPDS 85-0799) and broad reflec-
tions of the hexagonal carbon lattice (Ref. JCPDS-

751621), thus suggesting that the high energy ball

dendrite formation or failure. This performance is
considered sufficiently suitable for the develop-
ment of high energy lithium battery, in particular

considering the expected safety of the cells em-

of conventional carbonate-based one.

Experimental section: Cathode and electrolyte Preparation

The active materials were prepared by mixing elemental sulfur and either mesophase micro bead carbon (MCMB), graphite or
multi walled carbon nanotubes (CNTSs), by Sigma Aldrich. Elemental sulfur was melted at 135°C, added to the selected carbon
powder in a 2:3 weight ratio, and subsequently stirred for 3 hours until homogenous mixture was obtained. The mixture was subse-
quently cooled down to room temperature, refined by mortar and high energy ball milling four times for 15 min with a frequency
of 15 Hz and 30 min of rest between steps, using a Retsch Mill MM400. For electrode preparation the active material powders, i.e.,
S-Graphite, S-MCMB and S-CNTs, were mixed together with polyvinyldinedifluoride (PVdF, Solvay Solef) binder in an 85:15
weight ratio, and dispersed in N-methylpyrrolidone (NMP) solution. The resulting slurries were stirred for 1 hour, casted on alumi-
num foil by Doctor Blade technique with a wet thickness of 300 um and dried for 3 hours at 60°C under air. Before cell assembly
in the glove box, the electrodes were disk punched and vacuum dried overnight at 60°C. The cells were filled by 30 ul of electrolyte
and by an overall amount of sulfur of about 2 mg, thus leading to an electrolyte-to-sulfur ratio of 15 ml/g. The loading of sulfur into
electrode surface was of 1.3 mg cm: taking into account the delivered specific capacity of about 600 mAh g, the surface capacity
may be calculated to be of 0.8 mAh cm. This capacity is of the same order of magnitude with respect to the one delivered by
common batteries, such as those using LiFePO4 and LiCoO,, which is of about 1 mA cm (taking into account a mass loading of
about 5-6 mg cm and delivered capacity of about 150 mAh g?). The electrolyte was prepared by dissolving 1 mole of lithium
trifluoromethanesulfonate salt (LiCF3SOs, Sigma Aldrich) in 1 kg of tetra ethylene glycol dimethyl ether (TEGDME, Sigma Al-
drich). Before mixing in argon filled glove box, TEGDME was dried by molecular sieves until the water content was lower than 10
ppm (determined by Karl Fischer titration instrument Metrohm) and the LiCFsSO3 was dried under vacuum at 80°C for 24hours.
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Figure 40 SEM images of the active material powders before and after high energy ball milling treatment, (A)-(B) S-Graphite,
(D)-(E) S-MCMB, (G)-(H) S-CNTs. SEM Images of the electrodes and corresponding sulfur EDX mapping (insert) (C) S-

Graphite, (F) S-SMCMB, (I) S-CNTs
sample amorphization. In addition, Figure 39 sug-
gests the lower crystallinity for CNT-S sample,
while the higher one for the Graphite-S sample.
The presence of amorphous phase is expected to
improve the composite electrode conductivity and
enhance the sulfur retention, thus resulting in in-
creased rate capability and stability during cycling
in lithium cell.®® Figure 40 reports the morphology
of the electrodes as imaged by SEM, before and af-

ter the high energy mechanical treatment. The pris-

Experimental section: Cathode Characterization

tine S—Graphite sample (Fig. 40A) shows the mi-
crometric lamellar shape characteristic of natural
graphite, which vanishes after mechanical treat-
ment to form micrometric S-C carbon aggregates
(Fig. 40B). Similarly, the pristine S-MCMB dis-
plays the granular, sphere-like morphology of
MCMB (Fig. 40D) and S-CNTs reveals the ag-
glomerated nano-tubes morphologies of CNTs
(Fig. 40G), that are modified by milling with for-

mation of composites in which sulfur and the cor-

The active materials structure was characterized by X-ray diffraction by a XRD Brucker instruments using Cu Ko source and a

graphite monochromator, in the 26/6 scanning mode. Scanning electron microscope (SEM) Zeiss EVO 40, using thermionic elec-
tron gun equipped with LaBs crystal, was employed to study the samples morphology. Cycle voltammetry in three electrode T-
cell configuration, using lithium metal as counter and reference electrode, was carried out ina 1 V — 3 V potential range, with a
current scan of 0.05 mV s by a VersaSTAT MC, Princeton Applied Research. Galvanostatic cycling of Sulfur-Carbon electrodes
was performed using a MACCOR Series 4000 Battery Test System in a 2032-coin cell, with lithium metal anode and a Whatman®
glass fiber separator soaked with TEGDME-LiCF3SO; electrolyte, at C/5 current rate (1C = 1675 mAh g) in the voltage range
of 1.8V -2.7V.



responding carbon are intimately mixed and aggre-
gated (Fig. 40E and Fig. 40H, respectively). This
morphology, in which carbon and sulfur are homo-
geneously distributed within micrometric aggre-
gates, may actually simultaneously ensure elec-
trode stability, rate capability and reduced electro-
lyte decomposition, compared to the case of dis-
persed nanoparticles.** Furthermore the Fig. 40C,
Fig 40F and Fig. 40l, showing respectively the
morphology of the S-Graphite, S-MCMB and S-
CNT electrodes with the EDX mapping in inserts,
reveal uniform distribution of the sulfur on the elec-

trodes surface.

Electrochemical processes

The electrochemical processes of the sulfur-carbon
composites are investigated by cycling voltamme-
try and reported in Figure 41. The CV of the S-
Graphite electrode (Fig. 41A) evolves following
the multiple-peaks profile associated to the electro-
chemical process of sulfur with lithium.*” Accord-
ingly, during the first discharge elemental sulfur in-
itially reacts to form Li2Ss (peak at 2.5 V vs.
Li/Li"), while the formation of shorter chain lith-
ium polysulfide takes place at lower potentials (i.e.,
peaks at 2.1 V and 1.9 V vs Li/Li*).*3! During the
reverse anodic scan (oxidation) the CV profile
shows only an intense merged peak at about 2.4 V
vs. Li/Li*, in which the delithiation reaction occurs.
The second CV cycle of S-Graphite electrode
shows limited changes, including slight shift and
intensity reduction of the peaks mainly due to mi-
nor electrode dissolution and possible structural re-
organization.*®> The CV profile of S-MCMB elec-
trode (Fig. 41B) reveals during cathodic scan the
reduction peak at 2.5V vs. Li/Li* related to the long
chain polysulfide formation, while the two peaks

Current Density / mA cm™
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Figure 41 Cycling Voltammetry profiles of (A) S—graphite,
(B) S-MCMB carbon and (C) S-CNTs electrodes in lithium
cells. Measurements performed in three-electrode configura-
tion cell, with a 0.05 mV/s scan rate, ina 1 V — 3 V potential
range. The electrolyte used for the CV tests at the room tem-
perature (25 °C) was TEGDME-LiCF3;SO3 1mol kg™
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observed for S—Graphite are here merged into one,
more intense and centered at about 2 V vs. Li/Li"
(compare Fig. 41A and Fig. 41B). A further differ-
ence between the two electrodes is shown by the
subsequent anodic scan, evidencing for S-MCMB
two oxidation peaks centered at 2.4 V and 2.6 V vs.
Li/Li" instead of the one already observed for S—
Graphite. The second CV cycle of the S-MCMB
shows a slight profile change, observed also for S—
Graphite, however with a minor ratio. Figure 41C,
reporting the CV profile of the S-CNTSs electrode,
highlights a trend very similar to the one observed
for S-MCMB, with a slightly improved profile re-
tention between first and second cycle. The similar
CV shape of S-MCMB and S-CNT observed in
Figure 41 may be justified by the similar crystallin-
ity of the two electrodes revealed by Figure 39,
while the higher crystallinity of the S-Graphite, fa-
voring the formation of polysulfides of different
length, 33134 may account for its different CV trend.

Galvanostatic Performances

Figure 42 displays the galvanostatic behavior of the
various electrodes in Li/S cells using TEGDME-
LiCFsSOs as the electrolyte media. Interestingly,
all the cells reveal a stable trend upon prolonged
cycling, thus accounting for the practical interest of
the synthetic pathway used for electrode prepara-
tion. Furthermore, the cycling tests evidence differ-
ences in the voltage shape and magnitude between
the electrodes and exhibit an activation trend at the
beginning of the test. The first cycle shows for all
cells a limited discharge which is followed by a
higher charge capacity may be due to a partial self-
discharge of the soluble sulfur'®®. The activation

trend during the subsequent 20 cycles, can be asso-

ciated with kinetic effects at the electrode electro-
lyte interface and progressive electrode wetting
with the electrolyte.’®® Accordingly, several litera-
ture works'®"138 have attributed effects such as a
low initial capacity, the anomalous discharge-
charge profile during the first cycle, as well as the
increase of the capacity by cycling to a progressive
electrode surface wetting. This phenomenon allows
electrolyte flooding into the internal part of porous
electrodes, such as those studied in our work, which
progressively becomes electrochemically active by
the contact with the electrolyte. The relatively low
electrolyte amount used herein (i.e., 30ul) may ac-
tually lead to activation cycles ascribed to the
above mentioned wetting issue. However, the low
electrolyte amount positively affects the cell stabil-
ity by limiting the polysulfide production.**” Fur-
thermore, Figure. 42 suggest that the extent of the
activation process is directly affected by the elec-
trode structure, crystallinity and morphology (see
XRD and SEM in Figs. 39 and 40, respectively). S—
Graphite (Fig. 42A) shows a steady state specific
capacity of about 400 mAh g*(0.52 mAh cm?), a
coulombic efficiency exceeding 95% and a voltage
profile (Fig. 42B) reflecting the Li/S electrochemi-
cal process. However, the electrode exhibits a sub-
stantial charge/discharge polarization, thus ac-
counting for the low capacity achieved in lithium
cell. The S-MCMB electrode reveals an enhanced
performance (Fig. 42C), with a steady state specific
capacity approaching 500 mAhg* (0.65 mAh cm?)
and a voltage profile (Fig. 42D) characterized by a
lower polarization with respect to S—Graphite.
However, the cell shows a rapid decrease of the ef-
ficiency from about 95% to 80% by the final stage

of the cycling test, thus suggesting a partial disso-
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Figure 42 Galvanostatic performances in terms of cycling trend and voltage profiles, respectively, of (A)-(B) S—graphite, (C)-(D)
S—-MCMB and (E)-(F) S—-CNTs electrodes in lithium cells. Measurements performed in 2032 coin-cell using a 1.8 VV — 2.7V voltage
range at a current rate of C/5 (335 mA g*). Electrolyte: TEGDME-LiCF3;SO3 1mol kgt. Room temperature.

lution of the S-MCMB electrode by prolonged cy-
cling, leading to shuttle effect and consequently de-
creased efficiency.’® The best performance is
achieved by S-CNTs electrode, with a very stable
cycling trend, and a steady state capacity approach-
ing 600 mAh g* (0.8 mAh cm™) (Fig. 42E). Fur-
thermore, the S-CNTs shows the lowest charge-
discharge polarization (Fig. 42F), a working volt-
age centered at about 2.1 V and a stable efficiency

of about 95%, thus suggesting this material as the

most promising candidate for application in ad-
vanced, high energy Li/S cell. Therefore, the polar-
ization observed for the cells herein studied con be
likely ascribed to the nature of the materials em-
ployed for the cathode preparation and to the elec-
trode/electrolyte interface, rather than the electro-
lyte conductivity and transference number that may
allow limited polarization. Nevertheless, the very
limited material cost and the simple synthetic path-
way of the electrodes may account for a slightly

lower energy density due to the cell polarization.
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Optimizing the Li/S Cell

he study demonstrated differences in the

electrochemical behavior of the S-C com-

posites due to differing reaction kinetics
directly affected by the electrode structure and
morphology. Among the various materials, the S—
CNTs electrode has shown the most promising per-
formance by revealing a very stable capacity ap-
proaching 600 mAh g*(0.8 mAh cm), delivered
at an average working voltage of 2.1 V and leading
to an energy density as high as 1260 Wh kg*. Cer-
tainly, a further increase of the practical capacity,
coulombic efficiency and stability during cycles is
required. Therefore, further improvements of the
cell are investigated by tuning the sulfur mass load-
ing in the cathode and employing alternative sepa-
rators to physically trap the polysulfides on the
cathode side.**1%* Moreover, the high energy ball
milling treatment was avoided from the active ma-
terial preparation pathway in order to obtain a high
order morphology. The electrolyte based on
DEGDME solvent, LiTFSI salt, and LiNOs addi-
tive was used advantageously combining the high
safety level of the glyme, and a high conductivity
expected by the low viscosity and the high solvat-
ing ability of the short-chain DEGDME. The stud-
ied Li/S cell reveals high safety content and signif-
icant performances; hence it is proposed for pro-
moting a sustainable scaling-up of an efficient high

energy storage system.

Experiment summary

The electrolyte with low-flammability, based on di-
ethylene glycol dimethyl ether (DEGDME) dis-
solving lithium bis-trifluoromethane sulfonimidate
(LiTFSI), and lithium nitrate (LiNOgz), designed for
application in lithium sulfur battery is presented.
lonic mobility, self-diffusion coefficients and lith-
ium transport number of the electrolyte are ob-
tained by nuclear magnetic resonance (NMR) and
conductivity values by electrochemical impedance
spectroscopy (EIS). Combining these two methods
also yields the degree of ion association. Further
properties, such as electrolyte/lithium interface sta-
bility, both under dynamic and static condition,
lithium stripping/deposition ability, and electro-
chemical stability window, are determined by volt-
ammetry and EIS. All the tests suggest particular
suitability of the electrolyte for lithium metal bat-
tery, due to conductivity higher than 102 S cm™,
lithium transport number of 0.5, electrochemical
stability extending from OV to 4.6V, and excellent
compatibility with lithium metal, while a direct test
indicates the low-flammability of the electrolyte. A
composite cathode is prepared by simply melting
elemental sulfur into multi walled carbon nano-
tubes (MWCNTS), and characterized in terms of
structure and morphology by X-ray diffraction and
electron microscopy, respectively. The tests show
for the material a spherical flakes morphology in
which the nanotubes protect the crystalline sulfur

from excessive dissolution, and create the optimal

Experimental Section: Electrolyte Preparation

Diethylene glycol dimethyl ether (CH3;OCH,CH>),0 (Sigma-Aldrich), denoted hereafter by DEGDME, was dried before use with
molecular sieves (5 A) until the water content was below 10 ppm as measured by 831 Karl Fischer Coulometer (Metrohm). Lithium
bis-trifluoromethanesulfonimidate (CF3SO,NLiSO,CF3, LiTFSI) and lithium nitrate (LiNO3), from Sigma-Aldrich, were separately
dried under vacuum overnight at 80 °C. All the samples were subsequently handled in argon filled glove box, with oxygen and
moisture content lower than 1 ppm. LiTFSI was dissolved in DEGDME by a salt to solvent ratio of 1 mol kg to obtain the electro-
Iyte (indicated by DEGDME-LITFSI). The electrolyte for battery application (DEGDME-LIiTFSI-LiNO3) was prepared by dissolv-
ing LiNO; (film forming sacrificial additive with salt to solvent ratio of 1 mol kg) and LiTFSI (ions conductor with salt to solvent

ratio 1 mol kg*) in DEGDME.
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Figure 43 (A) Self-diffusion coefficient of 7Li, °F and *H in the DEGDME-LITFSI electrolyte (1mol kg) determined by PFG
NMR. (B) Conductivity Arrhenius plots of the DEGDME-LITFSI electrolyte performed using electrochemical impedance spectros-
copy (EIS) by heating and cooling the sample in the temperature range between 40°C and 80 °C in a coin-cell, with signal amplitude
of 10 mV within 500 MHz— 100 Hz frequency range. (C) lithium transport number (t*) calculated from the self-diffusion coefficient
values using equation (2), and (D) ion association degree (a) determined by equation (3) using the conductivity values determined
by EIS (Jeis) and the values obtained from the self-diffusion coefficient (dnmr) by Nernst Einstein equation (4).

host for allowing the proper cell operation. The
electrochemical tests of the lithium/sulfur cell us-
ing the S-MWCNTSs composite coated on a carbon
cloth and the DEGDME-LITFSI-LiNOs electrolyte
show highly reversible process with fast kinetic,
suggested by a lithium diffusion coefficient in the
cathode ranging from about 102 at the charged
state to about 10°2° cm? st at the discharged one,
calculated by the Randles-Sevcik equation using
voltammetry at increasing scan rate. The Li/S cell
is studied by advantageously increasing the sulfur

loading, and shows a capacity ranging from 1300
mAh g to 900 mAh g, depending on the cycling
current and the active material loading, a theoreti-
cal energy density ranging from 2600 to 1800 Wh
kg™ and a practical energy higher than 400 Wh kg-
1. A cell with optimized active mass loading using
shows satisfactory rate capability, and a very stable
specific capacity of about 1000 mAh g ! delivered
with coulombic efficiency approaching 100%. The
outstanding properties of the electrolyte, its low-
flammability, the simple synthesis procedure of the
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cathode as well as the remarkable performance of
the cell suggest the configuration herein adopted as
viable solution for high energy, safe and low-cost

lithium sulfur battery.

DEGDME LiTFSI Properties

lons and solvent molecules mobility represents a
key factor in determining the electrolyte character-
istics for application in the energy storage devices.

temperature, however the glyme chain shows
higher mobility (Dn) in the whole range with re-
spect to the ions nuclei as indeed observed other
ether based electrolytes,'#? while lithium and anion
(DLi and Dr, respectively) show similar mobility.
The lithium transport number, calculated by eq. 6
(experimental section) and reported in Figure 43B
reveals a value ranging from 0.47 at 20°C to 0.49

at 70 °C, which is expected to ensure a fast charge

A very suitable protocol for determining such an transfer at the electrode/electrolyte interface in lith-

important parameter has been developed in the pre- ium battery. It is important to point out that the ap-

vious studies by combining NMR and EIS meas- parent transport number value close to 0.5 is at least

urements, and adopted in this chapter for the study partly a consequence of ion association, which re-
of the new LiTFSI-DEGDME electrolyte (Figure

43). It is worth mentioning that LiNOs is not con-

sults in correlated motion with similar cation and
anion diffusion coefficients. However as will be

sidered by this protocol since it is added as a sacri- discussed next, these electrolytes exhibit markedly

N . o - - ot - 48
ficial film forming agent for passivating the lithium less ion association than glymes with other salts.

metal which is consumed by the initial cycling Nonetheless, NMR-determined Li* transport num-

stages and, therefore, excluded from ion conduc- bers in electrolytes as disparate as high molecular

tion mechanism.?2%° Figure 43A shows the self-dif- weight PEO and liquid carbonates are more typi-

fusion coefficient of the 'H. 1°F, and “Li nuclei in cally around 0.2 — 0.3. Notably, the ionic conduc-

the electrolyte, determined between 20°C and 70 tivity in the current system shows a practical value

°C. All the coefficients increase with increasing as high as 10 S cm™ as measured by EIS (eis in

Experimental Section: Electrolyte Characterization
The self-diffusion coefficient of the H, '°F, and Li nuclei in the DEGDME-LITFSI electrolyte were measured by a Bruker 400
Advance 111 NMR spectrometer within screw-cap gastight NMR tubes in order to overcome possible evaporation along the temper-
ature scan from 20°C to 70°C. The data were collected every 10 °C for each nucleus using a double-stimulated echo sequence with
pulse field gradients (PFG) to suppress convection. The gradient pulse strength was increased linearly in 32 steps from 1 to 45 G
cm?, the gradient pulse duration (8) was of 1.4 — 4 ms with a diffusion delay (A) of 200 — 400 ms. Eddy current effects were avoided
by using a longitudinal eddy-current delay (LED) of 5 ms. The error on the self-diffusion coefficient is about 3-5%.22° lon conduc-
tivity was calculated from the self-diffusion coefficients by the Nernst-Einstein equation

2
eq. 4 Symr = FR_[TC] (Dri + Dcpyso,)
where dnmr IS the conductivity determined by the NMR, F is the Faraday constant (96485 C), [C] is the concentration of the salt in
the electrolyte (mol cm®), R is the ideal-gas constant (8.314472 J Kt mol™?), T is the temperature (K), Dii and Dyirrs) are the
corresponding self-diffusion coefficients. lon conductivity was also measured by electrochemical impedance spectroscopy (EIS)
using a VersaSTAT MC Princeton Applied Research-AMETEK potentiostat. A symmetrical stainless steel/ stainless steel 2032
coin-cell with a Teflon ring separator was used to ensure a fixed cell constant during the measurements. The data were collected
every 10°C by heating and cooling the cell within 40°C - 80°C temperature range using a signal amplitude of 10 mV and in a 0.1
Hz-0.5 MHz frequency range. The conductivity values determined by NMR (8nmr) and measured by EIS (8gis) were used to obtain
the ion association degree (a) of the LiTFSI salt by

eq. 5:a = (1 — IS

SNMR
The lithium transport (t*) number was calculated from the self-diffusion coefficient by
et — Dpi
eq. 6:tt = ——
Dpi+DriTFsI

where Dy is the self-diffusion coefficient of lithium, and Dyitrs is the self-diffusion coefficient of the TFSI anion [ N(SO.CFs) ].



Figure 43C) which is very suitable for high rate ap-
plications. The conductivity observed for the
DEGDME-LITFSI electrolyte is much higher than
that observed for other glyme solutions reported
previously,> and comparable to DOL/DME-based
electrolyte, which is the one commonly used in lith-
ium-sulfur battery.**® The apparent conductivity of
the electrolyte calculated by eq. 4 using the NMR
self-diffusion coefficients of the ions (dnmr in Fig-
ure 43C), may be combined in eq. 5 with the prac-
tical value of the conductivity determined by EIS
(eis in Figure 43C) for the evaluation of the ion
association degree (o) which is reported in Figure
43D. The figure reveals relatively low ion associa-
tion for the DEGDME-LITFSI electrolyte with re-
spect to solutions based on LiCF3SOs salt which
confirms the higher dissociation ability of LiTFSI
with respect to LiCF3S03.°1°254142 This important
characteristic is ascribed to the interaction between
salt and solvent which is temperature-dependent:
an increasing interaction between solvent mole-
cules and salt ions hinders the ion association and
promotes the free ions in the solution. Indeed,
DEGDME-LITFSI electrolyte shows the decrease
of o from 0.7 at 40°C to 0.45 at 70°C in Figure 43D.
This presents a very interesting contrast with previ-
ous studies involving LiCF3SOs 434447 as the elec-
trolyte salt, in which it was found that ion associa-

tion actually increases with increasing temperature
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due the decreasing solvating ability of the elevated
temperature solvent with a salt that is more prone

to ion pairing.

LiNOsAddition to DEGDME
LiTFSI

As already mentioned in the previous paragraphs,
the addition of LiNOs to the electrolyte has a cru-
cial role in allowing its use in Li/S cell.*** There-
fore, we have studied the chemical stability of the
interface between DEGDME-LITFSI-LiNOs solu-
tion and lithium, as well as the electrochemical sta-
bility windows of the electrolyte (Figure 44). The
galvanostatic lithium stripping/deposition in sym-
metrical cell reported in Figure 44A reveals an av-
erage overvoltage of 0.02 V after 12 days, slightly
changing during the initial stages of the test and fi-
nally stabilizing due to chemical formation, partial
dissolution and consolidation of a solid electrolyte
interphase (SEI) film.*® A similar trend is observed
over time for the interface chemical stability de-
tected by impedance spectroscopy in Figure 44B
(corresponding Nyquist plots in inset). The test ev-
idences an initial fluctuation of the resistance from
250 to 700 ©, and a final drift to 500 Q as the SEI
is formed and stabilized.”® The DEGDME-LiTFSI-
LiNOs electrolyte is further studied by voltamme-
try, both in the cathodic region (CV in Figure 44C)

Experimental Section: Electrolyte Characterization

Lithium/stripping deposition test was carried out in a symmetrical lithium/lithium 2032-coin cell using a current of 0.1 mA cm
with a step time of 1 hour at 23 °C, the test was performed by a MACCOR 4000 series Battery Test System. The electrochemical
anodic stability widow was evaluated by linear sweep voltammetry (LSV) using a VersaSTAT MC Princeton Applied Research-
AMETEK potentiostat, with scan rate of 0.1 mV s within OCV and 5V vs Li/Li* with a three electrode Swagelok T-cell equipped
with lithium metal reference and counter electrodes, and a Super P carbon coated on carbon cloth working electrode. The same cell
configuration and instrument were used to study the cathodic electrochemical stability of the electrolytes by cyclic voltammetry
(CV). The CV was performed with a scan rate of 0.1 mV s ina0 - 2 V vs Li/Li* potential range. The lithium/electrolyte interface
chemical stability was evaluated by electrochemical impedance spectroscopy in a symmetrical lithium/lithium 2032-coin cell, ac-
quiring with a VersaSTAT MC Princeton Applied Research-AMETEK the impedance spectra every day, using 10 mV signal am-
plitude ina 0.1 Hz - 0.5 MHz frequency range. The impedance spectra were analyzed by non-linear least squares fit (NLLSQ) using
a Boukamp software. 2523 Only fitting results with a chi-square (3?) lower than 10 were accepted. The equivalent circuit (shown
in the inset of the figure )adopted for the Nyquist plot was Ra(RiQi) where R represents a resistance and Q a constant phase element
(CPE).Flammability tests was performed on the DEGDME-LITFSI-LiNOs electrolyte by direct ignition of the solution
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Figure 44 (A) Voltage versus time profile of lithium deposition/stripping galvanostatic test performed by applying a 0.1 mA cm™
current to symmetrical Li/DEGDME-LITFSI/Li cell. (B) Time evolution at 23°C of the lithium/electrolyte interface resistance
performed in symmetrical Li/DEGDME-LITFSI/Li cell using electrochemical impedance spectroscopy with signal amplitude of
10 mV within 500 MHz—100 mHz frequency range. (D) Cyclic voltammetry (CV) using potential limits of 0.01 V - 2 V and (C)
linear sweep voltammetry (LSV) of the DEGDME-LITFSI electrolyte in a tree electrode cell using a carbon coated on Cu and Al
substrate, respectively, as the working electrode and lithium metal as counter and reference electrode. Scan rate 0.1 mV s*. Tem-
perature 23°C.

and in the anodic one (LSV in Figure 44D). The Li*/Li),** without any further side reaction. The
first CV cycle in Figure 44C exhibits irreversible LSV of Figure 44D indicates for the electrolyte an
peaks at 1.5V and 0.8 V vs Li*/Li, due to reduction anodic stability extended above 4.6V vs Li*/Li,
of the electrolyte and electrochemical formation of which is a suitable range for application in several
the SEI, while the subsequent cycles reveal the re- lithium battery configurations, including the Li/S
versible lithium insertion/de-insertion into amor- one which operates at about 2.1-2.4 V.13* Beside
phous Super-P carbon at about 1V and 0.1 V vs high conductivity, chemical and electrochemical
Li*/Li, as well as possible lithium deposition/strip- stability, another suitable characteristic of the elec-
ping at very low potentials (i.e., at about 0 V vs trolyte, particularly attractive for a safe application

Experimental Section: Cathode Preparation

The S-carbon powder was prepared by melting elemental sulfur (Sigma-Aldrich) at 135°C and mixing with multi-walled carbon
nanotubes MWCNTSs (from Sigma-Aldrich) by a 60:40 S to C weight ratio. The sample was stirred 3 hours under heating at 135°C
in order to obtain a homogeneous mixture, cooled down to room temperature and refined by mortar. The electrode slurry was
prepared by mixing the S-MWCNTSs-S powder, Super P Carbon conductive additive (Timcal) and polyvinylidene difluoride binder
(PVdF; Solvay Solef) binder in 80:10:10 weight ratio, using N-methylpyrrolidone (NMP) as solvent. The slurry was cast onto
carbon cloth support (GDL ELAT) by the Doctor Blade method with a wet thickness varying from 300 um to 600 pm, in order to
obtain various sulfur loadings. The electrode foils were punched into 10 mm and 16 mm disks, dried for 48 hours at 60°C under
vacuum before assembling the cell in the argon filled glovebox with oxygen and water content lower than 1 ppm. The sulfur loading
of the final electrodes was 2, 2.5, 3 and 4 mg cm
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Figure 45 Flammability tests performed by direct ignition of a DEGDME LiTFSI LiNOs electrolyte sample in standard room
environment.

in high energy lithium metal cells, is represented by
its very low flammability observed in Fig. 45 which

evidences no fire evolution by a direct ignition test.

Morphology and Structure of
the active material

and the hexagonal MWCNTSs are intimately mixed.
Pristine tubes of carbon (SEM in Figure 46B) with
micrometeric length (4 um) and nanometric diam-
eter (10-30 nm) surround the sulfur to form a spher-
ical-shape composite with a size of about 10-25 pum
(SEM in Figure 46C). Indeed, the EDX mapping in

Figure 46D indicates that the S-MWCNTSs sample
is characterized by the presence of sulfur mainly in
the core and MWCNTSs in the shell with homoge-

The DEGDME-LITFSI-LiNOs electrolyte is subse-

quently studied in a Li/S cell using a cathode pre-

pared by melting S and mixing with MWCNTS (see neous distribution. This spherical-like, core-shell

experimental section), i.e., a simple technique lead- morphology enables a very important characteristic

ing to a crystalline material (XRD in Figure 4A) in which may allow efficient ion and electron conduc-

which the orthorhombic sulfur Ss (PDF # 85-0799) tion into the electrode, hence satisfactory rate capa-

Experimental Section: Cathode Characterization

Bruker instrument x-ray diffractometer equipped with a Cu Ka source and a graphite monochromator in the 26/8 scanning mode
was used to evaluate the structure of the sulfur-carbon electrode. The morphology of the sample was studied by a scanning
electron microscopy (SEM, Zeiss EVO 40) with a thermionic electron gun equipped with LaBs crystal and by energy dispersive
x-ray spectrometry (SEM-EDX) by a X-ACT Cambridge Instruments analyzer. Cyclic voltammetry of S-MWCNTs working
electrode with a sulfur loading of 3 mg cm was performed in a three-electrode cell with lithium metal as reference and counter
electrode using the DEGDME-LITFSI-LiNO;s as the electrolyte. The test was performed with a scan rate of 0.1mV st ina 1.8 V
- 2.8 V potential range. A second cyclic voltammetry test in the above reported potential range was carried using the same cell
configuration at various scan rates (i.e., 0.1, 0.2, 0.3, 0.4 and 0.5 mV s) in order to evaluate the Li* diffusion coefficients (D)
within the cathode material by the Randles-Sevcik equation (Eg. 7):1522%

I, = 0.4463 z FAC |"22
RT

where |, is the peak current value (A), z is the number of exchanged electrons for the taken peak, F is the Faraday constant (96485
C mol?), A is the electrode geometric area (cm?), C is the Li* concentration in the active material (mol cm™®), v is the scan rate (V
s1), R is the gas constant (J KX mol?), and T is the used temperature (K). The CV tests were performed at 23°C by a VersaSTAT
MC Princeton Applied Research-AMETEK potentiostat. Galvanostatic cycling tests of the electrodes with various sulfur loadings
(2 mg, 2.5, 3 and 4 mg cm2) were carried out at the current rate of C/3, while the electrode with a sulfur mass loading of 4 mg crm
2 required a current of C/8 for significant cycling (1C = 1675 mAhg™), in a 1.9V — 2.8V voltage range. A cycling test at various
c-rates (i.e., C/10, C/8, C/5, C/3, C/2 and 1C) was performed using an electrode with 3 mg cm™ sulfur loading ina 1.9V -2.8V
voltage range. Cycling tests prolonged over 100 cycles were performed at C/3ina 1.9 V — 2.8 V voltage range and at 1C ina 1.8
V — 2.8 V voltage range, using an electrode with 3 mg cm2 sulfur loading. All the galvanostatic tests were performed by a MAC-
COR 4000 series Battery Test System using a 3032-coin cells (electrode geometric surface 1.54 ¢cm?) filled by 50 ul of the
DEGDME-LITFSI-LiNOs electrolyte at 23°C. Cells were cycled following 3 hours of rest at the OCV.
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Figure 46(A) X-ray diffraction patterns (XRD) of the S-MWCNTSs composite. (B) Scanning electron microscopy (SEM) image of
the pristine MWCNTSs powder. (C) SEM image and (D) corresponding energy dispersive x-ray spectroscopy (EDX) mapping the
S-MWCNTSs composite. Carbon and sulfur are depicted by green and red color, respectively, in the EDX map.

bility, in particular considering the insulating char- straightforward synthetic pathway which allows
acter of sulfur®. Furthermore, a homogeneous dis- easy and low cost preparation, thus leading to the

tribution of MWCNTSs at the particles shell may reduction of the cost of the battery. 14

partially prevent the active material loss caused by
soluble polysulfides formation during the electro-
chemical process.”? Fig.47 reports the SEM images
of the carbon cloth used instead of aluminum as the
electrode support in the Li/DEGDME-LITFSI
LiNO3s/S-MWCNTSs cell. It is worth mentioning
that the use of a porous carbon cloth represents a
viable strategy to efficiently host possible dis-

solved species at the cathode/electrolyte interface,

. o . . Figure 47 Scanning electron microscopy (SEM) images of
avoid their migration through the cell, thus improv- the carbon cloth, GDL ELAT, at different magnification. (A)
500X, (B) 1000X, (C) 2500X, (D) 5000X.

ing the cell cycling stability. Another relevant char-

acteristic of the material is represented by a
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Figure 48 (A) Cyclic Voltammetry (CV) tests of the S-MWCNTSs working electrode in tree-electrode using lithium metal as
reference and counter electrode and the DEGDME-LITFSI-LiNOs electrolyte performed in a potential range of 1.8 V - 2.9 V with
a scan rate of 0.1 mV s, and (B) impedance spectra of the cell before and after the CV test. (C) CV test performed in the same
potential window by increasing the scan rate every three by 0.1 mV s-1 from 0.1 mV s to 0.5 mV s, and (D) Lithium ion
diffusion coefficient calculated from the above CV tests by using the peak intensity (lp), the scan rate (v) and the Randles-Sevcik

equation (5). See experimental section for equation.

Cyclic voltammetry study

The CV profiles of the Li/DEGDME-LITFSI
LiNO3/S-MWCNTSs cell at a constant scan rate (0.1
mV s?) reported in Figure 48A exhibit during the
first cycle (black line) the characteristic shape as-
cribed to the electrochemical process of lithium and
sulfur,*3* with formation of long chain polysulfides
(i.e., LizSs, Li2Se) at 2.3 V vs. Li*/Li and of short-
chain species (i.e., Li2Ss, Li2S2 Li2S) at 1.9 V vs.

Li*/Li in the cathodic scan,?® which are oxidized

back by a merged double peak centered at about 2.4
vs. Li*/Li due to the multi-electron charge reaction
during anodic scan.?! The subsequent cycle (dark
green line) reveals an increase of the reduction po-
tentials to 2.4 and 2 V vs. Li*/Li, i.e., a decrease of
the cell polarization, as well as an increase of the
peaks intensity which may be likely ascribed to the
decrease of the electrode resistance by the diffusion
of the lithium ions into the material and the for-
mation of lithiated species*’. This trend is well jus-

tified by Figure 48B which displays the Nyquist
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plots of the impedance spectroscopy tests per-
formed before and after the CV cycles. Indeed, the
figure shows a remarkable decrease of the cell im-
pedance from about 250 Q at the OCV to about 10
Q after the CV cycles. This process suggests the
use of activation cycles and proper voltage cutoff
tuning for suitable cycling of the cell, even at
higher C-rates as will be shown hereafter. How-
ever, the CV cycles of Figure 48A evidence a slight
reduction of the peak intensity by cycling after the
second cycle, thus suggesting partial dissolution of
the electrode by formation of polysulfides. The
lithium diffusion into the electrode is further inves-
tigated by CV by increasing the scan rate (Figure
48C), using the Randless-Sevcik equation (eq. 7)
105,148-1513¢cording to which the peak current (Ip) is
proportional to the square root of the scan rate, with
a slope that depends on the lithium diffusion coef-
ficient (Dcv)™2. Considering the overall process of
the lithium with sulfur, sumarized by 2Li + S S
Li2S, in order to simplify the determination of Dcv
we have attributed one electron to each reduction
peak, and two electrons to the oxidation merged
peak, despite the complex multiple step reaction
mechanism.? This assumption allows the determi-
nation of the Li*-diffusion coefficient at the various
states of charge (Figure 48D), i.e., at about 2.5 V
vs Li*/Li during charge, 2.4 V vs Li*/Li during dis-
charge and 1.9 V vs Li*/Li during discharge (cor-
responding linear fit in Fig. 49. Figure 48D shows
the expected increase of the Li*-diffusion coeffi-
cient, hence of the electrode ion conductivity, by
the ongoing of the lithiation, from about 3.7*10*2
cm? st at the charged (de-lithiated) state at 2.5 V
vs Li*/Li, to about 1.7%10!* cm? st and 7.3*101%
cm? st at the discharged (lithiated) state at 2.4 V
and 1.9 V vs Li*/Li, respectively, which is in full
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Figure 49 Peak current (lp) linear fit vs. square root of the scan
rate (v'¥2) of the cyclic voltammetry reported in figure 48C of
Li/DEGDME-LITFSI LiNO3s/S-MWCNTs cell, at 2.5 V vs
Li*/Li during charge involving 2 electrons (red line), 2.4 V vs
Li*/Li during discharge involving 1 electron (yellow line) and
1.9 V vs Li*/Li during discharge involving 1 electron (green
line)

agreement with the impedance decrease observed
in Figure 48B.

Tuning the sulfur loading

An important parameter affecting the cell perfor-
mance, particularly during galvanostatic cycling, is
represented by the sulfur loading of the elec-
trode.*® Fig. 50 reports the cycling trends of the
Li/DEGDME-LITFSI LiNOs/S-MWCNTSs cells
with a sulfur content increasing from 2 to 4 mg cm-
Zin the 1.9 V — 2.8 V range. The voltage profile of
Figure 50A shows a capacity of about 1100 mAh g
1(66% of the theoretical value) for the cell with sul-
fur loading of 2 mg cm™ at C/3 rate, which in-
creases at the same c-rate to about 1200 mAh g
(72% of the theoretical value) for the cells using
electrodes with a sulfur loading of 2.5 and 3 mg cm’
2. most likely due to an optimal ratio between
MWCNTSs and S promoting efficient lithium ions
conduction.®" It is worth mentioning that the cell
with sulfur loading of 4 mg cm™ requires a lower
C-rate (C/8 instead of C/3) for allowing suitable op-
eration with a capacity of 1300 mAh g* (78% of
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Figure 50 (A) Voltage profile and (B) cycling trends of a Li/S
2032-coin cells using the DEGDME-LIiTFSI-LiNOs electro-
lyte and S-MWCNTS electrodes with increasing sulfur load-
ing. The cycling rate is C/3 for the cells with sulfur loading
of 2, 2.5 and 3 mg cm?, and C/8 for the cell with sulfur load-
ing of 4 mg cm? (1C = 1675 mA g'). Voltage limits 1.9V -
2.8 V. Temperature 23°C. The figure inset shows the corre-
sponding surface capacity (mAh cm) calculated with respect
to the geometric area of the electrodes.

the theoretical value), due to excessive polarization
at the higher C-rates. Indeed, 1C current remarka-
bly increases from 3.4 mA cm for electrode load-
ing of 2 mg cm to about 7 mA cm for electrode
loading of 4 mg cm, which may actually lead to
cell polarization due to several factors, including
insufficient electrode and electrolyte conductiv-
ity.®* Despite the lower c-rate, the cycling tests in

Figure 50B and inset evidence a remarkable in-
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crease of the practical capacity, i.e., the value nor-
malized by the electrode geometric area, from 2, 3
and 3.5 mAh cm for the cell employing a sulfur
loading of 2, 2.5 and 3 mg cm™, respectively, t0 5.3
mAh cm2 for the cell using a sulfur loading of 4
mg cm2, which represents a very suitable charac-
teristic for the employment of the materials in

scaled-up lithium-sulfur cell.

Galvanostatic performances

The cycling ability of the LI/DEGDME-
LiTFSI LiNO3s/S-MWCNTSs cell is evaluated by
galvanostatic cycling performed at various currents
as well as at a constant c-rate, using an electrode
with a sulfur loading of about 3 mg cm (Figure 51.
The cycling trend (Figure 51A) and voltage profiles
(Figure 5B) of the rate capability test performed by
increasing the current within 1.9 VV and 2.8 V reveal
a remarkable performance, with a delivered capac-
ity ranging from 1200 mAh g* at C/10 to about 850
mAh g at C/2 (1C = 1675 mA g*), and limited
charge/discharge polarization. At the higher c-rate
(1C), the figure evidences a continuous increase of
the capacity from 350 to about 500 mAh g%, and an
initially high polarization subsequently decreasing
by the 3 cycles of the test. This behavior may be
justified by the cell resistance decrease and the Li*-
diffusion coefficient increase upon cycling, already
observed in Figure 48 by EIS and CV, respectively.
The cycling test performed at a constant rate of C/3
reported in Figure 51C, and the corresponding volt-
age profiles in Figure 51D, show an initial capacity
of about 1100 mAh g delivered with an efficiency
approaching 100% and very low polarization. The
figure evidences a capacity decrease and a final sta-

bilization at about 900 mAh g* over 120 cycles, as
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Figure 51(A) Rate capability cycling behavior performed at C/10, C/8, C/5, C/3, C/2 and 1C (1C = 1675 mA g1), and (B) corre-
sponding voltage profiles of a Li/S 2032-coin cell using the DEGDME-LITFSI-LiNO;3 electrolyte and S-MWCNTSs electrode.
Prolonged cycling behavior and voltage profile of selected cycles of a Li/S 2032-coin cell using the DEGDME-LITFSI-LiNO3
electrolyte and S-MWCNTSs electrode at a c-rate of C/3 (C, D) and 1C (E, F), respectively. Sulfur loading 3 mg cm™. Voltage
limits 1.9V -28V atC/3and 1.8 V- 2.8 V at 1C. Temperature 23°C.

Cycle number

most likely due to slight electrode dissolution al- capacity increasing by the initial 25 cycles from
ready observed by the CV test in Figure 48A. Inter- 350 mAh g to the remarkable value 890 mAh g2,
estingly, the cycling test at 1C reported in figure which remains very stable over the whole test. A
51E reveals the electrode activation mentioned dur- further proof of the reduction of the cell resistance

ing the discussion of the rate capability test, with a by cycling is given by the voltage profiles of the



same cell reported in Figure 51F, which show a no-
table decrease of the cell polarization from the first
to the last cycle of the test which is in line with the

EIS measurement observed in Figure 48B.

Optimizing the Li/S
overview

A DEGDME-LITFSI electrolyte with added LiNO3
is proposed as suitable solution for use in efficient
and high-performance Li/S cell, in combination
with an electrode formed by combining sulfur and
MWCNTSs. The battery exploits suitable character-
istics of the electrolyte such as high conductivity
(of about of 102 S cm 1), low ion association de-
gree, an apparent lithium transport number of 0.5,
as well as a relevant chemical and electrochemical
stability. Furthermore, an optimized morphology of
the electrode, consisting of spherical shape parti-
cles in which the MWCNTSs shell coats the sulfur
core, and the use of a suitable carbon cloth as the
support, allow the cell to achieve a maximum ca-
pacity of 1300 mAh g* using a loading as high as
4 mg cm2, which is reflected into a practical areal
capacity higher than 5 mAh cm™. Interestingly, the
electrode material shows an increase of the lithium
diffusion coefficient from 3.7%102 cm? s to 7.3
101t cm? st by lithiation process, as revealed by
CV at various scan rates, which leads to a remark-
able decrease of the cell resistance measured by
EIS. This phenomenon is particularly relevant for
cells cycling at the higher c-rates (1C) which un-
dergo an activation process characterized an in-
crease of the delivered capacity and a decrease of
the polarization. Hence, the Li/S cell herein studied

66

delivers a specific capacity exceeding 900 mAh g
with a coulombic efficiency approaching 100% for
over 120 cycles. Considering a working voltage of
2 V and the above capacity, we may calculate for
the battery a theoretical energy density of 1800 Wh
kg™ which may be reflected into a practical energy
over 400 Wh kg, i.e., a value much higher than
that of the 200 Wh kg ascribed to the most dif-
fused commercial lithium ion battery.® This char-
acteristic, the relevant safety content of the electro-
lyte and the low expected cost of the employed ma-
terials suggest the cell as a high energy storage sys-

tem for next generation applications, such as EVs.

Scheme of the 2032-coin cell.
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Glymes, Prospect & Future

Lithium battery application has consistently broadened over the last few decades and nowadays ranges from
advanced portable electronics to electrified transport and smart energy grids. The acceptance and deployment
of this appealing energy storage system on a global scale presently require a breakthrough in performance,
improved safety and relevant environmental compatibility. >° In this scenario the exploitation of new systems
such as the use of polymer or solid electrolytes to enhance the safety level of the cell, the use of sodium instead
lithium to overcome the limitation of lithium resources in our planet or the optimization of the lithium-air
battery to obtain high energy system are required. The ether based electrolytes, as previously described, re-
vealed promising characteristics in terms of ionic conductivity, transport properties and stability with lithium
metal, Moreover, they are suitable for a wide range of systems, reflecting in the most convincing solution to
forward the major challenge of the recent years. Therefore, the further paragraphs will discuss the use of glyme
electrolytes in innovative systems.Will be presented a safety and high energy battery configuration, by cou-
pling sulfur cathodes and ether based polymer electrolyte, to avoid lithium dendrite formation®®® and overcome
the lithium shuttle effect. Furthermore, an alternative sulfur cathode performed by Li2S and PEO is deeply
investigated by EIS and the performances are discussed in lithium metal cell with DOL:DME-LiTriflate-
LiNOs electrolyte . An innovative environmental friendly prototype adopting sodium instead lithium will be
proposed employing sulfur-carbon composite cathode material and focusing on the characterization of the
glyme electrolytes behavior coupled with sodium salt. Finally, lithium air battery with glyme electrolyte ex-
ploiting outstanding performances will be discuss. The results underline the suitability of these new generation
of electrolytes as valid candidate for the new generation of energy storage devices

Scheme of the cell prototype used
for the lithium air battery tests.
Filled with pure oxygen. The holes
on the coin cell hallow the oxygen
reactions on the cathode surface



Lithium-Sulfur Cell with
Polyethylene Oxide (PEO)
Solid Electrolyte

olymer configuration, mainly basing on

polyethylene oxide (PEO) in which lith-

ium salts are dissolved, may have addi-
tional bonuses such as an increased safety content
due to the absence of volatile components and a
limited cost®. Taking in mind these aspects, in par-
ticular safety and cost, following is presented a pol-
ymer cell using high energy lithium metal anode,
sulfur carbon composite cathode and polyethylene
oxide (PEO)-lithium trifluoromethansulfonate
(LiCF3SO0:s) electrolyte. The limited cost of the row
materials, i.e., S and PEO, as well as the very sim-
ple synthetic procedures involving planetary ball
milling (S-C cathode) and solvent casting (PEO-
based electrolyte), are expected to reflect into re-
markable reduction of the economical-impact of
the proposed battery. Furthermore, the high energy
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meaning of electrochemical impedance spectros-
copy (EIS). The conductivity measurement has
shown values approaching 10 S cm* above 80°C
that is considered the proper temperature for cell
operation. The S-C cathode has been characterized
by thermogravimetric analysis (TGA) and scanning
electron microscope (SEM) and following verified
as the active materials in lithium metal cells at dif-
ferent current rate in a bare glyme-based liquid
electrolyte. The S-C material, revealing a maxi-
mum capacity as high as 700 mAh g in liquid elec-
trolyte, is finally employed within the polymer con-
figuration in a lithium sulfur battery operating at
80°C. The polymer cell, characterized by expected
low cost due to the simple preparation techniques,
delivers a capacity of 450 mAh g* at a voltage of
about 2V, hence a theoretical energy density of 900
Wh kg! that may reflect into a high practical value,
suitable for advanced energy storage applications.

PEQO LiTriflate Properties

of the Li/S cell and safety of the polymer configu-

. . Prior to cell application, the suitability of the poly-
ration represent additional bonuses of the system. PP y POy

. mer electrolyte has been investigated in terms of
The thermal properties of the membrane are deter-

: . . : . thermal characteristics, ion-conductivity as well as
mined by differential scanning calorimetry (DSC), Y

by checking the interph tability. Fig. 52A, re-
while its suitability for application in lithium bat- y checking the inferphase stabtiity. F1g e

ting the Arrhenius plots of the PEO-electrolyte,
tery is verified by checking the interface stability POrting the Arfenius plots ot the SleCtrolyte

. . . exhibits a conductivity value higher than 10“ S cm"
within static condition and under current flow by Y 9

L only at temperature exceeding 60-70°C. This is in
line with the DSC analysis of Fig. 52B that suggests

Experimental part: Electrolyte Preparation

Poly ethylene oxide (PEO) with molecular weight of 600KDa (0.6M) and lithium trifluoromethanesulfonate (lithium triflate,
LiCF3SO3) from Sigma-Aldrich, were used to prepare electrolyte membrane by solvent casting method. Acetonitrile from Sigma-
Aldrich was used as solvent and dried several days under molecular sieves until the water content was under 10 ppm as determined
by 831-Karl Fisher Coulometer (METROHM) while lithium triflate was dried at 80°C under vacuum for 2 days. PEO powder, salt
and acetonitrile were then mixed to and stirred until homogeneous slurry is obtained. The salt concentration, considered as the molar
ratio between the ethylene oxide (EO) oxygen of and the lithium in the salt (LiCFsSOs), was O:Li = 20:1. The mixture was cast
onto a flat glass plate by Doctor-Blade and dried under vacuum at 80°C for 3 hours. The membranes thus obtained had a thickness
of 100 um and was cut into disks of 18 mm of diameter. All the procedures involved in solid polymer electrolyte preparation were
carried out in the Argon filled glove box with oxygen water content lower then 10 ppm. A 1M tetra ethyleneglycol dimethylether-
lithium trifluoromethan sulfonate (TEGDME-LiICF3;SQO3) containing 5% w:w of dissolved Li,Sg was used as the reference liquid
electrolyte for preliminary tests of the cathode material
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Figure 52 (A) Conductivity Arrhenius plot of the PEO-electrolyte. The impedance spectroscopy was carried out using a signal
amplitude of 10 mV in a LMHz - 0.1Hz frequency range. The data was collected every 10°C, from 60°C to 120°C. (B) Differential
scanning calorimetry (DSC) of the PEO-electrolyte in argon atmosphere performed by heating the sample from 20°C to 100°C at
5°C min. (C) Time evolution of the lithium interface resistance of the PEO-electrolyte an, in the insert, the corresponding Nyquist
impedance plots carried out within 1MHz-0.1 Hz frequency range using 10mV signal amplitude. Temperature 80°C. (D) Over
voltage profile of the galvanostatic stripping-deposition test in a symmetric Li/PEO-electrolyte/Li symmetrical cell at the current
rate of 0.1 mA cm™.

membrane melting around 62°C, i.e., a process al-
lowing ion conduction. Furthermore, the figure ev-
idences that melting process occurs at a lower tem-
perature value in respect to the pure PEO (Tm =
66°C) with a corresponding melting enthalpy
(AHm) decreasing from 27 kJ mol™ to 17 kJ mol?
by LiCF3SOs salt addition due to its plasticizing ef-
fect. Fig. 52C reports the time evolution of the lith-
ium interface resistance in a Li/PEO-electrolyte/Li

symmetrical cell and, in the insert, the correspond-
ing Nyquist impedance plots at 80°C. The measure-
ment shows a slight increase of the cell impedance
from 1200 to 1250 Q upon the first days of meas-
urement due to a solid electrolyte interface (SEI)
film formation®®’. Upon 22 days of measurement
the impedance decreases, slightly fluctuates and fi-
nally stabilizes at about 1100 Q due to initial disso-
lution, consolidation and final stabilization of the

Experimental part: Cathode Preparation

Elemental sulphur and mesophase micro bead (MCMB) carbon were mixed into 1:1 weight ratio at 130°C under stirring for 3 hours.
The mixture was cooled down at room temperature and ground into fine particles by mortar. The powder was then planetary ball-
milled for 54 minutes in overall, using milling steps of 5 min and 2 minutes of rest at a speed rate of 300 Rpm. The obtained sulfur-
carbon active material was dispersed together with super P carbon (Timcal) and polyvinylidinedifluoride (PVdF) binder in a 80:10:10
weight ratio in N-methylpyrrolidone (NMP) and stirred for 3 hours. The resulting slurry was cast by Doctor-Blade onto aluminum
foil and punched as 14-mm disks. The electrodes were dried under vacuum at 50 °C for 24 hours and transferred to Argon filled
glove-box for cell assembling.
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SEI layer®®®, This test, evidencing a good stability

of the Li/electrolyte interface, is fully in agreement 9! 460 °C
with the galvanostatic profile of the lithium strip- g
. - . = ] :
ping/deposition test of a cell with the same sym- PR R re— sk
: N : ? 80 - i o
metrical configuration, showing an overvoltage ‘E“ |
during cycles limited to about 10 mV (Fig. 52D). 704
In summary, these tests suggest the electrolyte well 60_'
suitable for application in lithium polymer cell at A m
50

temperature exceeding 70°C.
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Cathode- TGA & Morphology

Following electrolyte characterization, the sulfur-
carbon composite (S-MCMB) cathode is investi-
gated by thermogravimetric analysis (TGA) under
nitrogen and scanning electron microscopy (SEM).
The TGA profile (Fig. 53A) reveals an overall sul-
fur content of about 38% on the electrode film, that
is composed by S-MCMB, PVdF binder and SP-

carbon conductor, while the corresponding differ-

Figure 53 (A) Thermogravimetric analysis (TGA) profile and
(B) scanning electron microscopy (SEM) image of sulfur-car-
bon electrode composed by active material, super P and PVdF
(80:10:10 weight ratio). TGA heating rate of 10°C min =,
from 25°C to 600°C in nitrogen atmosphere.

ential profile (in insert) shows sulfur evaporation at
275°C, and PVdF thermal degradation at about

460°C. The remaining mass, of about 55%, corre-

sponds to MCMB, super P and carbon resulting by
PVdF degradation. It can be noticed that the S con-
tent observed by TGA (38%) slightly differs from
that expected by preparation method (i.e., 40%, see
experimental section) as mostly ascribed to some

sulfur loss during powder preparation by ball mill-

(S-MCMB/PVdF/SP 80:10:10, w:w). Furthermore,
the SEM image of Fig. 53B reveals that the elec-
trode surface is characterized by a very uniform
distribution of micrometrical particles that is ex-
pected to positively reflect the electrode-electrolyte

interface in lithium sulfur cell*®.

ing (S'MCMB 1:1, w:w) or electrode film casting

Experimental part: Electrolyte Characterization

Conductivity tests were performed with 2032 coin cells in a symmetrical stainless steel current collector configuration using a Teflon
O-ring separator to keep fixed the cell constant. The electrochemical impedance spectroscopy (EIS) tests were performed by VSP
(Biologic), setting the signal amplitude at 10mV and using 0.1 Hz — 1 MHz as frequency range. The temperature range considered
for the analyses was from 60° to 120°C collecting data each 20°C. The same instrument and frequency range reported for conductivity
study were used for the lithium interface stability study. The latter was carried out in a symmetrical Li/PEO electrolyte/Li 2032-coin
cell hold at an operating temperature of 80°C. Nonlinear least-squares (NLLSQ) fit of the impedance Nyquist plots was used to
determinate the interface resistance by employing a Boukamp software and R(RQ).Q equivalent circuit (R = resistance, Q= constant
phase element) as shown in the inset of the figure. In order to ensure high quality, only fitting characterized by a chi-square ()
parameter lower than 10 has been considered 2%62%8, Differential scanning calorimetry DSC (Mattler Toledo DSC821) was performed
by heating up electrolyte sample, sealed in crucibles under argon atmosphere in the Glove-Box, from 20°C to 200°C at 5°C min™
rate. Thermogravimetric analysis TGA (Mattler Toledo TGA/SDTA851) was performed by heating the sample from room tempera-
ture to 600°C at 10°C min ! rate under nitrogen flow.
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Cathode with TEGDME

The S-MCMB electrode has been preliminarily
studied in a lithium-sulfur cell using a TEGDME-
based electrolyte (see experimental section for de-
tails)*®°. Fig. 54 shows voltage profiles (A) and the
corresponding cycling trend (B) of the above-men-
tioned cell characterized at a c-rate increasing from
C/10 to C/3 (1C = 1676 mA g*). During the first
discharge at C/10 the cell delivers a capacity of
about 1000 mAh g7, i.e., 60% of the theoretical
value, that is reversed during following charge into
a capacity of about 800 mAh g*, with a coulombic
efficiency of 80%, a working voltage centered at
about 2.1V reflecting the Li/S electrochemical pro-
cess and a limited charge/discharge polarization 34
17 The relatively low coulombic efficiency of the
first cycle is ascribed to the formation of a solid
electrolyte interface (SEI) layer at the electrodes
surface during the first discharge that is expected to
be more relevant at the lower c-rates'>®. During the
following cycles (Fig. 54B) the cell delivers a sta-
ble capacity of about 750 mAh g with no signs of
decay by operation. This trend is considered very
promising, particularly in view of the relatively
simple method used for S-MCMB electrode prepa-
ration and thus the expected modest economic im-
pact of the resulting Li/S. However, at c-rates rais-
ing to C/5 and C/3, the cell shows increased polar-
ization (Fig. 54A) and reversible capacity decreas-
ing to about 400 mAh g* and 180 mAh g%, respec-

tively, in addition to some activation with capacity
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Figure 54 (A) Voltage profiles and (B) corresponding cycling
trend of the sulfur-carbon composite electrode in lithium cells
using the liquid TEGDME-electrolyte. The current rate varied

from C/3 to C/5 and to C/10 (1C = 1676 mA g*) within a
voltage range of 1V-3.2V. Room temperature (80°C)

increase during cycling (Fig. 54B) due to Kinetic
limits affecting the electrode-electrolyte interface
at the higher currents (e.g., C/5) *°.

Cathode with PEO-LiTriflate
solid electrolyte

The results of Fig. 54 indicate the S-MCMB elec-
trode as suitable material for application in a lith-

ium sulfur polymer cell in combination with the

Experimental part: Cathode Characterization

Galvanostatic test applying a 0.1 mA cm? current to Li/Li symmetrical cell was carried out to determine the lithium stripping-
deposition ability by using a MACCOR Series 4000 Battery Test System (Maccor Inc.).The first screening of S-C composite cath-
ode in lithium cell was performed using a liquid electrolyte (See electrolyte preparation section) within 1V — 3.2V voltage range at
room temperature, with a current rate ranging from C/10 (167.6 mA g%), to C/5 (335.2 mA g?), and to C/3 (558.6 mA g?). The
galvanostatic cycling of S-C composite cathode in polymer configuration lithium cell was carried out at 80 °C with 1.2V-3V voltage
range at a current rate of C/20 (83.85 mA g1). using a MACCOR Series 4000 Battery Test System (Maccor Inc.). All the galvanos-
tatic tests of the Li-S cells were performed by using a MACCOR Series 4000 Battery Test System (Maccor Inc.).
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Figure 55 Voltage profile of the lithium polymer cell using
the sulfur carbon electrode and the PEO-electrolyte devel-
oped in this work, galvanostatically cycled at 80°C within
1.2V and 3V at a current rate of C/20 (83.85 mA g1).

PEO-electrolyte above characterized (see Fig. 52).
Indeed, Figure 55 reports the galvanostatic cycling
voltage profile of the Li/PEO-electrolyte/S-MCMB
cell carried out at 80 °C in order to ensure suitable
electrolyte conductivity and at a current rate of
C/20. During the first discharge the cell shows a ca-
pacity of about 520 mAh g*, while the subsequent
charge is limited to about 300 mAh g, thus result-
ing in an efficiency limited to about 60%. During
the following cycles the efficiency increases and
the delivered capacity stabilizes to about 450 mAh
gL, This trend may be ascribed to film formation at
the electrodes surface during the first charge-dis-
charge cycle and possible kinetic limits associated
with polymer electrolyte-electrode wetting®®. Fur-
thermore, the cell shows a voltage profile centered
at about 2.1V and characterized by remarkably low
polarization. The lower capacity of this cell in re-
spect to the one using the liquid electrolyte (com-
pare with Fig. 54) is associated with its polymer na-

ture.
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From S and PEO-
Membrane to Li>S and
PEO-Binder

valid approach in order to obtain higher

performance is the use of polymeric

binders such has PEO. Indeed, has been
demonstrated to be beneficial for both the Li* dif-
fusivity and for the electrode mechanical stability
upon cycling.'®11%2 Furthermore slurry-less, nano
Li2S cathode Graphene Oxide Paper cathode has
been recently demonstrated to stably deliver capac-
ities as high as 600 mAh g even at high cycling
rates (i.e. 5C), using LiNOs and Li2S™ added elec-
trolyte.’®® Polysulfide dissolution has been physi-
cally and chemically limited by confining the Li2S
active particles within carbonaceous and polymeric
matrixes!®* and by replacing conventional electro-
lytes with polymeric, solid state®®1% and polysul-
fide saturated solutions.”*®” The Li2S electrode op-
erates in lithium cell following the electrochemical
process characterized by a theoretical specific ca-
pacity extending up to 1166 mAh g, delivered at
about 2.1V with a resulting theoretical energy den-
sity as high as 2500 Wh kg™ as referred to the cath-
ode mass.®® However, Li2S suffers from poor elec-
tronic and ionic conductivity and consistent vol-
ume changes upon cycling that severely limit its
cell performances. Moreover, the dissolution
within the electrolyte of the polysulfide species,
leads to active material loss and shuttle reactions
strongly limiting the cell cycle life. A novel Li2S-
C composite electrode, including polyethylene ox-
ide (PEO) binder and a lithium trifluoro-
methansulfonate (LiCF3SOs) salt in its composi-
tion, is here originally reported. The new electrode
configuration is expected to enhance the diffusivity
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of Li* ions within the insulating Li2S active parti-
cles, thus improving the electrode mechanical sta-
bility upon cycling and limiting polysulfides disso-
lution during cell operation. Moreover, the elec-
trode film here disclosed is easily prepared by us-
ing Li2S-C-(PEO)20 LiCF3SO3 mixed powders and
1,3 dioxolane (DOL) solvent, that is a further ad-
vantage in view of large-scale applications. The
cathode is characterized in a lithium metal cell, us-
ing bare and LiNOs added, 1m LIiCF3SOs,
DOL:DME electrolyte. A detailed NMR study of
the electrolyte diffusion properties demonstrated
the full applicability of the solution in advanced
lithium battery. Furthermore, the features of the
Li2S electrochemical process, including the highly
polarized first cycle and the trend leading to a po-
larization decrease during following cycles, are
studied by combining galvanostatic cycling tests,
electrochemical impedance spectroscopy and ex-
situ XRD measurements. The proposed elec-
trode/electrolyte formulation, employing economi-
cally and environmentally sustainable materials, is
herein suggested as a suitable candidate for appli-
cation in enhanced energy density and environmen-

tally friendly batteries.

The LisS-C-PEO electrode

A Li2S-C-(PEO)20 LiCF3sSOs composite electrode
(Li2S-C-PEO) easily prepared by doctor-blade

casting a dispersion of soft milled (PEO)20
LiCF3SOs - Li2S - Super P carbon mixture in 1,3
dioxolane (DOL) in Ar filled glove box. Polyeth-
ylene oxide (PEO) is to date one of the most used
binder materials in sulfur and Li>S-based elec-
trodes.’> PEO is employed as ionic conductor in
the composite electrode in order to ensure intimate
contact between the insulating Li2S active materi-
als and the carbonaceous electronic conductors.
Moreover, this binder provides a connection be-
tween the electrode components and the current
collector upon cycling. Chain entangled PEO
binder provides a conductive network for Li* diffu-
sion within the electrode and ensures electrode in-
tegrity upon cycling by minimizing Li2S or S phase
segregation and stabilizing the carbon network. As
reported in literature,'®! high viscosity PEO binder
may reasonably suppress active material loss upon
cycling and reduce the dissolution rate of polysul-
fides within the electrode-electrolyte interphase,
thus enhancing the electrode cycling efficiency and
stability.'®® Furthermore, the use of PEO binders
enhances the electrode mechanical properties in
terms of homogeneity and surface porosity, which
translate into high electrode kinetics. Super P car-
bon is employed as conductive agent within the in-

sulating Li2S active particles.!’

Experimental part: Cathode and Electrolyte Preparation

Dry Polyethylene Oxide (PEO, Mw 600000 Da, Sigma Aldrich), LiCF3;SO; (>99.9% Sigma Aldrich), in a EO:LiCF3;SO3; molecular
ratio of 20:1 (PEO2LiCF3SQ3), LizS (>99.9% Sigma Aldrich) and Super P carbon (Timcal) powders were mixed under Ar atmos-
phere in a PEO»LiCF3SOs:Li,S:Super P weight ratio of 30:35:35. The mixture was subjected to soft, glass-ball milling under
Argon atmosphere for 24 hours. The cathode, hereafter referred to as Li,S-C-PEO was prepared by doctor-blade casting on Al foil
a slurry obtained by dispersing the soft milled (PEO)2LiCF3SOs - Li,S - Super P carbon mixture in 1,3 dioxolane (DOL, Sigma
Aldrich) in Ar filled glove box. The electrode mass loading was 1.5 mg cm. The electrolyte solutions were prepared by dispersing
LiCF3S0O3 (>99.9% Sigma Aldrich) powder in a 1:1 wt mixture of 1,3 dioxolane (DOL, Sigma Aldrich), 1,2 dimetoxyethane (DME,
Sigma Aldrich), with 1 mol/kg (1m) triflate concentration. LiNO3 additive (1m) was subsequently added to the solution. 1-2 di-
methoxyethane (DME Sigma Aldrich) and 1,3-dioxolane (DOL, Sigma Aldrich) herein reported as DOL-DME were dried under
molecular sieves separately until the water content was lower than 10 ppm of water. Karl Fischer titration instrument (Metrohm)
to control the water content was used. Before electrolyte preparation, both LiCF3SO3 and LiNOg salts were dried under vacuum at
100°C.
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Structural and
morphological study

The morphology of the Li2S-C-PEO (Figure 56) is
probed by scanning electron microscopy (SEM).
The micrographs, collected at increasing magnifi-
cation, evidence the dispersion of Li2S active ma-
terial (crystals) within the (PEO)20 LiCF3SOs-car-

bon amorphous matrix. The figure reveals the for-
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mation of micrometric Li2S aggregates exhibiting a RN =)
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Figure 56 SEM micrographs of the pristine Li2S-C-PEO
electrode.

phology. The good dispersion of the insulating Li2S
active material within carbon and binder is ex-

pected to enhance the electrode electronic conduc- conductivity (C) and ionic association degree (D),

tivity and LI" diffusivity, and to improve the me- obtained at various temperatures. Fig. 57A reveals

chanical stability by buffering the electrode struc- a diffusivity of the Li+ cation and CFsSOs" anion of

tural changes upon charge and discharge. about 10 m? s’ while, at the same conditions, the

DOL and DME solvents show a higher mobility,

DOL-DME-LiF3S0:;

i.e., of about 3x10° m? s, most reasonably due to

Properties

The DOL-DME-LiF3sSOs electrolyte suitability for
application in battery has been investigated by
NMR. Accordingly, Figure 57 reports the charac-
teristics of the electrolyte in terms of self-diffusion

coefficient (A), lithium transference number (B),

the hindrance effect of the solvation shell. Moreo-
ver, Fig. 57A shows lower self-diffusion coeffi-
cient for DME compared to DOL, thus suggesting
a higher interaction of the DME with the charged
species that may be ascribed also to viscosity ef-
fects. The lithium transference number reported in

Experimental part: Cathode Characterization

The electrochemical tests were performed on coin cells assembled in Ar filled dry box using Celgard separators. The cell were
assembled using the Li,S-C-PEO cathode and a 1 m LiCF3SO3;, DOL:DME 1:1 v/v electrolyte, to which 1 m LiNO; was added as a
film-forming agent, in order to avoid shuttle reaction (evidenced by a cycling test performed by using a LiNOs-free electrolyte).
About 30 ul of electrolyte solution were used for the cell assembly. A Maccor Series 4000 Battery Test System was used for the
galvanostatic cycling tests, within the voltage limits 1.4 -3.7 V and 1.9-2.7 V during the first and subsequent cycles, respectively, at
a C/5 C-rate (1C = 1166 mA g). Electrochemical Impedance Spectroscopy (EIS) tests were performed by applying 10mV AC
amplitude signal to the cells within the 1IMHz — 0.1 Hz frequency range. The equivalent circuit ( shown in the figure inset) used for
the analysis of the impedance data is R:(RQ)rr(RctQbL)Q, Where Re is the electrolyte resistance, the (RQ)ee elements are associated
to the passivation of the electrode surface, Rcrand Qo describe the charge transfer and double layer capacitance associated to the
cathode lithiation/delithiation, respectively, and Q is related to Li* diffusion within the electrode. A VSP (Biologic) was used for the
EIS measurements upon cycling. The EIS responses were analysed by using the Boukamp program. All the electrochemical tests
were run at 40°C. Ex-situ XRD measurements were performed on the electrode at different stages of charge/discharge by using a
Rigaku D-Max Ultima + diffractometer, with Cu Ka source and a graphite monocromator, in 26/0 scanning mode. The electrodes
were collected from the cell in Ar-filled glove box, washed with DME, and sealed in plastic-bags into the XRD-sample holder in
order to avoid the change of the electrode structure by contact with air. The electrode morphology was investigated by means of
Scanning Electron Microscopy, using a Phenom-FEI instrument. The electrode was then transferred into the instrument under argon,
and subjected to fast vacuum upon introduction into SEM-sample holder, in order to avoid excessive contact with atmosphere.
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Figure 57 Self-diffusion coefficient (A), transference number (B), conductivity (C) and ionic association (d) of 1m LiCF3SQOs,
DOL:DME 1:1 v liquid electrolyte at increasing temperatures as determined by NMR measurements (see experimental section for

details). Temperature range: 293 K - 333 K.

Fig. 57B (calculated following equation (6)) shows
a value of about 0.5, sufficiently high for battery
application, in the whole investigated temperature
range. Fig. 57C displays the conductivity values
calculated by using the self-diffusion coefficients
(following the Nernst-Einstein equation (4)) and,
for comparison, the values measured by electro-
chemical impedance spectroscopy. The conductiv-
ities determined by the two techniques exhibit sim-
ilar trend, a value higher than 102 S cm-1 in the
explored temperature range, however, with a dif-
ferent order of magnitude. This discrepancy is at-
tributed to a substantial difference between the two

techniques already discussed in the previous chap-

ters. Accordingly, the ion association degree (o) de-
termined by the comparison of the conductivity
values determined using EIS and NMR, following
equation (5), results of about 0.95 (Fig. 57D).

Lithium metal passivation by
LiNOs-addition to the
electrolyte

Despite the full suitability of the DOL:DME-
LiCF3SOs for battery in terms of ion transport
properties and conductivity, as previously de-
scribed, that sulfur electrode suffers by severe shut-
tle effect in this electrolyte that may be prevented

only by adding a sacrificial film forming agent, i.e.,



LiNO3. This issue affects also the cell using the
electrode here prepared, as indeed demonstrated by
Figure 58, reporting in comparison the voltage pro-
file of the first galvanostatic charge-discharge cy-
cle of the Li2S-C-PEO cathode in lithium half-cell
using LINOs-free (red line) and LiNOs-added
(black line) electrolytes. The figure evidences for
the cell using LiNOzs-free electrolyte (red line) the
typical profile of Li/S process affected by severe
shuttle reaction resulting in a noisy, decomposi-
tion-like charge and very limited discharge. In-
stead, the cell using the LiNOs-added electrolyte
(black line) reveals the charge-discharge curve typ-
ically observed during the first cycle of Li2S elec-
trode in lithium cells using liquid electrolyte,'™
with reversible capacity of about 1000 mAh g*,

without significant signs of shuttle reaction.

Characteristics of the
electrochemical process of

LisS-C-PEO electrode

Further insights into the Li2S-C-PEO electrochem-
ical process using the selected, LiNOs-added elec-
trolyte are given by combining cycling test, X-Ray
Diffraction (XRD) and Electrochemical Impedance
Spectroscopy (EIS) measurements, displayed in
Figures 59A, B and 4C-H, respectively. The first
de-lithiation step of the Li2S-C-PEO cathode (dark-
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Figure 58 Voltage profile of the first galvanostatic charge-
discharge cycle of the Li,S-C-PEO cathode in lithium half-
cell, cycled at C/5 (1C=1166 mA g* referred to Li,S mass)
using LiNOs-free (red line) and LiNO3-added (black line), 1
m LiCF3;SO3, DOL:DME 1:1v electrolyte. Voltage range 1.4
V - 3.7 V. Temperature: 40°C. The specific capacity.

red line in Fig. 59A) proceeds by an activation pro-
cess characterized by high polarization extending
up to about 3.5 V that is ascribed to the Li2-xS pol-
ysulfide phase nucleation, according to the reac-
tion: Li2S — Li2-xS + xLi+ + x e- .The barrier ex-
tension is not only due to the high charge transfer-
ence activation energy of the lithium at the Li2S
surface, but also to contributions from other kinetic
factors, including limited Li-ion diffusivity and low
electronic conductivity of the electrode.'’* The se-
ries of sequential steps between 3.27V and 3.5V
during first charge are ascribed to the formation of
short chain (Li2Sy, 2 <y <4) and long chain (Li2Sy,

4 <y < 8) polysulfide intermediates.’>*"?

Experimental part: Electrolyte Characterization

A Bruker 400 Avance Il NMR spectrometer was used to measure self-diffusion coefficients with a pulse field gradient double-
stimulated echo sequence. The data were acquired each 10°C from 20 to 60 C°, using a diffusion delay of 80-250 ms between the
gradient pulses of strength of 0-45 G/cm and duration of 1-2.5 ms. The Nernst-Einstein equation (4) was used to calculate conductivity

2
values from the self-diffusion coefficient following indicated by. Syyr = FR—[TC]( Di; + Dcr3sos)

where F is the Faraday constant (96485 Coulomb), [C] represents the solution concentration (mol cm®), R is the ideal-gas constant
(8.314472 J Kt mol ™), T is the temperature value, Dy and Dcrssos are the self-diffusion coefficients of the Li* cation and CF;SO5
anion, respectively. The electrochemical impedance spectroscopy to obtain conductivity values of the electrolyte was carried out in
a 2032 coin cell, stainless steel current collectors and a Teflon ring as a separator were used to keep the cell constant fixed. The
measurements were carried out with a signal amplitude of 10 mV in a frequency range from 100 mHz to 100 KHz using a biological

V'SP instrument. The ion association was calculated following the equation (5): a = (1 - ;Ei)
NMR

where dgis and dnwvr are the conductivity measured by EIS and calculated by equation (1), respectively. The lithium transference

number (t*) was calculated from the equation (6). t* = — Du
DLi+DcF so_
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Figure 59 First and second cycles voltage profiles of the Li,S-C-PEO cathode cycled in lithium half-cell using 1 m LiCF3SOs,
1 m LiNO;, DOL:DME 1:1 v electrolyte (A). Corresponding ex-situ electrode XRD patterns (marked by circles in the voltage
profile) at various charge and discharge steps (B). Corresponding Nyquist plots of the cell (marked by circles in the voltage
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of the cell EIS response upon 50 cycles (H). Temperature: 40°C. Voltage ranges: 1.4 VV — 3.7 V (first cycle) and 1.9 V — 2.7
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The plateau centered at about 3.6 V in the Li2S
composite cathode voltage signature may be rea-
sonably ascribed to oxidative parasitic reactions of
species formed from reductive processes of the
LiNOs additive in contact with metallic lithium
during the cell assembly, i.e. before starting the cy-
cling test. This process represents a chemical re-
duction of LiNOs. Besides, when the cell is dis-
charged up to low voltages (below 1.6 V), the elec-
trochemical reduction of LiNOs occurs and a pas-
sivation film is formed on the electrode surface
which suppresses polysulphides shuttle phenom-
ena. Moreover, the extra capacity gained at volt-
ages higher than 3.5 VV may be reasonably ascribed
to poor contact between the Li2S active material
and the carbon electronic conductor. The first dis-
charge profile (dark-blue line in Fig. 59A) reveals
the two main plateaus centered at about 2.37 and
2.12 V, typical of sulfur lithiation process, as well
as an additional plateau between 1.8V and 1.4 V
due to the electrochemical reductive decomposition
of LiNOs additive, precipitation at the lithium sur-
face of the formed species and final consolidation
of the passivation film that is expected to enhance
the cell Coulombic efficiency.”®” Following the
first cycle, the reaction proceeds with very low po-
larization, thus suggesting a decrease of the resis-
tivity of the active material by the ongoing of the
electrochemical process. The evolution of the XRD
patterns of the Li>S-C-PEOQ electrode performed at
different cycling stages of the lithium cell (i.e., cor-
responding to the circle marks P1-P5 in Fig. 59A)
is reported in Fig. 59B. The figure reveals that the
characteristic signals of Li2S phase
(JCPDS#772145), centered at about 27, 3, 44 and
53 degrees, disappear upon full charge and then re-

appear, even if with lower intensity due to electrode
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amorphization, after full discharge, thus confirm-
ing the reversibility of the Li2S redox process. The
reflection of Li2S centered at about 44 degrees is
not taken into account because of the overlapping
electrode current collector signal. Figs. 59(C-G) re-
port the impedance Nyquist plots of the lithium cell
using the Li2S-C-PEOQ electrode at various states of
charge (corresponding to the circle marks P1 to P5
in the voltage profile of Fig. 59A), while Fig. 59H
reveals the evolution of the impedance plots of the
same cell, collected at the discharged states, during
the subsequent cycles (following the two reported
in Fig. 59A). It can be noticed that the electrolyte
resistance Re, i.e., the highest frequency intercept
of the Nyquist plots in Fig. 59, is about 8 Q, without
significant variation upon cycling. At the OCV
(Fig. 59C, corresponding to P1 in the voltage pro-
file of Fig. 59A), two well defined, high and low
frequency semi-circles are detectable, correspond-
ing to the formation of a passivation film on the
electrode surface and to the charge transfer at the
electrode/electrolyte interface, respectively. Upon
de-lithiation by charge (Fig. 59D, corresponding to
P2), the EIS response shows a broad and depressed
semicircle, most likely from convolution of the two
semicircles discussed above, while at the fully dis-
charged states (Fig. 59E, corresponding to P3) two
distinct semicircles are again detected. Following,
Fig. 59F, G and H show the same EIS trend previ-
ously illustrated, characterized by two semicircles
at the discharged state merged into one during
charge. This trend is ascribed to the different elec-
trode kinetics for S (charged state) and Li2S (dis-
charged state). In particular, the charge transfer-
ence (represented by the second semicircles) is fa-
vored by the presence of S (charged states) com-

pared to the more insulating Li2S (discharged
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state), thus allowing the second, low frequency
semicircle to shift to higher frequencies (faster ki-
netics) and overlap the first semicircle correspond-
ing to the passivation film. The NLLSQ analysis of
the impedance responses reported in Table 1 (see
experimental section for details) reveals changes,
i.e. decrease and increase, of the passivation film
resistance and capacitance values upon charge and
discharge that can be reasonably associated to pro-
gressive dissolution and re-formation with final
consolidation of the film. Similar behavior is ob-
served by the charge transfer process, however
with a decreasing resistance trend. Indeed, Table 4
shows that the cell has OCV resistance values of
about 54 Q and 108 Q, for passivation film (RPF)
and charge transfer (RCT), and final values of
about 53 Q and 66 Q, respectively. These data in-
dicate a stable SEI film and an enhanced charge
transference in subsequent cycles, thus accounting
for the decrease of the cell polarization upon
charge-discharge process and confirming the opti-
mized electrode configuration. The suitability of
the system is further suggested by the Nyquist plots
during the first ten cycles reported in Fig. 59H,
again suggesting stable electrode kinetics and elec-
trode/electrolyte interface for the Li2S-C-PEO
cathode in lithium cell.
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Figure 60 Galvanostatic cycling voltage profiles (A) and
specific capacity versus cycle number plot (B) of the Li/Im
LiCF3SO3, 1m LiNO3, DOL:DME 1:1 v:v/Li,S-C-PEO cell.
The Coulombic efficiency versus cycle number plot is dis-
played in blue. Temperature: 40°C. Voltage ranges: 1.4 V -
3.7V (first cycle) and 1.9 V — 2.7 V (subsequent cycles). Cy-
cling rate C/5 (1C=1166 mA g referred to Li,S mass)

R./Q Rpp/Q Qee/F Rer/Q Qou/F Q/F
ocvV 7.98 £ 0.05 54.13 £ 0.51 (213 £ 0.1) x 10°° 108.17 =+ 3.81 (6.70 £ 0.27) x 10°* (7.19 + 1.43) x 102
P1 7.86 £ 0.02 36.61 + 5.91 (8.21 £ 0.27) x 10 ° 135.51 + 8.61 (10.54 £ 0.03) x 10 * (2.25 & 0.07) x 10 *
P2 8.33 + 0.07 39.49 + 0.61 (3.05 + 0.2) x 10°° 84.44 + 2.91 (2.46 + 0.14) x 10°* (3.98 + 0.03) x 107*
P3 8.30 £ 0.09 90.29 + 12.50 (6.83 £ 0.38) x 10° 61.09 + 13.60 (221 £0.3) x 107° (2.35 £ 0.01) x 10°°
Pa 7.95 £ 0.06 52.62 + 1.03 (3.67 £ 0.15) x 10°° 75.41 + 3.32 (4.62 £ 0.27) x 10°* (2.85 £ 0.01) x 10
P5 8.12 £ 0.10 53.52 + 1.49 (3.63 £ 0.27) x 107 66.21 + 4.46 (4.13 £ 0.43) x 10°* (2.85 & 0.02) x 10

Table 4 Electrolyte resistance R, Passivation film resistance Ree and capacitance Qpr, Charge Transfer resistance Rcr, Double
Layer capacitance Qp. and Li* diffusion capacitance Q values obtained by NNLSQ fitting of the impedance responses of the lithium
cell reported in Figure 59, using the Li,S-C-PEO electrode at the OCV (P1) and upon the first two charge-discharge cycles (P2-

P5)



Cycling performances of
Li2S-C-PEQO electrode in
lithium cell

Figure 60 reports the galvanostatic performances at
C/5 rate at 40 °C, in terms of voltage profile (A)
and cycling behavior (B), of the lithium cell using
the Li2S-C-PEO electrode. The electrode is revers-
ibly charged and discharged to about 70 cycles and
shows, after the first activation cycle, two main
characteristic redox plateaus at about 2.25 and 2.42
V in charge and at 2.37 and 2.10 V in discharge
(Fig. 60A). The voltage hysteresis rapidly de-
creases from about 1.4 V during the first cycle to a
stable value of 0.2 V in the following ones, due to
the kinetic improvement upon cycling discussed in
Fig. 59. The cell shows specific capacity values
ranging from about 550 to about 450 mAh g-1 (ref-
erenced to the Li2S mass) upon 70 cycles (Fig.
60B), with a Coulombic efficiency approaching
99% after the first few stabilization cycles. The
slight capacity decay during cycling can be at-
tributed to minor electrode dissolution during
charge-discharge process. The operating tempera-
ture (40 °C) has been selected as suitable value for
proper operation due to optimized characteristics in
terms of electrode-electrolyte interface. Indeed, cy-
cling tests conducted, for comparison, at lower
temperature, i.e., at 25 °C, and reported in Figure
61, revealed lower capacity of the cell compared to
the higher temperature value. Within the proposed
cell configurations, some major problems of Li2S-
based batteries, including polysulphides dissolu-
tions, redox shuttle effects, phase segregation and
electrode mechanical instability etc., may be con-

trolled and contained, however not completely
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Figure 61 Li,S-C-PEO2(LiCF3SO3) cathode galvanostatic
cycling in lithium half-cell, using LiNOs; added, 1m
LiCF3SO3 DOL:DME (1:1 vol) t 40°C and at room tempera-
ture

avoided, using PEO2o(LiCF3SQO3). Further techno-
logical optimization of the electrode morphology
and surface properties is expected to overcome
these issues and to translate into higher cycling per-
formance in terms of efficiency. The specific ca-
pacity exhibited by the cathode here presented
largely exceeds the ones of conventional LIB cath-
ode materials, such as LiCoO2 and LiNio.sMn150a4,
with the additional advantages of very low cost and
reduced environmental impact. The average spe-
cific capacity of 470 mAh g*(Li2S) delivered by
the cathode at about 2.1 V translates into theoretical
specific energy content that is significantly higher
than that ascribed to the conventional LiCoO: elec-
trode. However, the electrode composition here re-
ported, in terms of carbon and binder content, low-
ers the practical energy to levels comparable to the
common battery. This aspect suggests the need for
further optimization of the electrode by lowering
the carbon and binder contents to enhance the per-

formances of this very promising, low cost system.
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Glyme Electrolytes and
Sodium

odium, because of its ubiquity as the 6th

most abundant element in the earth's crust,

is readily available at low cost. Therefore,
batteries based on this alkali metal appear among
the most promising systems in view of a wide-
spread application of grid energy storage from re-
newable sources, such as solar and wind.13-176 So-
dium batteries using intercalation materials have
been studied alongside lithium batteries during the
late 1970s and 1980s.17"-1"® However, the higher
energy content of lithium as compared to sodium
promoted the rapid development of the lithium-ion
systems to the detriment of sodium-ion technolo-
gies.}#618 The fast development of the lithium-ion
battery actually contributed to a rapid rise of the
lithium price'®, and evidenced possible risk of
market dependence in view of the geographical
limitation of lithium resources to a few South
American countries.'® These issues renewed the
interest in non-lithium energy storage systems and,
in particular, on sodium batteries, which are pres-
ently attracting a large amount of attention. The en-
ergy penalty of sodium with respect to lithium?®3
may be partially mitigated by the use of high en-
ergy cathodes, such as sulfur?>1/818 which deliv-
ers a theoretical capacity of 1700 mAh g* and an
energy density of 2500 Wh kg*. This high value

may translate into a practical energy exceeding 300
Wh kg1, higher than the common lithium-ion bat-
tery.185-187 However sodium sulfur battery suffers
of the same issues previously reported for lithium
sulfur system such as the solubility of the polysul-
fide discharge products in the electrolytes, and
slow kinetics. The improving of the electrode mor-
phology by the development of complex sulfur-car-
bon composites’®®1% or by designing polysulfide
reservoirs in carbon-sulfur composites'®*'°? have
been successfully employed in a Na/S cell using a
glyme-based electrolyte to improve the system sta-
bility.>282111  Eyrthermore, solutions of sodium
salts in glymes have revealed suitable characteris-
tics allowing their application in sodium and so-
dium-ion batteries.'%31% Therefore, is following re-
ported these aforementioned analytical approaches
for the study of two solutions of sodium salt (i.e.,
NaCF3S0:s), differing by the glyme used. The solu-
tions, based either on DME or DEGDME, and char-
acterized by NMR and electrochemical techniques,
are proposed as suitable media for application in a
new sodium sulfur cell. The highest performing
cell prototype, using the cathode formed by
MWCNTs-sulfur and the solution based on
DEGDME, shows a capacity of about 500 mAh g
! delivered at average working voltage of 1.7V,
hence a theoretical energy density of 850 Wh kg™

and an expected practical energy of interest.

Experimental Section: Electrolyte Preparation

Glyme-based solvents, i.e., 1,2-Dimethoxyethane (CH3OCH,CH,OCH?3) and diethylene glycol dimethyl ether (CH;OCH,CHy>).0,
hence DME and DEG, respectively, were purchased from Sigma Aldrich and dried under molecular sieves (Sigma Aldrich, pores
diameter 3 A) for several days until the water content was lower than 10 ppm. The water content was determined by 889 Karl Fisher
Coulometer METROHM. Sodium trifluoromethanesulfonate (sodium triflate, NaCF3SQ3) and sodium nitrate (NaNOs), by Aldrich,
were dried under vacuum overnight at 80°C. The electrolytes were prepared by dissolving NaCF3SO; either in DEME and in
DEGDME, in aratio of 1 mol of salt in 1 kg of solvent. The densities of DEME-NaCF3;SO; and DEGDME-NaCF3;SOs were of 0.984
and 1.068 g/ml. The (1m) molality was selected in order to better compare with previous papers and with literature data, while the
glyme/sodium ratios of 1:11 and 1:7.5 for DME and DEGDME, respectively. The same solutions were supplemented with a film
forming agent (NaNOs, 0.4 mol of salt in 1 kg of solvent) for the final test in a sodium cell. The four solutions, i.e., the bare electro-
lytes (DME-NaCF3;SO; and DEGDME-NaCF3SOs), and the ones with sodium nitrate (DME-NaCF3;SO3;-NaNO; and DEGDME-
NaCF3;S03-NaNO3), were prepared and stored in an argon filled glove box with water and oxygen contents lower than 1 ppm.



Sodium Glymes Properties

The thermal characteristics of the electrolyte, in
particular evaporation and decomposition features,
play a key role for determining its possible applica-
tion in batteries. Fig. 62 clarifies this aspect by re-
porting the TGA traces of DME-NaCFsSOs and
DEGDME-NaCFsSOs electrolytes performed un-
der nitrogen flow and, in inset, the corresponding
differential curves. The figure shows that DME-
NaCF3sSOs loses weight according to three subse-
quent steps, centered at 35°C, 102°C and 535°C,
due to the fast evaporation of the volatile DME un-
der N2 flow, partial desolvation of salt-DME com-
plexes, and final degradation of the NaCFsSOs or
its solvated crystals, respectively.®'% The
DEGDME-NaCFsSOs electrolyte shows weight
loss starting at a higher temperature with respect to

the DME-based one, and reveals the above men-
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Figure 62 Thermal gravimetric analysis (TGA) of DME-
NaCF3SOs (1 mol kgt) and DEGDME-NaCF3;SO3 1 mol kg
1) electrolytes, heated under nitrogen flow from 20°C to
700°C. Heating rate 10°C min™.

solvated salt crystals with a different solvent con-
tent, as indeed expected by the different structure
of DEG and DME. Concomitant crystallization,
evaporation and decomposition of the two electro-
lytes under nitrogen flow avoids the determination

tioned three consecutive steps centered at a 103 °C, of the stoichiometry by TGA, however the higher

150 °C and 535°C, as most likely due to the lower
volatility of DEGDME. Furthermore, the different

weight loss ratio at the higher temperatures upon

residual mass observed for DEGDME based elec-
trolyte with respect to DME may likely reflect a
higher content in carbon at the end of the measure-

initial solvent evaporation observed for the DME- ment of the less volatile solvent. In summary, the

based electrolyte with respect to the DEGDME-

based one suggests salt-solvent complexes and

Experimental Section: Electrolyte Characterization

Thermal gravimetric analysis (TGA) was performed on bare electrolytes by heating the samples under nitrogen flow from 20°C
to 700°C at 10°C min, using a Mettler Toledo TGA/SDTAS85. The self-diffusion coefficients of *H and °F nuclei (Dy and Dr
respectively), related to the hydrogen in the glyme chain and the fluorine in the CF3SO3™ anion, were measured with a Bruker 400
Avance II1 NMR spectrometer using a PFG double-stimulated echo sequence to suppress convection effects in the temperature
range from 20°C to 60°C. The data were collected every 10°C with gradient pulses of 1-2 ms, a gradient strength g in the range of
1-45 G cml, and a diffusion delay A of 100-200 ms. The self-diffusion coefficients of 2Na nucleus (Dna) were measured with a
Varian 300 WB Direct Drive spectrometer equipped with a DOTY z-gradient probe, using the same double-stimulated echo se-
quence with gradient pulses of 0.75-1 ms, gradient strength g varied from 2 up to 1000 G cm™ as needed, and a diffusion delay A
of 12-17 ms. The electrolyte conductivity was measured by impedance spectroscopy (8g;s) in a symmetrical stainless steel/stainless
steel, 2032 coin-cell equipped by a Teflon O-ring separator, in a 0.1 Hz — 0.5 MHz frequency range with signal amplitude of 10 mV
using a VERSTAT AMETEC instrument. The impedance responses were collected from 40°C to 80°C every 10°C. lon conduction

2
ratio was calculated from self-diffusion coefficient (5yz) by using the Nernst-Einstein equation Syygr = FR—[TC]( Dy + Dr) (4),

where F is the Faraday constant (96485 Coulomb), [C] represents the solution concentration (mol cm), and R is the ideal-gas
constant (8.314472 J K™ mol ™). The ion association degree (a) was calculated by combining the conductivity values determined

by EIS (6g;s) and the ion conduction ratio determine by NMR (6yumz), following the equation a = (1 — ;E—’S) (5). The sodium
NMR

ion transference number was calculated by using the equation t* = DD% (6), where Dy, is the self-diffusion coefficient of the
Na F

Na* cation and Dy is the self-diffusion coefficient of the CF;SO3~anion, as determined by NMR.
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thermal analysis of Fig. 62 evidences a lower evap-
oration degree of DEGDME-NaCF3SO3 with re-
spect to DME-NaCFsSOs within the temperature
range usually designed for battery application, i.e.,
at temperatures lower than 100 °C, thus suggesting
the former as the preferred electrolyte media. Rel-
evant transport properties of the electrolytes, such
as self-diffusion coefficients of the various species,
as well as the ion transport number are determined
by PFG NMR and reported in Fig. 63. The higher
value of the *H self-diffusion coefficients with re-
spect to °F and 2®Na evidenced by Fig. 63A sug-
gests for both electrolytes a higher mobility of the
solvent molecules with respect to the ions. Further-
more, 'H, 1°F and #Na self-diffusion coefficients
of DME-NaCFsSOs show overall a higher value
with respect to the corresponding self-diffusion co-
efficients of DEGDME-NaCF3SOs electrolyte over
the whole temperature range considered. The
higher self-diffusion coefficients of the species in
the latter electrolyte may be reasonably attributed
to the lower viscosity of the DME with respect to
DEGDME [37]. Fig. 63B shows the sodium trans-
ference number (t*) of the two electrolytes, calcu-
lated by equation (6) taking into account the self-
diffusion coefficients of Na* and CF3SOs™ (repre-
sented by Dy, and D taken from Fig. 2a, see ex-
perimental section). The figure shows a t* value of
about 0.5 over the whole temperature range (i.e.,
about 20-60 °C) for both electrolytes, which is con-

sidered a suitable value for application in sodium
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Figure 63 A) Self-diffusion coefficients of 1H, 19F and
23Na nuclei in DME-NaCF3SO3 (1 mol kg-1) and
DEGDME-NaCF3S03 (1 mol kg-1) electrolytes determined
from 20°C to 60°C by PFG-NMR. B) Sodium transference
number (t+) calculated from self-diffusion coefficients
measured by PFG-NMR. Further details are reported in ex-
perimental section.

batteries.!% Therefore, based on the data of Fig. 63
we may consider the two electrolytes possible can-

didates for battery use.

Experimental Section: Electrolyte Characterization

The cathodic electrochemical stability of the electrolytes was determined by cyclic voltammetry (CV) in a three-electrode con-
figuration cell using sodium metal as the reference and counter electrodes, and Super P carbon (Imers) coated on copper as work-
ing electrode. The CV was performed using a potential ranging from 2 V to 0 V vs. Na/Na* with a scan rate of 0.1 mV sec™’. The
anodic electrochemical stability was determined by linear sweep voltammetry from 2 V to 5 V vs. Na/Na*, using the same cell
configuration and scan rate employed for CV, and a Super P carbon (Imers) coated on aluminum as the working electrode. Sodium
stripping/deposition tests were carried out in a symmetrical sodium/sodium 2032 coin-cell, with a constant current of 0.1 mA
cm? and a step time limit of 1 hour. The chemical stability of the sodium interface in contact with the electrolyte versus time was
studied by impedance spectroscopy (EIS) in a symmetrical sodium/sodium 2032 coin-cell, in a 0.1 Hz-0.5 MHz frequency range,

using a 10 mV signal amplitude.
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Figure 64 A) Conductivity values DME-NaCF3;SO; (1 mol kg™)
and DEGDME-NaCF3SOs (1 mol kg) measured by EIS (6gs)
and calculated from NMR self-diffusion coefficients (6yyz). B)
lon association degree of the two electrolytes calculated by using
Arrhenius linear fits conductivity data obtained by EIS and NMR.

ation with respect to the DEGDME-based one in

Experimental Section: Cathode Preparation and Characterization

The cathode, already proposed for lithium-sulfur cells in a previous paper [34], was formed by mixing elemental sulfur (S, Sigma
Aldrich) and multi-walled carbon nanotubes (MWCNSs, Sigma Aldrich), in a 1:1 weight ratio, heating at 135°C in order to melt the
sulfur and stirring for 2 hours until complete homogenization. The resulting mixture was cooled at room temperature and treated
by high energy ball milling in a stainless-steel jar, with 4 stainless steel balls. The treatment was performed at a frequency of 15
Hz for 2 hours, using 4 steps of 30 minutes of milling and rest steps of 15 minutes. The electrode film was prepared by dispersing
the sulfur-carbon powder (S-MWCNS), polyvinylidinedifluoride (PVdF Solvey) binder and Super P (Imers) electron conductor
(80:10:10 weight ratio) in N-methylpyrrolidone (NMP, Aldrich), stirring until formation of a homogeneous slurry, casting on
aluminum foil by Doctor blade and drying at 50°C overnight to remove the solvent. Electrode disks were then punched, dried at
50°C for 24 h under vacuum overnight and introduced in the argon filled glove box to build the cells. The electrochemical reaction
of S-MWCNs electrode with Na was studied by cyclic voltammetry tests in a three-electrode cell configuration, equipped with
sodium metal reference and counter electrode, using either DME-NaCFzSO3;-NaNOs; or DEGDME-NaCF3:SOs-NaNOs upgraded
electrolyte. The cell potential was ranged from 0.5 V to 2.1 V vs. Na/Na*, using a scan rate of 0.1 mV sec*. Sodium-sulfur 2032
coin cells were assembled using the S-MWCNSs cathode, the selected electrolyte, and Na-metal anode. The cells were subjected to
galvanostatic cycling within 0.5 V and 2.1 V, using a current rate of C/10 (1 C = 1676 mA g?).
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Figure 65 Cyclic voltammetry (CV) and, in inset, linear sweep voltammetry (LSV) of A) sodium/DME-NaCF3;SO3(1 mol kg)/SP-
carbon and B) sodium/DEGDME-NaCF3;S03(1 mol kg1)/S-MWCN cells, using a three-electrode configuration with sodium metal
as reference and counter electrode, and SP-carbon coated on Cu (CV) or Al (LSV) as working electrode. Potential limits 0-2 V vs.
Na*/Na (CV) and 2-4.5 V vs. Na*/Na (LSV). Scan rate 0.1 mV sec. C) Voltage profiles of sodium stripping/deposition tests

performed in Na/electrolyte/Na symmetrical cells. Electrolytes DME-

NaCF3SOs3 (1 mol kgt) and DEGDME-NaCF3SO; (1 mol kg

D). Current density 0.1 mA cm2, 1 hour of step time limit. D) Sodium interface stability tests determined during time by EIS
measurements in Na/electrolyte/Na symmetrical cells. Electrolytes DME-NaCFsSOs (1 mol kg') and DEGDME-NaCF3sSOs (1 mol
kg™). EIS performed by using 10 mV signal amplitude and 0.1 Hz - 0.5 MHz frequency range.

the investigated temperature range, thus suggesting
a lower ion solvating ability*® of DME with re-
spect to DEGDME, despite the higher ionic con-
ductivity of the DME-NaCFsSOs electrolyte. In-
creasing ion association with increasing tempera-
ture in poly-ethers is well-known and attributed to
the decreased solvent dielectric constant at elevated
temperature.” Instead, electrolyte of different na-
ture, such as ILs, i.e., molten salt, may show a dif-
ferent trend. In view of possible application in so-

dium cells, the electrochemical and chemical sta-

bility of the electrolytes are determined by voltam-
metry, galvanostatic tests and EIS, and reported in
figure 65. The cyclic voltammetry (CV) tests of
DME-NaCF3sSOs (Fig. 65A) and of DEGDME-
NaCF3sSOs (Fig. 65B) in sodium cells using a Su-
per-P carbon coated on Cu as the working elec-
trode, reveal an irreversible first cycle in which a
reaction occurs around 0.5 V vs. Na*/Na during the
reduction scan, most likely due to solvent decom-
position with formation of a solid electrolyte inter-
phase (SEI) film.1%® During subsequent cycles the
CV profiles reveal reversible trends, characterized



by peaks centered at the low and intermediate po-
tential values, i.e., at about 0.1 V and 0.7 V vs.
Na*/Na, due to insertion of sodium or solvated ions
into the amorphous carbon matrix.?° Linear scan
voltammetry (LSV) tests, performed adopting the
same cell configuration used for CV except for the
working electrode which is coated on Al instead of
Cu, are reported in inserts of Fig. 65Aa (DME-
NaCFsSOs) and Fig. 65B (DEGDME-NaCF3SOs).
Both insets show an onset current starting at about
3.5 V vs. Na+/Na and electrolytes stability extend-
ing over 4 V vs. Na*/Na which is indeed considered
the top potential limit allowing the electrolytes use
in sodium cells. Furthermore, the sodium strip-
ping/deposition tests of Fig. 65C show low polari-
zation with values limited to 15 mV for DME-
NaCF3SO3 and 30 mV for DEGDME-NaCF3SOs.
The polarization changes during the test, as likely
attributed to dissolution, following reformation and
expected stabilization of the SEI layer at the so-
dium interface.® This trend, as well as the lower
polarization of the DME-based electrolyte with re-
spect to the DEGDME-based one, are confirmed by
the interface stability test performed by EIS and re-
ported by Fig. 65D (see experimental section for
details). Indeed, the figure shows modest interfa-
cial resistances, limited below 15 Q, for the two
electrolytes with a higher value and more relevant
changes upon time for the DEGDME-based elec-
trolyte with respect to the DME-based one, thus ac-
counting for the polarization trends already ob-
served in Fig. 65C. Preliminary studies of sodium
sulfur cells prove the applicability of the studied
electrolyte in batteries. S-MWCNTSs electrode is
used as the preferred cathode material due to its
suitable electrochemical performance already
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demonstrated for glyme-based electrolytes in lith-
ium cells in the previous chapters. Prior to cell as-
sembly, the electrolyte solutions have been supple-
mented with NaNOs which is expected to form a
protecting film at the Na surface for buffering pol-

ysulfide shuttle reaction, as already observed.

Sodium and Glymes in

Sulfur Cell

Fig. 66 reports cycling voltammetry and galvanos-
tatic cycling profiles of the Na/DME-NaCF3SOs-
NaNOs/S-MWCNTs and the DEGDME-
NaCF3S03-NaNOs/S-MWCNTSs cells. Overall, the
CV profiles (Fig. 66A, B) reveal reversible peaks
centered at about 1.8 V vs. Na*/Na, ascribed to the
electrochemical process of the sodium with sulfur,
as well as peak intensity variation by cycling due to
Kinetic effects and polysulfide dissolution.?®? In
particular, the cell using DME-NaCFsSO3-NaNOs
electrolyte (Fig. 66A) shows small peak at about
1.7 V vs. Na*/Na, and a continuous potential drift
until 0.5 V vs. Na*/Na during the first cathodic
scan, and a narrow peak at around 1.9 V vs. Na*/Na
during the anodic scan. The subsequence cycles ex-
hibit an increase of the intensity of the peak at 1.7
V vs. Na*/Na and the appearance of a broad peak at
about 1 V vs. Na*/Na during reduction, as well as
the peak at 1.9 V, thus accounting for the multistep
Na/S electrochemical process.? The cell using
DEGDME-NaCFsSO3-NaNOs (Fig. 66B) evi-
dences a CV profile following the same trend ob-
served for DME-based electrolyte, however with
peaks characterized by much improved intensity
and shape, thus suggesting faster kinetics for the
Na/S electrochemical process in DEGDME. This
CV behavior is reflected in better performance of
the sodium-sulfur cell using the DEGDME-
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Figure 66 Cyclic voltammetry profiles of A) sodium/DME-NaCF;SO3(1 mol kg?), NaNO3(0.4 mol kgt)/S-MWCN and B) so-
dium/DEGDME-NaCF3;S03(1 mol kgt), NaNO3(0.4 mol kg)/S-MWCN cells, using a three-electrode configuration with sodium
metal as reference and counter electrode, and S-MWCN as working electrode. Potential limits 0.5-2.1 V vs. Na*/Na. Scan rate 0.1
mV sec’. Galvanostatic cycling voltage profiles of C) Sodium/DME-NaCFs;SOs3(1 mol kgt), NaNO3(0.4 mol kg*)/S-MWCN and
D) sodium/DEGDME-NaCF3;SO3(1 mol kgt), NaNO3(0.4 mol kgt)/S-MWCN sodium cells (2032 coin-cell configuration). Volt-
age limits 0.5-2.1 V vs. Na*/Na. Scan rate 0.1 mV sec™™. Current rate C/10 (1C=1676 mA g).

NaCF3SO3-NaNOs electrolyte (Fig. 66D) with re-
spect to that using DME-NaCF3SOs-NaNOs (Fig.
66C). The preliminary galvanostatic cycles show
for the Na/DME-NaCF3SO3-NaNOs/S-MWCNTs
cell (Fig. 66C) a specific capacity of about 250
mAh g during the first cycle, which decreases to
about 160 mAhg* during following cycles, and a
rather high polarization during the charge/dis-
charge process with a profile reflecting the pro-
cesses already observed in CV. In spite of this, the
Na/DEGDME-NaCF3S03-NaNOs/S-MWCNTSs

cell (Fig. 55D) reveals a much improved galvanos-
tatic behavior, with multistep process evolving at
2.1V, 1.8V and 1.1V during first discharge, with

specific capacity of about 500 mAh g2, and a flat
charge at 1.9 V. The subsequent cycles have the
same trend, a low polarization, and a reversible ca-
pacity of about 450 mAhg™. Despite being very
preliminary, and needing further investigation in
terms of electrolyte composition, voltage limits and
extended cycling, this performance suggests the
electrolyte studied here as suitable candidate for so-

dium batteries.



Glyme electrolyte and
Lithium Oxygen battery

ithium-oxygen battery, generally ac-

cepted as lithium-air battery, despite in

large part using pure oxygen rather than
air, attracted large interest since characterized by a
very high energy density, even exceeding the one
associated to lithium-sulfur?®?, This outstanding
system has been studied during the initial research
stages in a common carbonate-based electrolytes
eliciting enthusiastic follow-up?®. So far, the high
polarization of the cell, the very short cycle life and
the anomalous charge/discharge of the battery have
dampened the enthusiasm largely due to the reac-
tivity of the nucleophilic peroxide and superoxide
species formed during the Li/Oz reaction with car-
bonate solvents including the electrophilic car-
bonyl bond?®. As in the case of the sulfur cell,
these issues have been partially mitigated by com-
pletely replacing the carbonate with more suitable
ether-based electrolytes?®®, polymers?®® and ionic
liquids®. The change of the electrolyte, as well as
new and more suitable configuration of the cell, in
terms of components and engineering®®’, and new
classes of catalysts?® shed a new light on this ap-
pealing system. Indeed, these new findings have
led to a decreased cell polarization and increased
cycle life?®. Only recently, new configurations and

compositions of the cathode used as the support for
Experimental Section: Electrolyte and Cathode Preparation
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the Li/O2 process?®, including carbons of various
natures and morphologies?'!, nanostructures®‘?,
doped porous composites?™®, metal oxide catalysts
and separators designed ad hoc for avoiding oxy-
gen permeation to the anode®*, remarkably in-
creased the lithium-oxygen cell performance in
terms of delivered capacity, cycle life and low po-
larization?'®, These breakthrough, in addition to the
development of new and very safe cell prototypes
in which the lithium metal is replaced by a lithium-
ion anode?®, suggested the lithium oxygen battery
as potential systems for next generation energy
storage?!’. In this chapter an enhanced system,
formed by the combination of a safe electrolyte so-
lution of lithium bistrifluoromethanesulfonimidate
(CF3SO2NLiSO2CFs, LiTFSI) in tetra ethylene gly-
col dimethyl ether solvent (TEGDME), and multi
walled carbon nanotubes (MWCNTS) as the reac-
tion support at the oxygen cathode is proposed. The
cell shows an outstanding cycle life, extended up to
250 cycles, due to the optimal characteristics of the
electrolyte revealed by NMR and electrochemistry,
as well as to the reversible formation and dissolu-
tion of Li202 clearly detected by XRD, SEDM and
TEM on the MWCNTSs surface. Despite further ef-
forts are required for practical employment, the cell
studied is proposed as a valid candidate for power-
ing the next generation EVs with extended driving

range.

The electrolyte was prepared by mixing Tetra ethylene glycol dimethyl ether (CHs;O(CH>CH;0)4CHjs) following named by TEGDME
and lithium bistrifluoromethanesulfonimidate (CFsSO,NLiSO,CFs3), herein named LiTFSI. Both chemicals purchased from Sigma
Aldrich. Molecular sieves of 3A from Sigma Aldrich were dried under vacuum at 250°C for 48 hours and used to reduce the water
content of the TEGDME below 10 ppm. The water content was measured by Karl Fischer titration instrument (831 Karl Fisher
Coulometer, Metrohm). Before mixing the TEGDME and the lithium salt in 1 mol kg™ ratio, the LiTFSI was dried under vacuum at
80°C for 24 hours. Multi walled carbon nanotubes from Sigma Aldrich, following named MWCNTS, were annealed under nitrogen
flow at 750°C for 12 hours. The active material (named No.@MWCNTSs) was mixed separately with polyvinylidinedifluoride (PVdF,
Solvay) binder in a 80:20 mass ratio and dispersed in N-methylpirrolidone (NMP, Aldrich). The slurry was cast on a gas diffusion
layer (TGP-H-030 carbon paper, Toray) by Doctor blade. The active material ratio on the current collector was of about 0.8 mg cm-
2, The electrode foils were punched in disks, dried overnight at 100°C and finally introduced in argon filled glove box with oxygen
and moisture content lower than 1 ppm. Lithium oxygen cells were then assembled by combining lithium metal, the N.@MWCNTS,
and the TEGDME-LITFSI in a top-meshed 2032 coin-cell inserted into a glass tube filled subsequently by pure oxygen.
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Figure 67 Characteristics of the TEGDME-LITFSI electrolyte (1 mol kg?). (A) Differential Scanning Calorimetry (DSC) per-
formed by a cooling rate of 5°C min, ranging the temperature between -30°C and -90°C with an argon filled crucible. (B)
Lithium stripping/deposition voltage profile of a symmetrical lithium/lithium 2032-coin cell performed with a constant current
of 0.1 mA cm2and a step limit of 1 h. (C) Time evolution of the lithium/electrolyte interface resistance, and in inset corresponding
Nyquist plots, investigated by impedance spectroscopy in a symmetrical lithium/lithium 2032-coin cell with a signal amplitude
of 10 mV in a 0.1 MHz - 0.1Hz frequency range. (D) Electrochemical stability window of the electrolyte determined by linear
sweep voltammetry (LSV) up to 5V in the anodic region and by cyclic voltammetry (CV) between 0 and 2 V vs. Li*/Li in the
cathodic region (inset), using a Swagelok T-cell with lithium as counter and reference electrode and Super P as working electrode,

scan rate of 0.1mV s,
TEGDME-LiTFSI Properties

This paragraph sheds light on the performance of a
TEGDME-LIiTFSI electrolyte (1 mol/kg™) by com-
bining calorimetry, electrochemistry and nuclear
magnetic resonance.?#21® The DSC traces of Fig.
67A indicates that the electrolyte freezes below -
50°C, hence ensuring the low temperature utiliza-
tion, while the lithium stripping/deposition profile
in symmetrical Li cell in Fig. 67B evidences a very
low polarization, limited to about 20 mV during the
whole test, thus suggesting a remarkable stability

of the electrolyte. Father proof of the electrolyte

stability is evidenced by Fig 67C reporting the lith-
ium/electrolyte interface impedance trend, and, in
inset, the corresponding Nyquist plots, as well as
by the linear sweep voltammetry of the Li/electro-
lyte/SP cell in the anodic region (Fig. 67D), and the
CV of the cell in the cathodic region between 0V
and 2 V (Fig. 67D inset). Indeed, the electrolyte re-
veals a stable impedance ranging from 150 to 300
ohm due to solid electrolyte interface (SEI) film
changes,®® and an applicability extending from 0 V
to 4.7 \VV vs. Li/Li*, i.e., a region in which only SEI
film formation at about 0.8V,?? reversible inser-
tion into amorphous carbon at about 1 V #2222 gnd
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Figure 68 Species mobility in the TEGDME-LIiTFSI electrolyte (1 mol kg?). (A) self-diffusion coefficients of the *H, "Li and *°F
nuclei carried out by NMR in the temperature range of 20°C - 80°C. (B) Comparison of the conductivity values calculated from
the self-diffusion coefficients and determined by electrochemical impedance spectroscopy (EIS) in a symmetrical SS/Electrolye/SS
2032 coin-cell equipped with a Teflon O-ring separator in the frequency range of 0.1MHz-0.1Hz with signal amplitude of 10 mV.
(C) lonic association degree of the lithium salt determined by combining NMR and EIS data. (D) Lithium transference number
determined using the NMR data in the temperature range 20°C - 80°C.

the lithium deposition/stripping at 0V 222 can be ob-
served. The transport characteristics of the electro-
lyte are observed in Figure 68. The PFG-NMR data
reported in Fig. 68A show the self-diffusion coef-
ficients of the *H, “Li and *°F nuclei, hence of the
TEGDME solvent, lithium cation, and TFSI anion,
respectively, in the temperature range between
20°C and 80°C. The data reveal self-diffusion co-
efficient ranging from 4x10* m? s at the lower
temperature to 3x102° m2 s at the higher one, and

faster mobility of the solvent than the ions. The

combination of the NMR data allows the determi-
nation of the apparent electrolyte conductivity,
which is compared in Fig. 68B with the conductiv-
ity determined by impedance spectroscopy, of the
ionic association degree (Fig. 68C), as well as of
the lithium transference number (Fig. 68D) be-
tween 20°C and 80°C.58110.224.225 Rajsing the tem-
perature reflects into a conductivity and ionic asso-
ciation degree increase, from 3x102 S cm™ to 102
S cm (Fig. 68B), and from 0.40 to 0.55 (Fig. 68C),

respectively, due to a synergic effect of the in-
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Figure 69 XRD patterns of the bare multi walled carbon nanotubes (MWCNTS) and of the same material after the annealing process
under nitrogen atmosphere (N2@MWCNTS). (B, E) SEM images of the bare and the Nz-annealed MWCNTSs. (C, D, F, G) TEM
images at various magnifications of the bare and the N-annealed MWCNTS.

creased mobility of both ions and solvent which de-
pends on the solution nature and composition.®* In-
stead, the apparent lithium transport number ap-
pears only slightly affected by the temperature in-
crease, with a value of about 0.45 over the whole
temperature range, i.e., a high value which may be
however influenced by the ion association.”” In

overall, these results suggest the electrolyte as well

TEGDME-LiTFSI in Li/O-
Cell

Prior to use as the electrode support for Li/O2 the
MWCNTSs was treated under nitrogen atmosphere
at 750 °C in order to remove possible undesired
functional groups which may affect the electro-

chemical process.??%2?” The XRD patterns of Fig.

suitable ion conducting media for application in ef- 69A reveals the graphitic nature of the MWCNTS,

ficient lithium cell in a relatively wide temperature and shows only minor structural changes due to the

range.

Experimental Section: Electrolyte Characterization

The thermal properties were evaluated by differential scanning calorimetry (DSC) using the Mattler Toledo DSC821 instrument.
The TEGDME-LITFSI electrolyte was sealed in aluminum crucible under argon atmosphere before the DSC analysis. The meas-
urement was performed by cooling down from -30°C to -90 °C with a rate of -5°C min-*. The lithium stripping deposition test
was performed with constant current rate of 0.1 mA cm and step limit of 1 hour using a symmetrical lithium/lithium 2032 coin-
cell and a MACCOR 4000 series Battery Test System. The lithium/electrolyte interface resistance was measured using the latter
cell configuration by electrochemical impedance spectroscopy in the frequency range of 0.1MHz - 0.1Hz with a signal amplitude
of 10 mV with a VersaSTAT MC Princeton Applied Research-AMETEK potentiostat. The impedance spectra were associated to
the R(RQ)nQ equivalent circuit, where R is the resistance and Q a constant phase element (CPE), and analyzed using the nonlinear
least square (NLLSQ) fit by Boukamp Software?*52%¢; only the results with a chi-square ? lower than 10 were accepted. The
voltammetry tests were carried out in Swedglock T-cell with lithium metal as reference and counter electrode and a working
electrode formed by depositing super P (Timcal) on Cu or Al support for the cathodic and the anodic scan, respectively. The cyclic
voltammetry (CV) for the cathodic region was performed in the potential range OV - 2V vs. Li/Li*, while the linear sweep volt-
ammetry (LSV) for the anodic region was performed up to 5V vs. Li/Li*, both with a scan rate of 0.1 mV sec™. The measurements
were carried out by VersaSTAT MC Princeton Applied Research-AMETEK potentiostat. The self-diffusion coefficient of the H
"Li and *°F nuclei were measured by a Bruker 400 Avance 11 NMR spectrometer suppressing the convection effect by PFG double-
stimulated echo sequence. The data were collected every 10°C from 20°C to 80°C with a gradient strength g of 1-45 G cm™,
gradient pulse of 1-2 ms and a diffusion delay A of 100-200 ms. The error on the self-diffusion coefficient is about 3—5%.2%° The
ionic conductivity of the electrolyte (dnmr) Was calculated from the self-diffusion coefficient by the Nernst-Einstein equation (4)

2
10 Symr = FR—[TC] ( Dy; + Dg)where F is the Faraday constant (96485 Coulomb), [C] represents the solution concentration (mol cm-

%), R is the ideal-gas constant (8.314472 J K1 mol). Furthermore, the ionic conductivity was measured by impedance spectroscopy

(8eis) in a symmetrical SS/SS 2032-coin cell with a Teflon O-ring separator in the temperature range of 20°C - 80°C, using a signal

amplitude of 10 mV in the frequency range of 1MHz and 0.1Hz by employing a VersaSTAT MC Princeton Applied Research-

AMETEK potentiostat. The conductivity values dgis and dnmr Were combined in equation 5 to obtain the ionic association degree

(@) *a=(1- ;E—’S) The lithium transport number (t*) was calculated by equation (6) 8% t+ = DDTL"DWhere Dy is the lith-
NMR Li F

ium self-diffusion coefficient and D is the fluorine self-diffusion coefficient of the TFSI- anion.
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Figure 70 (A) Galvanostatic voltage profile of the lithium oxygen battery using the TEGDME-LiTFSI (1mol kg*) electrolyte and
the N2@MWCNTS electrode in a 2032 top-meshed coin cell. Current rate of 100 mA g. Voltage limit of 1V-4.5V. (B) XRD
pattern of the cell at different state of the charge, marked by T1 (OCV), T2 (fully discharged), and T3 (fully charged). SEM images
of the N @MWCNTSs electrode at the OCV (C), at the discharged ((D and E) and at the charged state (F).

thermal treatment suggested by the almost un-
changed patterns. More relevant effects of the an-
nealing process are observed for the MWCNTSs
morphology, as revealed by SEM (Fig. 69B, E) and
TEM (C, D, F and G) at various magnification. The
images, in particular the TEM, suggest the effective
role of the annealing process in cleaning the nano-
tubes from impurities (Fig. 69F and C), thus in-
creasing the electrode surface and enabling cavities
and free spaces (Fig. 69G and D) which may act as
the host and the catalyst for the Li/O2 electrochem-
ical process.??® This morphology is expected to in-
crease the performances and the cycle life of the
lithium oxygen battery using the nitrogen annealed
MWCNTSs. The TEGDME-LITFSI electrolyte and
the annealed MWCNTSs electrode
(N2@MWCNTSs) are combined and studied in a
lithium oxygen cell. The cell is fully discharged

nitrogen

and charged, the voltage profile collected (Fig.

70A), and the reaction products studied in terms of

structure by ex-situ XRD (Fig. 70) and morphology
by ex-situ SEM (Fig. 70C-F). The voltage profile
70A that the
N2@MWCNTSs electrode reaches a capacity of

of Fig. remarkably  shows
about 16 Ah g* referred to the carbon weigh (i.e., a
value of about 9 mA cm? as referred to the elec-
trode geometric area). It is worth mentioning that
the cell is cycled using the voltage cutoff of 1V-
4.5V which is a cycling mode aimed to detect the
full charge discharge products instead of allowing
the cell stability, as indeed confirmed by the decay
of the performances by ongoing of the test Fig. 71.
Lithium oxygen cell stability may be in fact
achieved only by limiting the discharge capacity
during the cycling as already reported by previous
works??® and fully confirmed hereafter (see follow-
ing paragraphs). The XRD patterns of the
N2@MWCNTSs electrode collected from the lith-
ium oxygen cells at different state of charge re-
ported in Fig. 70B, i.e., at the OCV (marked by T1
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Figure 71 Galvanostatic voltage profile (a) and correspond-
ing cycling trend (b) of the lithium oxygen battery using the
TEGDME-LIiTFSI  (1mol kg?) electrolyte and the
N2@MWCNTSs electrode in a 2032 top-meshed coin cell.
Current rate of 100 mA g1, and voltage limit of 1V-4.5V. The
specific capacity is referred the carbon weight.

in Fig. 70A), fully discharged state (marked by T2
in Fig. 70A), and fully charged state (marked by T3
in Fig. 70A), clearly show the formation and com-
plete dissolution of the lithium peroxide during the
galvanostatic test, without any residual product,
which is in line with the high efficiency approach-
ing 100 % achieved by the galvanostatic test of Fig.
70A. Furthermore, the corresponding SEM images
(Fig. 70C-F) reveal the formation of micrometric
particles with a size of about 50-100 um (Fig. 70D,
E), and suggest an electrodeposition mechanism of
Li2O2 at the N2@MWCNTSs surface rather than a
solution mechanism with the formation of the reac-
tion products at the electrode/electrolyte interface,

i.e., a pathway generally observed for cells using

ionic liquid electrolytes.?!423-23% Remarkably, the
SEM of Fig. 70F evidence a complete dissolution
of the products upon the full charge process, thus
suggesting again the reversibility of the electro-
chemical process. The lithium oxygen battery is
then assembled using the N2@MWCNTS electrode
and the TEGDME LIiTFSI electrolyte, and cycled
using a capacity limited to 500 mAh g referred to
the carbon weight in order to allow the long life of
the battery as above mentioned. Remarkable,
Fig.72 shows that the cell may achieve 250 cycles
of continuous charge and discharge without any

sign of polarization increase (Fig. 72A) or capacity

4.5 ==
1 / /
=i
> 3.6 \
S )
g 2.7 It—.'_ -
©
>
1.8 cylce 1 cylce 10 cylce 25
cylce 50 cylce 75 cylce 100
09 cylce 125 cylce 150 cylce 200
: cylce 250
T : T ) T T T T T T T T
0 100 200 300 400 500
Specific Capacity / mAhg™”
600

400
300 +

200 -

Specific Capacity / mAh g E

O T i T i T g T i T t T
0 50 100 150 200 250
Cycle Number

Figure 72(A) Galvanostatic voltage profile, and (B) corre-
sponding cycling trend of the lithium oxygen battery using
the TEGDME-LITFSI (1mol kg?) electrolyte and the
N2@MWCNTSs electrode in a 2032 top-meshed coin cell.
Current rate of 100 mA g*. Capacity limit capacity 500
mAhg . Current density and specific capacity are referred to
the carbon weight.




fading (Fig. 72 B). The cell operates at about 2.7 VV
and therefore hold a theoretical energy density of
about 1350 Wh kg™ considering the carbon weight,
which may be reflected into a relevant value of the
practical energy. It is worth mentioning that, even
if for few cycles the energy content of the cell may
be advantageously increased by raising the capac-
ity limit up to 1000 and 2000 mAh g, as indeed
evidenced by the voltage profiles reported in
Fig.73. These performances reveal the suitability
of the cell configuration herein adopted. The lith-
ium oxygen cell using annealed
MWOCNTSs electrode and TEGDME-LITFSI elec-

trolyte revealed remarkable cycle life, extended up

nitrogen

to 250 cycles, and excellent characteristics indi-
cated for advanced and high energy storage. This
outstanding performance been attributed to fully
suitable electrolyte properties, in terms of ion mo-
bility and stability as revealed by NMR and EIS, as
well as to an extremely reversible electrochemical
process promoted by the optimal morphology of
the MWCNTSs evidenced by TEM. Hence, for-
mation and reverse dissolution of Li2O2 during the
reduction and the oxidation, respectively, have
been clearly observed by X-ray diffractometry and
by electron microscopy. The data indicated the for-
mation of micrometric crystalline peroxide stably
supported by the nanotube aggregates at the elec-
trode surface, with no signs of electrode/electrolyte
degradation or cell performance decay. Therefore,

the results obtained by this study suggest the cell

Experimental Section: Cathode Characterization
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Figure 73 Galvanostatic voltage profile of the lithium oxy-
gen battery using the TEGDME-LiTFSI (1mol kg™) electro-
lyte and the N.@MWCNTS electrode in a 2032 top-meshed
coin cell. Current rate of 100 mA g, and capacity limit of
1000 mAh g (A) and 2000 mAh g (B). The specific capac-
ity is referred to the carbon weight.

configuration herein adopted as a stable, long life
and relatively safe battery for application in mod-
ern EVs.

The powders structure was characterized by X ray diffraction using a Bruker instrument equipped with a Cu Ka source and a graphite
monochromator, in the 26/0 scanning mode. The morphology of the samples was evaluated by SEM (Zeiss EVO 40) with a thermi-
onic electron gun equipped by LaBs crystal. Lithium oxygen cell was studied by galvanostatic test using voltage cutoff performed
with a constant current of 100 mA g in a 1V - 4.5V range. Galvanostatic cycling tests were also carried out with a current rate of
100 mA g* and limiting the capacity to 500, 1000 and 2000 mAh g. The current density and specific capacity was referred to the
carbon weight into the electrode, while the surface capacity was determined with respect to the electrode geometric area



Comparison overview

The aim of this chapter is the comparison between the most rel-
evant properties of the electrolytes and active materials pre-
sented along this work of thesis. The electrolyte already dis-
cussed will be herein compared in terms of self-diffusion coef-
ficients, lithium transference number and ionic conductivity in
order to obtain a clear overview of the transport and mobility
properties, furthermore the lithium interface stability, lithium
stripping deposition and the electrochemical stability windows
data will be compared and discussed to clarify the stability of
the electrolytes in contact with lithium metal and along gal-
vanostatic cycles. Moreover, a briefly overview of the cathodic
active materials such as the olivine cathodes and the lithium-
sulfur cells, is proposed in terms of number of cycles, cou-
lombic efficiency and galvanostatic cycles in order to clarify
the optimizations and the performances of the cell obtained in
this work and maybe shed light on the differences of these new

classes of energy storage devices.

Scheme of the cell prototype used
for the lithium air battery tests.
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Electrolytes

Figure 74 shows the conductivity comparison of
the glyme electrolytes. Figure 74 A, B and C are
referred to the solution with 1 mol kg of lithium
triflate, LiTFSI and sodium triflate respectively.
The conductivity comparison of the lithium triflate
added solution of figure 74A, clearly evidences an
increasing conductivity trend related to the glyme
chain length. The electrolytes with long chain re-
veal higher conductivity, probably due to their
higher viscosity. Indeed, the glymes with shorter
chain such as TREGDME, DEGDME and DME
show about the same conductivity values. Further-
more, this trend is confirmed by Figure 74B where
the LiTFSI added solutions, shows higher conduc-
tivity for the DEGDME electrolyte with respect to
the TEGDME, even though their conductivity val-
ues are about one order of magnitude higher than
the lithium triflate solutions. Figure 74C shows the
conductivity of the sodium triflate added solution
with values of about 10 S cm™. Figure 75 shows
the self-diffusion coefficients and the related lith-
ium transference number of the studied electro-
lytes. The self-diffusion coefficients values of Fig-
ures 75 A, C and E exhibit the increasing trend re-
lated to the glymes chain length for all the mixtures.
Has to be noticed that the DEGDME solution ex-
hibits the same values of self-diffusion coefficients
even with different lithium or sodium salts, of
about 10° m s2. The lithium transference number
of the triflate classes in figure 75 B and F reveal a
stable trend along the whole range of temperature
of about 0.5, however the glymes with higher vis-
cosity such as the PEG250 and PEG500 reveal a
lower lithium transference value of about 0.48,

0.45 respectively.
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Figure 74 Conductivity values of the ether based electrolyte
with (A) 1 mol kg* of lithium triflate, (B) 1 mol kg lithium
TFSI and (C) 1 mol kg sodium triflate. The measurements
have been performed in coin-cell, using electrochemical im-
pedance spectroscopy
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Figure 75 self-diffusion coefficients of the *H, “Li and °F nuclei carried out by NMR, and lithium transference number calculated
from the self-diffusion coefficients of the ether based electrolyte with (A) and (B) 1 mol kg of lithium triflate, (C) and (D) 1 mol
kg* lithium TFSI and (E) and (F) 1 mol kg* sodium triflate.



The LiTFSI added solutions exhibit a slight in-
creasing trend with the temperature increase and
values lower than the LiTriflate solutions in the
whole range of temperature of about 0.48 and 0.44
for DEGDME and TEGDME electrolyte respec-
tively. The lon association degree calculated from
the ionic conductivity measured by EIS and calcu-
lated from the self diffusion coefficients are re-
ported in Figure 76. All the electrolytes reveal an
increasing trend with the temperature increase in
the whole range of temperature, however the tri-
flate series exhibits higher values with respect the
electrolytes with the LiTFSI salt, indeed the
DEGDME and TEGDME with LiTriflate report a
value ranging from 0.4 and 0.6, instead the LiTri-
flate based stable at about 0.9. this effect is further
confirmed by the sodium based electrolyte with
DEGDME and DME stable at about 0.98. Thus
suggesting a stronger interaction of the triflate an-
ion with the cations. Figure 77 reports the lithium
interface resistance and the lithium stripping/depo-
sition tests of the ether based electrolytes with lith-
ium triflate, LITFSI and sodium triflate addition in
Figure 77A B Figure 77 C D and Figure 77 E F re-
spectively. The lithium triflate series exhibit stable
trend over time of the lithium interface resistance
for all the solvents except the DME solution which
show a fast resistance increase after 10 days prob-
ably due to the DME evaporation as previously de-
scribed. DEGDME and DOL: DME based electro-
lytes show stable trend with about 100 Q of re-
sistance with a slight increase after 25 days.
TEGDME, TREGDME, PEG250 and PEG500
based electrolyte of Figure 77A are characterized
by high resistance during the first days of test, prob-
ably due to the formation of a passivation film, fol-
lowed by
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Figure 77 A) Time evolution at room temperature of the lithium-electrolyte interface resistance performed in Swagelok-type,
Li/Li symmetrical cell using electrochemical impedance spectroscopy with signal amplitude of 10 mV within 500 MHz-100 mHz
frequency range and B) Voltage vs. time profile of lithium deposition/stripping galvanostatic test performed applying a 0.1 mA
current to symmetrical Li/electrolyte/Li cell for the ether based electrolyte with 1 mol kg of lithium triflate. C)Time evolution at
23°C of the lithium/electrolyte interface resistance performed in symmetrical Li/Glymes-LiTFSI/Li cell using electrochemical
impedance spectroscopy with signal amplitude of 10 mV within 500 MHz—100 mHz frequency range and D) Voltage versus time
profile of lithium deposition/stripping galvanostatic test performed by applying a 0.1 mA cm-1 current to symmetrical Li/ Glymes
-LiTFSI/Li cell. E) Sodium interface stability tests determined during time by EIS measurements in Na/electrolyte/Na symmetrical
cells. Electrolytes DME-NaCFsSOsz (1 mol kg-1) and DEGDME-NaCF3SOs (1 mol kg-1). EIS performed by using 10 mV signal
amplitude and 0.1 Hz - 0.5 MHz frequency range and F) Voltage profiles of sodium stripping/deposition tests performed in
Na/electrolyte/Na symmetrical cells. Electrolytes DME-NaCF3SOs (1 mol kg-1) and DEGDME-NaCFsSOs (1 mol kg-1). Current
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the stabilization of the SEI, which is at about 200
Q for TREG and PEG250, 500Q2 for PEG500 and
100 Q for TEGDME. Figure 77C shows the lithium
interface stability of the LiTFSI added solutions.
The TEGDME has a stable trend with a slight in-
crease after 25 days with an average resistance of
about 400 Q. The DEGDME-LITFSI revels an in-
creasing trend along the first 15 days until a final
stabilization at 500 Q. Figure 77E reports the So-
dium interface resistance measurements, as can be
noticed the resistance is much lower in comparison
with the other solution with lithium salts. Figure 77
B, D and F reports the stripping/deposition test.
The TEGDME and TREGDME electrolytes with
lithium triflate of figure 77B exhibit a stable trend
until 6 days of cycles followed by slight overvolt-
age increase until cell failure after 13 and 12 days
respectively. The other glymes reveal a stable trend
along time with an overvoltage of +0.01V, only the
PEG250 and PEG500 exhibits and overvoltage of
about £0.1V and +0.25V respectively, mainly due
to the higher viscosity. Figure 78 reports the linear
sweep voltammetry tests performed on the ether
based electrolytes. The lithium triflate based elec-
trolytes of Figure 78 A exhibit a stable profile until
4.6 V for TEGDME, PEG250, PEG500 and 4.4 V
for DOL:DME, DEGDME and TREGDME, the
DME electrolytes is not stable over 2.5V. The
LiTFSI based electrolytes shown in Figure 78 B
have a stable profile until 4.7 V, has to be noticed
the fact that the DEGDME electrolyte is stable until
4.7 V with the LiTFSI addition, until 4.4V with the
lithium triflate salt and until 4V with the sodium
triflate. However, the sodium triflate has a benefi-
cial effect on the DME electrolyte which is stable
until 3.5V instead 2.5V with lithium triflate
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Figure 78 Current vs. potential profile of the linear sweep
voltammetry (LSV) performed using the Li/electrolyte/SP
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room temperature employed for the determination of the elec-
trochemical stability window of the electrolyte with (A) 1 mol
kg of lithium triflate, (B) 1 mol kg lithium TFSI and (C) 1
mol kg* sodium triflate
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Lithium cells

Figure 79 reports the voltage profiles of the olivine
cathode materials proposed in the former chapters.
The first cycles were performed following the acti-
vation procedure in order to ensure the production
of a passivation film on the electrodes surface. Fig-
ure 79 A, B and C exhibits the characteristic LFP
profile with a flat plateau at about 3.5V. The polar-
ization of the cells increases with the increase of the
glyme chain length, indeed the PEG500 based cell
(Li/ PEG500DME, LiCF3SOs- LiNOs/LiFePOs of
Figure 79A) shows higher polarization toward the
TEGDME based (Li /TEGDME, LiCF3SOs- LiNO3/
LiFePOs4 cell of Figure 79C) and the TREGDME
based (Li  TREGDME, LiCF3SOs- LiNOs/ LiFePO4
cell of Figure 79B) respectively. However, despite
the higher polarization, mainly due to the viscous
electrolyte, the cell of figure 79A delivers a specific
capacity of about 150 mAh g* at the current rate of
C/5 34 mA g. The TREGDME based cell at the
same current rate delivers about 130 mAh g* and
the TEGDME based cell reaches 140 mAh g at the
current rate of C/3 56.6 mA g*. Thus, suggesting
the beneficial effect of the chain length on the de-
livered specific capacity. Figure 79D shows the
voltage profile of the Li/LiCF3SO3-LiNOs-
TEGDME/LiMnosFeosPO4 at the current rate of
C/5 = 36 mA gsuggesting the glyme electrolyte
suitable for high voltage cathode ensuring stable
voltage profile delivering 120 mAh g*. Figure 80
shows the cycling behavior of the cells discussed in
Figure 79. Figure 80A (Li/ PEG500DME,
LiCF3SO3- LiNOs/LiFePO4) shows the capacity
decay from 150 mAh g to 125 mAh g until the
60" cycle, the coulombic efficiency approaching

100% exhibits a noisy trend along the last cycles.
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Figure 79 Voltage profile of A) Li/PEG500DME, 1m
LiCF3SO3-LiNOs/LiFePOyq lithium cell cycled at a C/5 rate (1C
=170 mA g*) within 2.5V and 4V voltage range. B) Li/TREG-
LiCF3SO3-LiNO3/ LiFePOy4 lithium cell cycled at a C/5 rate (1C
= 170 mA g¢?') within 2.5V and 4V voltage range- C) Li
ITEGDME, LiCF3SOs- LiNOs/ LiFePQOy4 lithium cell cycled at
a C/3 rate (1C =170 mA g) within 2.5V and 4V voltage range
and D) Li/LiCF3SO3-LiNO3-TEGDME/LiMngsFeqsPO, lith-
ium cell cycled at a C/5 rate (1C = 170 mA g') within 2.5V and
4.3V voltage range



Figure 80B reports the cycle behavior of the Li
ITREGDME, LiCF3SOs3- LiNOs/ LiFePO4 cell at
the current rate of C/5, the coulombic efficiency is
stable at 99% along cycles, however the cycles
trend reveals a slight capacity fading from 130
mAhg™ to 110 mAhg* at 70" cycle. Figure 80C
shows the galvanostatic cycling of the Li
ITREGDME, LiCF3SOs- LiNOs/ LiFePOs cell, the
coulombic efficiency is stable at 97% along the cy-
cles, however the specific capacity evidences a
constant decrease along the test from 160 mAhg™
at 10" cycle to 100 mAhg™* at the 100" cycle. The
Li/LiCF3SOs-LiNOs-TEGDME/LiMnosFeosPOa

reported in figure 80D show a stable capacity trend
with slight decrease upon cycles from 125 mAh g*
to 94 mAhg? at 100" cycle. The coulombic effi-
ciency is stable at 97% and drops at 94% at 75"
cycle. Figure 81 reports the lithium sulfur cell dis-
cussed in this work of thesis. Although, the sulfur
carbon composite presented are different in terms
of carbon morphology, sulfur carbon ratio, prepa-
ration pathway, sulfur loading and electrolyte, a
briefly comparison overview of all the lithium sul-
fur cells may shed light on the optimization per-
formed and the performances achieved along this
work. Figure 81A report the lithium sulfur cell per-
formed by using MCMB carbon and elemental sul-
fur treated with high energy ball milling and cycled
by using DEGDME L.iTriflate LiNOs electrolyte in
the 1.2V-3.2V voltage range at the current rate of
C/20. The voltage profile evolves along the char-
acteristic sulfur processes with a first plateau at
about 2.4V and the second one at about 2.1V. The
cell exhibits low polarization and high average spe-
cific capacity of about 750 mAhg™ at current rate
of C/20. Figure 81B reports the voltage profile of
the Li.S-C-PEO / DOL:DME LiCF3SO3 LiNO3/
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Figure 80 Galvanostatic cycling of A) Li/PEG500DME, 1m
LiCF3SO3-LiNOs/LiFePOy lithium cell cycled at a C/5 rate (1C
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LiCF3SO3-LiNOs/ LiFePQOy4 lithium cell cycled at a C/5 rate (1C
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Figure 81 voltage profile of A) Li/DEGDME-LiCF3SOs-LiNQOs/S-C coin-cell, current rate C/20 = 83.75 mA g-1, voltage range 1.2—
3.2 V. B) of the Li/Im LiCFsSOs, 1m LiNOs, DOL:DME 1:1 v:v/Li2S-C-PEO cell, voltage ranges: 1.4 V — 3.7 V (first cycle) and
1.9V -2.7 V (subsequent cycles), cycling rate C/5 (1C=1166 mA g-1referred to Li2S mass), temperature =40°C. C) S—graphite, D)
S—-MCMB and E) S-CNTs electrodes in lithium cells, easurements performed in 2032 coin-cell using a 1.8 VV — 2.7V voltage range
at a current rate of C/5 (335 mAh g-1), electrolyte: TEGDME-LiICFsSOs 1mol kg-1. F) a Li/S 2032-coin cell using the DEGDME-
LiTFSI-LiNOs electrolyte and S-MWCNTS electrode at c-rate of C/3 Sulfur loading 3 mg cm-2 voltage limits 1.9 V - 2.8 V Tem-

perature 23°C.

lithium metal cell in the voltage range of 1.9V-2.7V
at the currant rate of C/5 (1C= 1166 mAhg?) at
40°C. the cell exhibits low polarization and high
columbic efficiency, the specific capacity is about
470 mAhg™. Figure 81 C, D and E report the sulfur
carbon composite cathode materials performed by
the same preparation pathway by using different
carbon morphology such as graphite, MCMB and
MWCNTSs respectively. The graphite based cath-
ode exhibits higher polarization with respect the
other cathodes, however this effect may be ascribed

to the electrolyte used along the tests. Indeed the
cells with MCMB and MWCNT show high polari-
zation. The cells in figure 81F shows the galvanos-
tatic performances of the optimized sulfur carbon
configuration obtained by elemental sulfur and
multi walled carbon nanotubes. The cathode mor-
phology discussed in the previous chapter reflects
the high performance achieved in this system with
respect to the other cells. Indeed, the cell is charac-
terized by low polarization and the high specific ca-

pacity even tough the faster current rate. Figure 82
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Figure 82 Galvanostatic cycles of A) LI/DEGDME-LICFsSOs-LiNQO3/S-C coin-cell, current rate C/20 = 83.75 mA g-1, voltage
range 1.2-3.2 V. B) of the Li/Im LiCF3SQOs, 1m LiNOs, DOL:DME 1:1 v:v/Li2S-C-PEO cell, voltage ranges: 1.4 V — 3.7 V (first
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reports the galvanostatic cycles comparison of the
lithium sulfur cell. The figure 82A shows the fast
capacity decay until cell failure after 20 cycles may
be ascribed to the low current rate. Figure 82B
shows 60 cycles of the Li2S-C-PEO based cell,
with high columbic efficiency and stable specific
capacity profile along cycles. The figures 82C, D
and E report the S—graphite, SSMCMB and S—
CNTs respectively revealing the same activation
trend along the firs 20 cycles, however the specific
capacity of the S-graphite based cell decrease upon
cycles from 500 mAhg* to 300 mAhg™ and a cou-
lombic efficiency approaching 90% at 120" cycle.

The MCMB-S cell is characterized by a fast colum-
bic efficiency decay until 80% at 120" cycle. The
CNT-S evidence a stable trend with specific capac-
ity of about 600 mAhg™* and a coulombic efficiency
of about 95% at 120" cycle. Finally, the S-
MWCNTs with DEGDME L.iTriflate LiNOgz of fig-
ure 82F shows a stable columbic efficiency of
about 100% upon cycles delivering 1100 mAhg?
of specific capacity at the first cycle and about 900
mAhg* at 120" cycle.
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Conclusion

Lithium batteries are one of the most important scientific breakthrough of the last decades, their use in revo-
lutionary technologies such as vehicles. medicine, robotic and space, makes this appealing electrochemical
system the future of the energy storage devices. Simultaneously, remarkable drawback in terms of safety, and
energy density appears following the rise of masses technology spread. In this scenario every person of the
modern world is tightly connected with lithium battery. Hence, by the time the life of people is addicted to
portable devices an efficient and safe energy system is required. In this thesis | shed light on a new class of
electrolyte in order to increase performances and safety of lithium batteries. A deep characterization of the
ionic mobility and physical properties were presented, and for the first time was optimized the composition
and procedure to use nonflammable electrolytes with commercial cathode materials. Furthermore, the suita-
bility of these electrolyte was evaluated in lithium sulfur cell and the cathode morphology and cell configura-
tion were optimized to ensure high specific capacity and incredible energy density. The outstanding compati-
bility of the ether based electrolytes were further investigated with lithium sulfur cathode prototype, system
based on sodium instead lithium and finally revealing exceptional performances in lithium oxygen battery.

Even though further investigations are needed, the promising results herein presented contribute to the brilliant

research race forwarding the new generation of energy storage devices
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Experimental section

Chapter: "O NMR study

Experimental section: Sample preparation

All reagents were purchased from Sigma Aldrich. Electrolyte solutions were prepared by dissolving 1 mol
of LiTf or LIiTFSI in 1 kg of either in DME, DEGDME, TREGDME, TEGDME, PEG250, or PEG500.
The neat solvents without salts as standards were also set aside for comparison. All solvents were dried
under molecular sieves (5A0) for several days until the water content was under 10 ppm, as verified by
831 Karl Fisher Coulometer METROHM. All the salts were dried under vacuum for 24 hours at 100°C
before solution preparation.

Experimental section: NMR Characterization

For YO NMR characterization, the chemical shift reference dimethyl carbonate (DMC) was placed in a
4 mm borosilicate tube which was inserted into a 5 mm NMR borosilicate tube containing the electrolyte
solution or neat solvent. This coaxial arrangement yields convenient a reference spectrum while preventing
contact between the reference and the sample. All sample handling procedures were performed in an Ar-
filled glovebox, and inserts and outer tubes were all sealed under Ar. The 170 NMR experiments were
acquired on a 400 SB Bruker Avance Il spectrometer with a broadband probe working at 'O frequency
of 54.25 MHz. All experiments were performed at 60°C in order to improve spectra resolution and each
spectrum was collected between 32k to 128k scans for good Signal/Noise ratio.The average number of
(OCH2CHpg)- units (n) in PEG250 (M.W. 250 g/mol) and PEG500 (M.W. 500 g/mol) molecule, with for-
mula CH3(CH2CH20)nOCHgs, has been estimated as n = 4.6 and 10.3, respectively, by using Eq. 1:

g g g

(2+4+2n)*12.011—+ (6 + 4n) * 1.008 — + (n + 1) * 15.999 — = M, (D
mol mol mol

Where Mave is the average of molecular weight of PEG250 or PEG500. (N(0) to Li+(Ni+)) molecular ratio
in chain of solvent for both LiTf and LiTFSI electrolyte series has been calculated by using Eq.2:

1000g
N(O) _ Mgye i N(O) 2)
N((Li+) Nnei+
the salt concentration is 1 mol kg%; nii+ is 1 mol; meiec is 1 kg, and No) is n+1.N(oxygen inr-0-r") always equal
to No)%.




127

Chapter: Glymes in Li/S cell

Experimental section: Cathode preparation

The cathode material was based on elemental sulfur and mesophase micro bead (MCMB) carbon, in a
weight ratio of 1:1. Before mixing with MCMB, the sulfur was melted at 135°C. The mixture was stirred
for 3 hours at 135°C and then cooled down to room temperature. A stainless-steel jar was used to hold and
mechanically treat the sample by high-energy ball milling system (Retsch Mill MM400) with a frequency
of 15 Hz for a total time of 2 hours, using a milling time of 30 minutes, rest period of 15 minutes and
repeating the above procedure four times. The electrodes were prepared by mixing the carbon-sulfur com-
posite, super P carbon (Timcal) and polyvinylidinedifluoride (PVVDF) binder in 80:10:10 mass ratio in N-
methylpyrrolidone (NMP) solution. The slurry was casted on aluminum foil by Doctor Blade, punched as
disks and then vacuum-dried at 50°C for 24 h before assembling the cells in argon filled glove box.

Experimental section: Electrolyte preparation

Before mixing, the solvents were dried for several days under molecular sieves until the water content was
below 10 ppm as determined by 831 Karl Fisher Coulometer - METROHM. The electrolyte solutions were
prepared by dissolving lithium trifluoromethanesulfonate (LiCF3SOs, i.e. lithium triflate) in 1 mol kg*
ratio in an argon filled glove-box. Lithium nitrate was then added to the solution in a 0.4 molar ratio

Experimental section: Electrolyte Characterization
The thermal characterization was performed by thermo-gravimetric analysis TGA (Mattler Toledo TGA/

SDTAS851) and by differential scanning calorimetry DSC (Mattler Toledo DSC821). TGA was per-
formed by raising the temperature from 25°C to 700 °C, with a heat rate of 10°C/min. DSC was performed
by cooling from 25°C to -80°C at -5°C/min. Conductivity tests were performed by using 2032 coin cells
including stainless steel symmetrical electrodes and Teflon O-ring separator with a constant and known
size in order to ensure a fixed cell constant. Electrochemical impedance spectroscopy (EIS) was per-
formed by using a Biological VMP3 with 10mV-signal amplitude, within 500 MHz-100 Hz frequency
range. The interface resistance has been calculated by Non-linear least-squares (NLLSQ) fit of the imped-
ance spectra, carried out by using a Boukamp software product. An R(RQ)nQ equivalent circuit was used
for the Nyquist plot analysis, where R represents a resistance and Q a constant-phase element (CPE). The
Chi-square ()2), a parameter used to evaluate the fitting quality, was below 10, 2223 The electrochemical
stability window was studied by linear sweep voltammetry (LSV) at a scan rate of 0.1 mV s?, in a three
electrodes lithium cell using a Biological VMP3. The configuration cell has lithium metal as counter and
reference electrode and super P on aluminum as working electrode in the OCV- 5.0V Vs Li/Li+ range at
room temperature. Lithium stripping/deposition galvanostatic test was performed by applying a 0.1 mA
cm2 current to Li/Li symmetrical cell, using a MACCOR Series 4000 Battery Test System (Maccor Inc.).
Temperature dependence of the self-diffusion coefficient for *H, '°F, and ’Li nuclei was measured on a
Bruker 400 Avance Il NMR spectrometer using a double stimulated echo pulse sequence to suppress con-
vection effects. 2?*Gradient pulses, of sine shape with duration § = 2 -5 ms and strength g = 0-45 G/cm,
were applied with a diffusion delay of A = 80-800 ms within a temperature ranging 20°C and 70°C, in steps
of 10°C. The self-diffusion activation energies were estimated by the Arrhenius plot linear slope of the
corresponding self-diffusion coefficients measured at various temperatures. The room temperature lithium
transference number (t), corresponding to the fraction of current carried out by the lithium ions, was de-
termined as the ratio of the self-diffusion coefficient of Li* with respect to overall charge carriers, i.e. Li*
("Li nuclei) and CF3SOs™ (*°F nuclei) measured at 25°C. This method does not take into account the effects
of ion association and is therefore used only as guide to comparative behavior in electrolytes
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Experimental section: Cathode Characterization
Cycling tests were performed using a Maccor instrument at a C/20 current rate (1C = 1675 mA g* based on the
sulfur weight), within 1 V - 3.2 V limit.
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Chapter: LINO: Effect

Experimental section: Electrolyte and Cathode Preparation
Poly ethylene glycol dimethyl ether (Sigma Aldrich, average MW 500, indicated by the acronym

PEG500DME) was dried under molecular sieves (SA) for several days until the water content was under
10 ppm as determined by Karl Fisher instrument (Metrohm). Lithium-trifluoromethanesulfonate
(LiCF3SOs Sigma Aldrich) and lithium-nitrate (LiNOs, Sigma Aldrich) were dried at 100°C under vacuum
for 24 hours. The electrolyte solution was prepared by dissolving 1 mol of LiCFsSOs in 1 kg of
PEG500DME. A second solution of the same composition of the previous was added by 0.4 mol of LiNO:s.
The cathode was prepared by dispersing an homogeneous slurry of LiFePO4,% super P carbon conductor
(Timcal) and polyvinylidinedifluoride (PVDF, Solvay) binder in 80:10:10 mass ratio in N-methylpirroli-
done (NMP, Aldrich). The cathode film was cast onto aluminum foil by doctor Blade, dried at 70°C, disk-
punched and finally dried under vacuum at 100°C for 3 hours.

Experimental section: Electrolyte Characterization
Self-diffusion coefficient was measured by using a Bruker 400 Avance Ill NMR spectrometer operating

by double-stimulated echo pulse sequence in order to suppress convection effects . The measurements were
performed by within temperature ranging from 20°C to 70°C, collecting the signal each 10 °C, by gradient
pulses of sine-shape with duration 6 = 2-5 ms, strength g = 0-45 G/cm and diffusion delay of A = 80-800
ms. The electrolyte conductivity (6) was calculated by using the diffusion coefficient of the anion and the
cation along with the Nernst-Einstein equation (4)
2
8 = FR—EFC]( Dii + Dcrssos)

were F is the Faraday constant (96485 Coulmb), [C] is the solution concentration (mol cm-3), R is the
ideal-gas constant (8.314472 J K—1 mol—1), T is the selected temperature value, DLi and Dcrssos are the
self-diffusion coefficient Li* cation and CFsSOs anion, respectively, measured of by NMR technique. The
ionic conductivity was also directly determined within temperature ranging from 20°C to 90°C by electro-
chemical impedance spectroscopy (EIS) in symmetric stainless steel/electrolyte/stainless steel 2032 coin
cell. The cell was equipped by Teflon separator in order to fix the cell thickness, and the impedance spec-
troscopy was performed in a 100 mHz - 100 kHz frequency range with a signal amplitude of 10 mV using
Biological VMP3 instrument. The ion association degree (o) was determined by using equation (5)

:a=(1—6E—’S)

SNMR
where 6EIS and SNMR are the conductivity values measured by EIS and calculated by equation (4), re-

spectively. The cation transference number (t+), corresponding to the fraction of current carried out by the
lithium ions, was calculated by using equation .
Dpi

6) tt = ——=H——
( ) Dy +Dc1~"3so3

Experimental section: Cathode Characterization

Cyclic voltammetry was carried out by using a tree-electrodes cell equipped by lithium metal counter and
reference electrode and a Super P coated on copper working electrode. The measurement was performed
by a 10 mV s scan rate, within 0.01V and 3V potential window using a Biological VMP3 instrument.
Swagelok, T-type lithium cells using lithium iron phosphate (LiFePQO4) cathode and PEG500DMEDME-
based electrolyte soaked in a Whatman® glass fiber separator, were galvanostatically characterized at C/5
rate (1C = 170 mA g*) using MACCOR Series 4000 Battery Test System (Maccor Inc.).



130

Chapter: LiNO:; Added Electrolyte a Deep Investigation

Experimental section: Cathode Preparation
The LiFePOs (LFP) powder was synthesized by solvothermal treatment and following high-temperature

annealing in inert atmosphere, as reported in our paper. 8The cathode film was prepared mixing the active
material, poly(vinylidene fluoride-hexafluoropropylene) (PVdF-HFP copolymer, Kynar Flex 2801) as
binder, and Super P Carbon (Timcal) as conductive additive in the ratio 80:10:10% w/w in Tetrahydrofuran
(THF, Sigma-Aldrich). The slurry thus obtained was casted on either aluminum foil or carbon cloth current
collector by doctor blade. The carbon cloth support was used for cycling test at constant current rate, while
the aluminum support was used for cyclic voltammetry and rate capability tests. The carbon cloth electrode
supports may enhance the electrochemical performances of olivine cathode materials synthesized in our
laboratory, particularly in terms cycling stability. This phenomenon is likely related to the improved elec-
tric contact between active material particles and current collector as well as to the higher electrode contact
area of carbon cloth with respect to Al foil. Therefore, we used the carbon cloth for cycling test at a constant
rate. Beside cycle life, cyclic voltammetry and rate capability tests were performed in order to detect the
electrochemical processes due to LiFePO4 and LiNOs, hence we considered the aluminum support as the
most suitable current collector for evaluation. The electrode films were dried overnight under vacuum at
110 °C, cut in the form of 10 mm dimeter disks, and brought in an argon-filled glovebox before cell as-
sembling. The electrodes had mass loading of about 4 mg cm™.

Experimental section: Electrolyte Preparation
Triethylene glycol dimethyl ether (TREGDME, CH3(OCH2CH2)sOCHs, Sigma-Aldrich) was dried under

molecular sieves (5A) until the water content was below 10 ppm, as determined by using the Karl Fischer
titration instrument (831 Karl Fisher Coulometer, Metrohm). Lithium trifluoromethanesulfonate (lithium
triflate, LICF3SOs, Sigma-Aldrich) and lithium nitrate (LiNOs, Sigma-Aldrich) were dried overnight under
vacuum at 80 °C before use. The electrolyte was prepared by dissolving LiCFsSOs in TREGDME in 1
mol kg concentration with respect to the solvent (solution indicated by the acronym TREG-LiCF3SO3).
A second electrolyte solution was prepared by dissolving LiCFsSO3 and LiNOs in TREGDME; both salts
were used in 1 mol kg™t concentration with respect to the solvent (solution indicated by the acronym
TREG-LICF3S0Os-LiNOs). The electrolyte preparation was carried out in an argon-filled glovebox with
moisture and oxygen content lower than 1 ppm.

Experimental section: Cathode Characterization

Galvanostatic cycling tests were performed through a Maccor 4000 series Battery Test System on
LiI/TREG-LICF3SOs-LiNOs/LFP Swagelok-type two-electrode cells with a Whatman® separator. The
cells were electrochemically activated by 4 galvanostatic cycles at C/5 rate (1C = 170 mAhg™?); the first
discharge was performed by decreasing the voltage below 2 V and limiting the time to 5.15 h, in order to
form a stable solid electrolyte interphase (SEI) layer at the electrode surface. The subsequent cycles were
performed within the 2 — 4 V voltage range at C/5 rate for test at single current, and at C/10, C/5, C/3, C/2,
1C, and 2C for rate capability test (1C = 170 mAhg™?). SEM Zeiss EVO 40 with a thermionic electron gun
equipped by LaBs crystal was employed to study the morphology of the electrodes at various cycling
stages.
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Experimental section: Electrolyte Characterization
The thermal properties of TREG-LICFsSOs were evaluated by differential scanning calorimetry

(DSC). The samples were put in a sealed Al crucible in an argon-filled glovebox for DSC; the measure-
ment was performed from 20 °C to — 90 °C with a cooling rate of 5 °C min*. Thermogravimetric
analyses (TGA) of TREGDME, TREG-LiCF3SOs, and TREG-LiICF3SOs-LiNO3s were carried out by
using a TG209 F1 Libra, Netzsch, instrument. The samples were heated at a rate of 10 °C min~* from
room temperature to 600 °C under a nitrogen purge (40 mL min1). The samples were hermetically sealed
inside a dry room (dew point < —70 °C) in aluminum pans, which were punched under nitrogen atmos-
phere just before the measurement. The viscosity of TREGDME, TREG-LiICF3SOs, and TREG-
LiCF3SOs-LiNO3 was evaluated at various temperatures in a dry room (dew point < —70 °C) through an
Anton-Paar Physica MCR102 rheometer, by applying constant shear rates and using a Peltier system for
cooling/heating. The measurements were performed every 10 °C upon sample heating after 15 min of
equilibration at constant temperature. The self-diffusion coefficients of TREG-LiCF3sSOs for the *H, 1°F
and “Li nuclei were investigated with a Bruker 400 Advance 111 NMR spectrometer. Screw-cap gas-tight
NMR tubes were used. The measurements were carried out using a double stimulated echo sequence
with pulsed field gradients (PFG) in order to suppress convection; data were collected every 10 °C from
20 °C to 80 °C for each nucleus. Gradient pulse duration (3) of 1.4 — 4 ms, diffusion delay (A) of 200 —
400 ms, and a gradient pulse strength increased linearly in 32 steps from 1 to 45 G cm™ were used. A
longitudinal eddy-current delay (LED) of 5 ms was used to avoid eddy current effects. error on the self-
diffusion coefficient is about 3-5%.%* lonic conductivity was measured by impedance spectroscopy
(EIS) using 10 mV signal amplitude in the 100 kHz — 100 mHz frequency range through a VVSP (Biologic)
instrument. The measurements were performed every 10 °C from 30 °C to 80 °C on symmetrical stainless
steel/electrolyte/stainless steel 2032-coin cell, using a Teflon ring (thickness = 500 pm) as the separator
in order to fix the cell constant. The conductivity values obtained by EIS were compared with those
calculated using the self-diffusion coefficient (dnmr) through the Nernst-Einstein eq.

. F2[C]
(4):8 = F( Dii + Dcrssos)
where dnmr iS the conductivity determined by the NMR, F is the Faraday constant (96485 C), [C] is the
concentration of the salt in the electrolyte (mol cm3), R is the ideal-gas constant (8.314472 J K™ mol™),

T is the temperature (K), DLi and Dcrssos are the corresponding self-diffusion coefficient. The ion asso-
ciation degree was derived from equation

6y a=(1-25)

SNMR
where a is the ion association degree, Onmr and Seis are the conductivity by PFG NMR and EIS, respec-
tively. The lithium transference number was obtained by the following equation

(6): ¢+ =—+2H

Dyi +DcF so
where t* is the transference number of the cation, Dii is the’self-diffusion coefficient of lithium, and

Dcrssos is the self-diffusion coefficient of the CFsSOs™ anion. Lithium stripping-deposition tests were
carried out on TREG-LiCF3SOs and TREG- LiCF3SO3-LiNOs solutions using Swagelok-type symmet-
rical cell with a Whatman® separator, by applying constant current of 0.1 mA cm™ with step duration
of 1 h through a Maccor 4000 series Battery Test System.

The anodic stability of TREG-LiCF3SO3 and TREG-LiICFsSOs-LiNOs was investigated by linear sweep
voltammetry at 0.1 mV st on Swagelok-type 3-electrodes cells with lithium metal for the counter and
reference electrodes, and carbon-coated on aluminum foil as working electrode. Carbon-coated Al elec-
trode allows determination of the actual electrochemical anodic stability window, which may be under-
estimated with Ni or Pt working electrodes
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The same cell configuration, was used for cyclic voltammetry measurements; the working electrode rea-
sonably reproduces the electrolyte behavior on composite cathodes, usually formed by active material,
conductive carbon and polymer binder. The tests were performed on TREG-LiCF3SOs and TREG-
LiCF3SOs-LiNOs to evaluate electrolyte behavior and the effect of LiNOs addition, at a scan rate of 0.1
mV s within the 1 — 4.3 V vs. Li*/Li potential range for the first cycle, and within the 2 - 4.3 V vs. Li*/Li
potential range for the subsequent cycles. Further voltammetry experiments were carried out employing
LFP (on aluminum support) as the working electrode, with a scan rate of 0.1 mV s* within the 1 - 4.3 V
vs. Li*/Li potential range for the first cycle, and within the 2 — 4.3 V vs. Li*/Li potential range for the
subsequent cycles. The voltammetry measurements were performed though a VersaSTAT MC Princeton
Applied Research — AMETEK potentiostat. The lithium/electrolyte interfacial stability of TREG-
LiCFsSO3 and TREG-LICFsSOs-LiNOs were evaluated by performing EIS tests on symmetrical lith-
ium/electrolyte/lithium Swagelok-type cells with a Whatman® separator, using 10 mV signal amplitude
in the 500 kHz-200 mHz frequency range through a VersaSTAT MC Princeton Applied Research-
AMETEK potentiostat. The impedance spectra were analyzed by nonlinear least-square (NLLS) fit using
the Boukamp software;%2%2 the fit reliability was confirmed by chi-square (%) values lower than 107*. The

equivalent circuit adopted for the Nyquist plot was Ra(RiQi)nQb, Where R represents a resistance and Q a
constant phase element (CPE).
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Chapter: LINO3-Glymes electrolytes toward better performances

Experimental section: Cathode Preparation
C-coated LiFePO4 and LiMnosFeosPO4 powders (C content of about 5 wt. %) with olivine structure were

synthesized by using a solvothermal pathway followed by high-temperature annealing in Ar atmosphere
as previously reported %1%, Sample morphology was investigated by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). SEM images were acquired by using a Zeiss EVO
40 microscope, equipped with a LaBs thermo-ionic electron gun. The atomic composition of the samples
was studied by SEM-energy dispersive X-ray spectroscopy (EDS), by using a X-ACT, Cambridge Instru-
ments analyzer. TEM images were taken by a Zeiss EM 910 microscope, equipped with a tungsten thermo-
ionic electron gun operating at 100 kV. The samples were suspended in water, sonicated, and deposited
onto a Formvar® support film applied to Cu grid for TEM. The cathode slurries were prepared by mixing
active material (LiFePO4, LiMnosFeosPO4), poly (vinylidene fluoride-hexafluoropropylene) (PVdF-HFP
copolymer, Kynar Flex 2801) binder, and Super P Carbon (Timcal) conductive additive in the ratio
80:10:10% wi/w. Tetrahydrofuran (THF, Sigma-Aldrich) was used as solvent for the electrode slurries.
The slurries were de-posited on carbon-cloth current collector by doctor blade, casted, dried overnight
under vacuum at 110 °C, and cut in the form of 10 mm diameter disks. The electrode mass loading was
about 4 mg cm—2. Additional LiFePOas electrodes were prepared using Al foil, in order to evaluate the
effect of the current collector. T-type cells were assembled in Ar-filled glovebox by stacking cathode,
glass fiber separator (Whatman) soaked in the electrolyte solution (LiCF3SOs3-LINO3-TEGDME), and
lithium metal an-ode. Benchmark electrolyte solution, i.e., 1 M LiPFes in ethylene carbonate (EC): dime-
thyl carbonate (DMC) 1:1 w/w, was used for flammability tests and Li/LiFePQO4 reference cells. The cell
case had three stainless steel cylinders as current collectors and polypropylene holder; the cell was sealed
by polypropylene screws. The flammability tests were carried out on the electrolytes just taken out from

Experimental section: Electrolyte Preparation
The electrolyte solution was prepared in Ar-filled glovebox by dissolving lithium trifluoromethanesul-

fonate (lithium triflate, LiCF3SOs, Sigma-Aldrich) and lithium nitrate (LiNOs, Sigma-Aldrich) in tetra-
ethylene glycol dimethyl ether (TEGDME, Sigma-Aldrich) solvent; both salts were used in 1 mol kg™
concentration with respect to the solvent. Prior to electrolyte preparation, the salts were dried under vac-
uum at 100 °C for 24 h and TEGDME was dried under molecular sieves. The final water content in
TEGDME was below 10 ppm by Karl Fisher titration (831 Karl Fisher Coulometr, Metrohm).

Experimental section: Cathode Characterization

Rate capability tests on two-electrodes lithium cells were performed by galvanostatic cycling at C/10,
C/5, C/3, C/2, 1C, and 2C rates (1C = 170 mA g 1), within the 2 — 4 V and 2 — 4.3 V voltage ranges for
LiFePO4 and LiMnosFeosPOa, respectively. Galvanostatic cycling tests using a single current rate were
performed at C/5, C/3, and 2C rates. All the cells using glyme-based electrolyte were activated by 4 gal-
vanostatic cycles at C/5 rate; the first discharge was performed by decreasing the voltage below 2 V and
limiting the time to 5.15 h, according to a previously reported procedure suitable for the formation of a
stable SEI layer at the electrode surface, see Fig. 29. All the cycling tests were carried out at room temper-
ature through a Maccor 4000 series Battery Test System.
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Experimental section: Electrolyte Characterization
The TEGDME-LiCF3S0s 1 mol kg™ electrolyte was characterized by a Bruker 400 Avance 11l NMR

spectrometer in order to determine self-diffusion coefficients of *H, 'Li and *°F nuclei using PFG dou-
ble-stimulated echo sequence to suppress convection effects.??* The gradient pulse widths were 4-5 ms,
gradient strength g was varied from 0-45 G/cm and diffusion delay A of 500-800 ms was employed.
Measurements were made each 10°C from 20°C to 70°C. The Nernst-Einstein equation (4) was used to
calculate the electrolyte conductivity (8nmr) from Li* cation and CF3SOs anion self-diffusion coeffi-
cients:

F?[c]
Onmr = “RT (Dpi+ + Dcpyso,-) (4)
Where F is the Faraday constant (96485 C), [C] is the salt concentration (mol cm), R is the ideal-gas
constant (8.314472 J K'* mol 1), T is the temperature (K) and D,;+ and Dcr,s0,- are the self-diffusion
coefficient of lithium cation and triflate anion respectively. The electrolyte conductivity was also meas-
ured by electrochemical impedance spectroscopy (EIS) in symmetric stainless steel/electrolyte/stain-
less steel 2032-coin cell, with an O-ring Teflon separator to keep the volume of the cell constant. VSP
(Biologic) instrument was used to perform the measurements in a 100 mHz — 100 kHz frequency range
with signal amplitude of 10 mV, acquiring data from 30°C to 60°C each 10°C. The equation (5) was

used to calculate the ion association degree (o):
a=(1-52 (5)
NMR
Where 65, is the conductivity value obtained from EIS measures and &y IS the conductivity from

equation (4). The lithium transference number (t*) can also be calculated from the self-diffusion co-

efficients according to equation (6):

tt = Dpi+ (6)

B Dpi+ +Dcpgsos™
where Dy ;+ and D¢, s0,- are the self diffusion coefficienst of the lithium cation and the triflate anion
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Chapter: Carbon composites for Sulfur

Experimental section: Cathode and electrolyte Preparation
The active materials were prepared by mixing elemental sulfur and either mesophase micro bead carbon

(MCMB), graphite or multi walled carbon nanotubes (CNTSs), by Sigma Aldrich. Elemental sulfur was
melted at 135°C, added to the selected carbon powder in a 2:3 weight ratio, and subsequently stirred for 3
hours until homogenous mixture was obtained. The mixture was subsequently cooled down to room tem-
perature, refined by mortar and high energy ball milling four times for 15 min with a frequency of 15 Hz
and 30 min of rest between steps, using a Retsch Mill MM400. For electrode preparation the active mate-
rial powders, i.e., S—Graphite, S-MCMB and S-CNTSs, were mixed together with polyvinyldinedifluoride
(PVdF, Solvay Solef) binder in an 85:15 weight ratio, and dispersed in N-methylpyrrolidone (NMP) solu-
tion. The resulting slurries were stirred for 1 hour, casted on aluminum foil by Doctor Blade technique
with a wet thickness of 300 um and dried for 3 hours at 60°C under air. Before cell assembly in the glove
box, the electrodes were disk punched and vacuum dried overnight at 60°C. The cells were filled by 30 ul
of electrolyte and by an overall amount of sulfur of about 2 mg, thus leading to an electrolyte-to-sulfur
ratio of 15 ml/g. The loading of sulfur into electrode surface was of 1.3 mg cm: taking into account the
delivered specific capacity of about 600 mAh g, the surface capacity may be calculated to be of 0.8 mAh
cm. This capacity is of the same order of magnitude with respect to the one delivered by common batter-
ies, such as those using LiFePOs and LiCoOz2, which is of about 1 mA cm (taking into account a mass
loading of about 5-6 mg cm2 and delivered capacity of about 150 mAh g2). The electrolyte was prepared
by dissolving 1 mole of lithium trifluoromethanesulfonate salt (LiCFsSOs, Sigma Aldrich) in 1 kg of tetra
ethylene glycol dimethyl ether (TEGDME, Sigma Aldrich). Before mixing in argon filled glove box,
TEGDME was dried by molecular sieves until the water content was lower than 10 ppm (determined by
Karl Fischer titration instrument Metrohm) and the LiCF3SOs was dried under vacuum at 80°C for
24hours.

Experimental section: Cathode Characterization
The active materials structure was characterized by X-ray diffraction by a XRD Brucker instruments using

Cu Ka source and a graphite monochromator, in the 26/ scanning mode. Scanning electron microscope
(SEM) Zeiss EVO 40, using thermionic electron gun equipped with LaBs crystal, was employed to study
the samples morphology. Cycle voltammetry in three electrode T-cell configuration, using lithium metal
as counter and reference electrode, was carried out ina 1 V — 3 V potential range, with a current scan of
0.05 mV s* by a VersaSTAT MC, Princeton Applied Research. Galvanostatic cycling of Sulfur-Carbon
electrodes was performed using a MACCOR Series 4000 Battery Test System in a 2032-coin cell, with
lithium metal anode and a Whatman® glass fiber separator soaked with TEGDME-LiCF3SOs electrolyte,
at C/5 current rate (1C = 1675 mAh g1) in the voltage range of 1.8V - 2.7V.

Table of content of the chapter:
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Chapter: Optimizing the Li/S cell

Experimental Section: Cathode Preparation
The S-carbon powder was prepared by melting elemental sulfur (Sigma-Aldrich) at 135°C and mixing with

multi-walled carbon nanotubes MWCNTSs (from Sigma-Aldrich) by a 60:40 S to C weight ratio. The sam-
ple was stirred 3 hours under heating at 135°C in order to obtain a homogeneous mixture, cooled down to
room temperature and refined by mortar. The electrode slurry was prepared by mixing the S-MWCNTSs-S
powder, Super P Carbon conductive additive (Timcal) and polyvinylidene difluoride binder (PVdF; Solvay
Solef) binder in 80:10:10 weight ratio, using N-methylpyrrolidone (NMP) as solvent. The slurry was cast
onto carbon cloth support (GDL ELAT) by the Doctor Blade method with a wet thickness varying from
300 pm to 600 um, in order to obtain various sulfur loadings. The electrode foils were punched into 10
mm and 16 mm disks, dried for 48 hours at 60°C under vacuum before assembling the cell in the argon
filled glovebox with oxygen and water content lower than 1 ppm. The sulfur loading of the final electrodes
was 2, 2.5, 3 and 4 mg cm™

Experimental Section: Electrolyte Preparation
Diethylene glycol dimethyl ether (CHsOCH2CH2)20 (Sigma-Aldrich), denoted hereafter by DEGDME,

was dried before use with molecular sieves (5 A) until the water content was below 10 ppm as measured
by 831 Karl Fischer Coulometer (Metrohm). Lithium bis-trifluoromethanesulfonimidate
(CF3SO2NLiSO2CFs3, LiTFSI) and lithium nitrate (LiNOs3), from Sigma-Aldrich, were separately dried un-
der vacuum overnight at 80 °C. All the samples were subsequently handled in argon filled glove box, with
oxygen and moisture content lower than 1 ppm. LiTFSI was dissolved in DEGDME by a salt to solvent
ratio of 1 mol kg to obtain the electrolyte (indicated by DEGDME-LITFSI). The electrolyte for battery
application (DEGDME-LITFSI-LiNOs) was prepared by dissolving LiNOs (film forming sacrificial addi-
tive with salt to solvent ratio of 1 mol kg) and LiTFSI (ions conductor with salt to solvent ratio 1 mol kg
1Y in DEGDME.

Experimental Section: Electrolyte Characterization
Lithium/stripping deposition test was carried out in a symmetrical lithium/lithium 2032-coin cell using

a current of 0.1 mA cm with a step time of 1 hour at 23 °C, the test was performed by a MACCOR 4000
series Battery Test System. The electrochemical anodic stability widow was evaluated by linear sweep
voltammetry (LSV) using a VersaSTAT MC Princeton Applied Research-AMETEK potentiostat, with
scan rate of 0.1 mV st within OCV and 5V vs Li/Li* with a three electrode Swagelok T-cell equipped with
lithium metal reference and counter electrodes, and a Super P carbon coated on carbon cloth working
electrode. The same cell configuration and instrument were used to study the cathodic electrochemical
stability of the electrolytes by cyclic voltammetry (CV). The CV was performed with a scan rate of 0.1
mV stin a0 -2V vs Li/Li* potential range. The lithium/electrolyte interface chemical stability was
evaluated by electrochemical impedance spectroscopy in a symmetrical lithium/lithium 2032-coin cell,
acquiring with a VersaSTAT MC Princeton Applied Research-AMETEK the impedance spectra every
day, using 10 mV signal amplitude in a 0.1 Hz - 0.5 MHz frequency range. The impedance spectra were
analyzed by non-linear least squares fit (NLLSQ) using a Boukamp software.?3%23 Only fitting results
with a chi-square (%?) lower than 10 were accepted. Flammability tests was performed on the DEGDME-
LiTFSI-LiNOs electrolyte by direct ignition of the solution in standard room environment, and reported in
Fig.45. The self-diffusion coefficient of the *H, °F, and ’Li nuclei in the DEGDME-LITFSI electrolyte
were measured by a Bruker 400 Advance 111 NMR spectrometer within screw-cap gastight NMR tubes in
order to overcome possible evaporation along the temperature scan from 20°C to 70°C. The data were
collected every 10 °C for each nucleus using a double-stimulated echo sequence with pulse field gradients
(PFG) to suppress convection
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The gradient pulse strength was increased linearly in 32 steps from 1 to 45 G cm™, the gradient pulse du-
ration (0) was of 1.4 — 4 ms with a diffusion delay (A) of 200 — 400 ms. Eddy current effects were
avoided by using a longitudinal eddy-current delay (LED) of 5 ms. The error on the self-diffusion coeffi-
cient is about 3-5%.%% lon conductivity was calculated from the self-diffusion coefficients by the
Nernst-Einstein equation eq. 4: OnmR = % (DLi + D¢r,s0,)
where onmR iS the conductivity determined by the NMR, F is the Faraday constant (96485 C), [C] is the
concentration of the salt in the electrolyte (mol cm™), R is the ideal-gas constant (8.314472 J Kt mol™),
T is the temperature (K), Dvi and Dvitrsi are the corresponding self-diffusion coefficients. lon conductivity
was also measured by electrochemical impedance spectroscopy (EIS) using a VersaSTAT MC Princeton
Applied Research-AMETEK potentiostat. A symmetrical stainless steel/ stainless steel 2032 coin-cell with
a Teflon ring separator was used to ensure a fixed cell constant during the measurements. The data were
collected every 10°C by heating and cooling the cell within 40°C - 80°C temperature range using a signal
amplitude of 10 mV and in a 0.1 Hz-0.5 MHz frequency range. The conductivity values determined by
NMR (dnmr) and measured by EIS (deis) were used to obtain the ion association degree (a) of the LiTFSI

salt by eq. 5:a = (1 — £

SNMR
The lithium transport (t") number was calculated from the self-diffusion coefficient by

D .
eq. 6:t* = L
Dyi+DriTFsI

where Dui is the self-diffusion coefficient of lithium, and Dvitrsi is the self-diffusion coefficient of the TFSI
anion [ N(SO2CF3)2 ].

Experimental Section: Cathode Characterization

Bruker instrument x-ray diffractometer equipped with a Cu Ka source and a graphite monochromator in
the 20/0 scanning mode was used to evaluate the structure of the sulfur-carbon electrode. The morphology
of the sample was studied by a scanning electron microscopy (SEM, Zeiss EVO 40) with a thermionic
electron gun equipped with LaBs crystal and by energy dispersive x-ray spectrometry (SEM-EDX) by a
X-ACT Cambridge Instruments analyzer. Cyclic voltammetry of S-MWCNTSs working electrode with a
sulfur loading of 3 mg cm™ was performed in a three-electrode cell with lithium metal as reference and
counter electrode using the DEGDME-LIiTFSI-LiNOgz as the electrolyte. The test was performed with a
scan rate of 0.1mV st in a 1.8 V - 2.8 V potential range. A second cyclic voltammetry test in the above
reported potential range was carried using the same cell configuration at various scan rates (i.e., 0.1, 0.2,
0.3, 0.4 and 0.5 mV s!) in order to evaluate the Li* diffusion coefficients (D) within the cathode material

ZFvD
RT

by the Randles-Sevcik equation (Eq. 7):°%%%" I, = 0.4463 z FAC

where Ip is the peak current value (A), z is the number of exchanged electrons for the taken peak, F is the
Faraday constant (96485 C mol™), A is the electrode geometric area (cm?), C is the Li* concentration in
the active material (mol cm®), v is the scan rate (V s2), R is the gas constant (J KX molY), and T is the used
temperature (K). The CV tests were performed at 23°C by a VersaSTAT MC Princeton Applied Research-
AMETEK potentiostat. Galvanostatic cycling tests of the electrodes with various sulfur loadings (2 mg,
2.5, 3 and 4 mg cm) were carried out at the current rate of C/3, while the electrode with a sulfur mass
loading of 4 mg cm required a current of C/8 for significant cycling (1C = 1675 mAhg?), in a 1.9V —
2.8V voltage range. A cycling test at various c-rates (i.e., C/10, C/8, C/5, C/3, C/2 and 1C) was performed
using an electrode with 3 mg cm sulfur loading in a 1.9 V — 2.8 V voltage range. Cycling tests prolonged
over 100 cycles were performed at C/3ina 1.9V —2.8 V voltage range andat 1C ina 1.8 V - 2.8 V voltage
range, using an electrode with 3 mg cm sulfur loading. All the galvanostatic tests were performed by a
MACCOR 4000 series Battery Test System using a 3032-coin cells (electrode geometric surface 1.54 cm?)
filled by 50 pl of the DEGDME-LITFSI-LiNOs electrolyte at 23°C. Cells were cycled following 3 hours
of rest at the OCV.
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Chapter: Lithium-Sulfur Cell with Polyethylene Oxide (PEO) Solid
Flectrolyte

Experimental part: Cathode Preparation
Elemental sulphur and mesophase micro bead (MCMB) carbon were mixed into 1:1 weight ratio at 130°C

under stirring for 3 hours. The mixture was cooled down at room temperature and ground into fine particles
by mortar. The powder was then planetary ball-milled for 54 minutes in overall, using milling steps of 5
min and 2 minutes of rest at a speed rate of 300 Rpm. The obtained sulfur-carbon active material was
dispersed together with super P carbon (Timcal) and polyvinylidinedifluoride (PVdF) binder in a 80:10:10
weight ratio in N-methylpyrrolidone (NMP) and stirred for 3 hours. The resulting slurry was cast by Doc-
tor-Blade onto aluminum foil and punched as 14-mm disks. The electrodes were dried under vacuum at 50
°C for 24 hours and transferred to Argon filled glove-box for cell assembling.

Experimental part: Electrolyte Preparation
Poly ethylene oxide (PEO) with molecular weight of 600KDa (0.6M) and lithium trifluoromethanesul-

fonate (lithium triflate, LICFsSO3) from Sigma-Aldrich, were used to prepare electrolyte membrane by
solvent casting method. Acetonitrile from Sigma-Aldrich was used as solvent and dried several days under
molecular sieves until the water content was under 10 ppm as determined by 831-Karl Fisher Coulometer
(METROHM) while lithium triflate was dried at 80°C under vacuum for 2 days. PEO powder, salt and
acetonitrile were then mixed to and stirred until homogeneous slurry is obtained. The salt concentration,
considered as the molar ratio between the ethylene oxide (EO) oxygen of and the lithium in the salt
(LiCF3sS0s), was O:Li = 20:1. The mixture was cast onto a flat glass plate by Doctor-Blade and dried under
vacuum at 80°C for 3 hours. The membranes thus obtained had a thickness of 100 um and was cut into
disks of 18 mm of diameter. All the procedures involved in solid polymer electrolyte preparation were
carried out in the Argon filled glove box with oxygen water content lower then 10 ppm. A 1M tetra eth-
yleneglycol dimethylether-lithium trifluoromethan sulfonate (TEGDME-LiCF3sSOs) containing 5% w:w
of dissolved Li2Ss was used as the reference liquid electrolyte for preliminary tests of the cathode material

Experimental part: Electrolyte Characterization
Conductivity tests were performed with 2032 coin cells in a symmetrical stainless steel current collector

configuration using a Teflon O-ring separator to keep fixed the cell constant. The electrochemical imped-
ance spectroscopy (EIS) tests were performed by VSP (Biologic), setting the signal amplitude at 10mV
and using 0.1 Hz — 1 MHz as frequency range. The temperature range considered for the analyses was
from 60° to 120°C collecting data each 20°C. The same instrument and frequency range reported for con-
ductivity study were used for the lithium interface stability study. The latter was carried out in a symmet-
rical Li/PEO electrolyte/Li 2032-coin cell hold at an operating temperature of 80°C. Nonlinear least-
squares (NLLSQ) fit of the impedance Nyquist plots was used to determinate the interface resistance by
employing a Boukamp software and R(RQ)nQ equivalent circuit (R = resistance, Q= constant phase ele-
ment). In order to ensure high quality, only fitting characterized by a chi-square (%) parameter lower than
10 has been considered 2%62%8, Differential scanning calorimetry DSC (Mattler Toledo DSC821) was per-
formed by heating up electrolyte sample, sealed in crucibles under argon atmosphere in the Glove-Box,
from 20°C to 200°C at 5°C min rate. Thermogravimetric analysis TGA (Mattler Toledo TGA/SDTA851)
was performed by heating the sample from room temperature to 600°C at 10°C min ! rate under nitrogen
flow.
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Experimental part: Cathode Characterization

Galvanostatic test applying a 0.1 mA cm2 current to Li/Li symmetrical cell was carried out to determine
the lithium stripping-deposition ability by using a MACCOR Series 4000 Battery Test System (Maccor
Inc.).The first screening of S-C composite cathode in lithium cell was performed using a liquid electro-
lyte (See electrolyte preparation section) within 1V — 3.2V voltage range at room temperature, with a
current rate ranging from C/10 (167.6 mA g*), to C/5 (335.2 mA g), and to C/3 (558.6 mA g*). The
galvanostatic cycling of S-C composite cathode in polymer configuration lithium cell was carried out
at 80 °C with 1.2V-3V voltage range at a current rate of C/20 (83.85 mA g). using a MACCOR Series
4000 Battery Test System (Maccor Inc.). All the galvanostatic tests of the Li-S cells were performed by
using a MACCOR Series 4000 Battery Test System (Maccor Inc.).

Scheme of the T-cell used for
the electrochemical tests. Th
current collectors (grey p
on the left side of the paytel)

sembled in argon filled glove
box. After that all parts were
tightly screw, Parafilm™
tape is used to sealed the cell
and avoid the possible inter-
action of the active materials
with the external environ-
ment. This kind of cell can be
reused after a chemical wash
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Chapter: The Li2S-C-PEO Electrode

Experimental part: Cathode and Electrolyte Preparation
Dry Polyethylene Oxide (PEO, Mw 600000 Da, Sigma Aldrich), LiCFsSOs (>99.9% Sigma Aldrich), in a

EO:LiCF3SOs molecular ratio of 20:1 (PEO20LiCF3SQs), Li2S (>99.9% Sigma Aldrich) and Super P car-
bon (Timcal) powders were mixed under Ar atmosphere in a PEO20LiCF3SOs:Li2S:Super P weight ratio
of 30:35:35. The mixture was subjected to soft, glass-ball milling under Argon atmosphere for 24 hours.
The cathode, hereafter referred to as Li2S-C-PEO was prepared by doctor-blade casting on Al foil a slurry
obtained by dispersing the soft milled (PEO)20LiCF3sSOs - Li2S - Super P carbon mixture in 1,3 dioxolane
(DOL, Sigma Aldrich) in Ar filled glove box. The electrode mass loading was 1.5 mg cm™. The electrolyte
solutions were prepared by dispersing LiCF3SOs (>99.9% Sigma Aldrich) powder in a 1:1 wt mixture of
1,3 dioxolane (DOL, Sigma Aldrich), 1,2 dimetoxyethane (DME, Sigma Aldrich), with 1 mol/kg (1m)
triflate concentration. LiINOs additive (1m) was subsequently added to the solution. 1-2 dimethoxyethane
(DME Sigma Aldrich) and 1,3-dioxolane (DOL, Sigma Aldrich) herein reported as DOL-DME were dried
under molecular sieves separately until the water content was lower than 10 ppm of water. Karl Fischer
titration instrument (Metrohm) to control the water content was used. Before electrolyte preparation, both
LiCF3SOs and LiNOs salts were dried under vacuum at 100°C.

Experimental part: Cathode Characterization
The electrochemical tests were performed on coin cells assembled in Ar filled dry box using Celgard

separators. The cell were assembled using the Li-S-C-PEO cathode and a 1 m LiCF3SOs, DOL:DME 1:1
v/v electrolyte, to which 1 m LiNO3 was added as a film-forming agent, in order to avoid shuttle reaction
(evidenced by a cycling test performed by using a LiNOs-free electrolyte). About 30 pl of electrolyte
solution were used for the cell assembly. A Maccor Series 4000 Battery Test System was used for the
galvanostatic cycling tests, within the voltage limits 1.4 -3.7 V and 1.9-2.7 V during the first and subse-
quent cycles, respectively, at a C/5 C-rate (1C = 1166 mA g). Electrochemical Impedance Spectros-
copy (EIS) tests were performed by applying 10mV AC amplitude signal to the cells within the 1IMHz -
0.1 Hz frequency range. The equivalent circuit used for the analysis of the impedance data is
Re(RQ)rr(RcTQoL)Q, Where Re s the electrolyte resistance, the (RQ)rr elements are associated to the pas-
sivation of the electrode surface, Rct and Qo describe the charge transfer and double layer capacitance
associated to the cathode lithiation/delithiation, respectively, and Q is related to Li* diffusion within the
electrode. A VSP (Biologic) was used for the EIS measurements upon cycling. The EIS responses were
analysed by using the Boukamp program. All the electrochemical tests were run at 40°C. Ex-situ XRD
measurements were performed on the electrode at different stages of charge/discharge by using a Rigaku
D-Max Ultima + diffractometer, with Cu Ko source and a graphite monocromator, in 26/0 scanning mode.
The electrodes were collected from the cell in Ar-filled glove box, washed with DME, and sealed in plastic-
bags into the XRD-sample holder in order to avoid the change of the electrode structure by contact with
air. The electrode morphology was investigated by means of Scanning Electron Microscopy, using a
Phenom-FEI instrument. The electrode was then transferred into the instrument under argon, and subjected
to fast vacuum upon introduction into SEM-sample holder, in order to avoid excessive contact with atmos-
phere.
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Experimental part: Electrolyte Characterization
A Bruker 400 Avance 111 NMR spectrometer was used to measure self-diffusion coefficients with a pulse

field gradient double-stimulated echo sequence. The data were acquired each 10°C from 20 to 60 C°, using
a diffusion delay of 80-250 ms between the gradient pulses of strength of 0-45 G/cm and duration of 1-2.5
ms. The Nernst-Einstein equation (4) was used to calculate conductivity values from the self-diffusion

2
coefficient following indicated by. Syyr = FR—[TC]( Dy; + Dcrssos)

where F is the Faraday constant (96485 Coulomb), [C] represents the solution concentration (mol cm™), R
is the ideal-gas constant (8.314472 J K™ mol™), T is the temperature value, Dii and Dcrasos are the self-
diffusion coefficients of the Li* cation and CFsSOs™ anion, respectively. The electrochemical impedance
spectroscopy to obtain conductivity values of the electrolyte was carried out in a 2032 coin cell, stainless
steel current collectors and a Teflon ring as a separator were used to keep the cell constant fixed. The
measurements were carried out with a signal amplitude of 10 mV in a frequency range from 100 mHz to
100 KHz using a biological VSP instrument. The ion association was calculated following the equation

(8): = (1 -T2 )

NMR
where deis and dnwmr are the conductivity measured by EIS and calculated by equation (1), respectively.
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Chapter: Glyme Electrolytes and Sodium

Experimental Section: Electrolyte Preparation
Glyme-based solvents, i.e., 1,2-Dimethoxyethane (CHsOCH2CH20OCHs3) and diethylene glycol dimethyl

ether (CHsOCH2CH2)20, hence DME and DEG, respectively, were purchased from Sigma Aldrich and
dried under molecular sieves (Sigma Aldrich, pores diameter 3 A) for several days until the water content
was lower than 10 ppm. The water content was determined by 889 Karl Fisher Coulometer METROHM.
Sodium trifluoromethanesulfonate (sodium triflate, NaCFsSOs) and sodium nitrate (NaNOs), by Aldrich,
were dried under vacuum overnight at 80°C. The electrolytes were prepared by dissolving NaCF3SOs ei-
ther in DEME and in DEGDME, in a ratio of 1 mol of salt in 1 kg of solvent. The densities of DEME-
NaCF3SO3 and DEGDME-NaCF3SO3 were of 0.984 and 1.068 g/ml. The (1m) molality was selected in
order to better compare with previous papers and with literature data, while the glyme/sodium ratios of
1:11 and 1:7.5 for DME and DEGDME, respectively. The same solutions were supplemented with a film
forming agent (NaNOs, 0.4 mol of salt in 1 kg of solvent) for the final test in a sodium cell. The four
solutions, i.e., the bare electrolytes (DME-NaCFsSOs and DEGDME-NaCF3S0Os), and the ones with so-
dium nitrate (DME-NaCF3SO3-NaNOs and DEGDME-NaCF3SOs-NaNQOs), were prepared and stored in
an argon filled glove box with water and oxygen contents lower than 1 ppm.

Experimental Section: Electrolyte Characterization

Thermal gravimetric analysis (TGA) was performed on bare electrolytes by heating the samples under
nitrogen flow from 20°C to 700°C at 10°C min, using a Mettler Toledo TGA/SDTAS5. The self-diffusion
coefficients of *H and *°F nuclei (D+ and Dr respectively), related to the hydrogen in the glyme chain and
the fluorine in the CF3SO3™ anion, were measured with a Bruker 400 Avance |1l NMR spectrometer using
a PFG double-stimulated echo sequence to suppress convection effects in the temperature range from 20°C
to 60°C. The data were collected every 10°C with gradient pulses of 1-2 ms, a gradient strength g in the
range of 1-45 G cm’, and a diffusion delay A of 100-200 ms. The self-diffusion coefficients of 2Na nu-
cleus (Dna) were measured with a Varian 300 WB Direct Drive spectrometer equipped with a DOTY z-
gradient probe, using the same double-stimulated echo sequence with gradient pulses of 0.75-1 ms, gradi-
ent strength g varied from 2 up to 1000 G cm™ as needed, and a diffusion delay A of 12-17 ms. The
electrolyte conductivity was measured by impedance spectroscopy (8g;s) in a symmetrical stainless
steel/stainless steel, 2032 coin-cell equipped by a Teflon O-ring separator, ina 0.1 Hz — 0.5 MHz frequency
range with signal amplitude of 10 mV using a VERSTAT AMETEC instrument. The impedance responses
were collected from 40°C to 80°C every 10°C. lon conduction ratio was calculated from self-diffusion

coefficient (5ypugr) by using the Nernst-Einstein equation Syyg = %( Dyg + Dg) (4), where F is the

Faraday constant (96485 Coulomb), [C] represents the solution concentration (mol cm), and R is the
ideal-gas constant (8.314472 J K™ mol™). The ion association degree (&) was calculated by combining
the conductivity values determined by EIS (6g;5) and the ion conduction ratio determine by NMR (8ymz).

following the equation a = (1 - fﬂ) (5). The sodium ion transference number was calculated by
NMR

using the equation t* = L:‘D (6), where Dy, is the self-diffusion coefficient of the Na* cation and Dy
F

Dna

is the self-diffusion coefficient of the CF3SO3™ anion, as determined by NMR. The cathodic electrochem-
ical stability of the electrolytes was determined by cyclic voltammetry (CV) in a three-electrode config-
uration cell using sodium metal as the reference and counter electrodes, and Super P carbon (Imers) coated
on copper as working electrode. The CV was performed using a potential ranging from 2 V to 0 V vs.
Na/Na* with a scan rate of 0.1 mV sec™.
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The anodic electrochemical stability was determined by linear sweep voltammetry from 2V to 5V vs.
Na/Na*, using the same cell configuration and scan rate employed for CV, and a Super P carbon (Imers)
coated on aluminum as the working electrode. Sodium stripping/deposition tests were carried out in a
symmetrical sodium/sodium 2032 coin-cell, with a constant current of 0.1 mA cm and a step time limit
of 1 hour. The chemical stability of the sodium interface in contact with the electrolyte versus time was
studied by impedance spectroscopy (EIS) in a symmetrical sodium/sodium 2032 coin-cell, in a 0.1 Hz-
0.5 MHz frequency range, using a 10 mV signal amplitude.

Experimental Section: Cathode Preparation and Characterization

The cathode, already proposed for lithium-sulfur cells in a previous paper [34], was formed by mixing
elemental sulfur (S, Sigma Aldrich) and multi-walled carbon nanotubes (MWCNSs, Sigma Aldrich), in a
1:1 weight ratio, heating at 135°C in order to melt the sulfur and stirring for 2 hours until complete ho-
mogenization. The resulting mixture was cooled at room temperature and treated by high energy ball mill-
ing in a stainless-steel jar, with 4 stainless steel balls. The treatment was performed at a frequency of 15
Hz for 2 hours, using 4 steps of 30 minutes of milling and rest steps of 15 minutes. The electrode film was
prepared by dispersing the sulfur-carbon powder (S-MWCNSs), polyvinylidinedifluoride (PVdF Solvey)
binder and Super P (Imers) electron conductor (80:10:10 weight ratio) in N-methylpyrrolidone (NMP,
Aldrich), stirring until formation of a homogeneous slurry, casting on aluminum foil by Doctor blade and
drying at 50°C overnight to remove the solvent. Electrode disks were then punched, dried at 50°C for 24
h under vacuum overnight and introduced in the argon filled glove box to build the cells. The electrochem-
ical reaction of S-MWCNSs electrode with Na was studied by cyclic voltammetry tests in a three-electrode
cell configuration, equipped with sodium metal reference and counter electrode, using either DME-
NaCF3sSOs3-NaNOs or DEGDME-NaCF3SO3-NaNOs upgraded electrolyte. The cell potential was ranged
from 0.5 V to 2.1 V vs. Na/Na*, using a scan rate of 0.1 mV sec™. Sodium-sulfur 2032 coin cells were
assembled using the S-MWCNSs cathode, the selected electrolyte, and Na-metal anode. The cells were
subjected to galvanostatic cycling within 0.5V and 2.1 V, using a current rate of C/10 (1 C= 1676 mA g

1).
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Chapter: Glyme Electrolytes and Lithium Oxygen Battery

Experimental Section: Electrolyte and Cathode Preparation
The electrolyte was prepared by mixing Tetra ethylene glycol dimethyl ether (CH3O(CH2CH20)4CH3)

following named by TEGDME and lithium bistrifluoromethanesulfonimidate (CFsSO2NLiSO2CFs3),
herein named LiTFSI. Both chemicals purchased from Sigma Aldrich. Molecular sieves of 3A from Sigma
Aldrich were dried under vacuum at 250°C for 48 hours and used to reduce the water content of the
TEGDME below 10 ppm. The water content was measured by Karl Fischer titration instrument (831 Karl
Fisher Coulometer, Metrohm). Before mixing the TEGDME and the lithium salt in 1 mol kg™ ratio, the
LiTFSI was dried under vacuum at 80°C for 24 hours. Multi walled carbon nanotubes from Sigma Aldrich,
following named MWCNTS, were annealed under nitrogen flow at 750°C for 12 hours. The active material
(named N2@MWCNTS) was mixed separately with polyvinylidinedifluoride (PVVdF, Solvay) binder in a
80:20 mass ratio and dispersed in N-methylpirrolidone (NMP, Aldrich). The slurry was cast on a gas dif-
fusion layer (TGP-H-030 carbon paper, Toray) by Doctor blade. The active material ratio on the current
collector was of about 0.8 mg cm™. The electrode foils were punched in disks, dried overnight at 100°C
and finally introduced in argon filled glove box with oxygen and moisture content lower than 1 ppm.
Lithium oxygen cells were then assembled by combining lithium metal, the N.@MWCNTSs, and the
TEGDME-LITFSI in a top-meshed 2032 coin-cell inserted into a glass tube filled subsequently by pure
oxygen.

Experimental Section: Cathode Characterization
The powders structure was characterized by X ray diffraction using a Bruker instrument equipped with a

Cu Ko source and a graphite monochromator, in the 26/6 scanning mode. The morphology of the samples
was evaluated by SEM (Zeiss EVO 40) with a thermionic electron gun equipped by LaBs crystal. Lithium
oxygen cell was studied by galvanostatic test using voltage cutoff performed with a constant current of
100 mA gt ina 1V - 4.5V range. Galvanostatic cycling tests were also carried out with a current rate of
100 mA g* and limiting the capacity to 500, 1000 and 2000 mAh g. The current density and specific
capacity was referred to the carbon weight into the electrode, while the surface capacity was determined
with respect to the electrode geometric area

Experimental Section: Electrolyte Characterization
The thermal properties were evaluated by differential scanning calorimetry (DSC) using the Mattler

Toledo DSC821 instrument. The TEGDME-LITFSI electrolyte was sealed in aluminum crucible under
argon atmosphere before the DSC analysis. The measurement was performed by cooling down from -30°C
to -90 °C with a rate of -5°C min. The lithium stripping deposition test was performed with constant
current rate of 0.1 mA cm and step limit of 1 hour using a symmetrical lithium/lithium 2032 coin-cell
and a MACCOR 4000 series Battery Test System. The lithium/electrolyte interface resistance was meas-
ured using the latter cell configuration by electrochemical impedance spectroscopy in the frequency range
of 0.1MHz - 0.1Hz with a signal amplitude of 10 mV with a VersaSTAT MC Princeton Applied Research-
AMETEK potentiostat. The impedance spectra were associated to the R(RQ)nQ equivalent circuit, where
R is the resistance and Q a constant phase element (CPE), and analyzed using the nonlinear least square
(NLLSQ) fit by Boukamp Software?3>2%; only the results with a chi-square y? lower than 10™* were ac-
cepted. The voltammetry tests were carried out in Swedglock T-cell with lithium metal as reference and
counter electrode and a working electrode formed by depositing super P (Timcal) on Cu or Al support for
the cathodic and the anodic scan, respectively.
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The cyclic voltammetry (CV) for the cathodic region was performed in the potential range 0V - 2V vs.
Li/Li*, while the linear sweep voltammetry (LSV) for the anodic region was performed up to 5V vs.
Li/Li*, both with a scan rate of 0.1 mV sec. The measurements were carried out by VersaSTAT MC
Princeton Applied Research-AMETEK potentiostat. The self-diffusion coefficient of the *H “Li and *°F
nuclei were measured by a Bruker 400 Avance |11 NMR spectrometer suppressing the convection effect by
PFG double-stimulated echo sequence. The data were collected every 10°C from 20°C to 80°C with a
gradient strength g of 1-45 G cm, gradient pulse of 1-2 ms and a diffusion delay A of 100-200 ms. The
error on the self-diffusion coefficient is about 3—5%.22° The ionic conductivity of the electrolyte (SNMR)
was calculated from the self-diffusion coefficient by the Nernst-Einstein equation (4) 1%
2
‘Onmr = FR_E.C] (Dyi + Dp)

where F is the Faraday constant (96485 Coulomb), [C] represents the solution concentration (mol cm®), R
is the ideal-gas constant (8.314472 J K'* mol?). Furthermore, the ionic conductivity was measured by im-
pedance spectroscopy (Seis) in a symmetrical SS/SS 2032-coin cell with a Teflon O-ring separator in the
temperature range of 20°C - 80°C, using a signal amplitude of 10 mV in the frequency range of 1LMHz and
0.1Hz by employing a VersaSTAT MC Princeton Applied Research-AMETEK potentiostat. The conduc-
tivity values Seis and Snmr Were combined in equation 5 to obtain the ionic association degree () &

= (1— 288y

SNMR
The lithium transport number (t*) was calculated by equation (6) °°:
o Dy,
D;; + Dg

where Dui is the lithium self-diffusion coefficient and Dr is the fluorine self-diffusion coefficient of the
TFSI- anion.

Scheme of cell prototype fo
lithium oxygen galvanostatic
cycling tests
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