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ABSTRACT: The search for safe electrolytes to promote the
application of lithium—sulfur (Li—S) batteries may be supported by
the investigation of viscous glyme solvents. Hence, electrolytes using
nonflammable tetraethylene glycol dimethyl ether added by lowly
viscous 1,3-dioxolane (DOL) are herein thoroughly investigated for
sustainable Li—S cells. The electrolytes are characterized by low
flammability, a thermal stability of ~200 °C, ionic conductivity
exceeding 1073 S em™! at 25 °C, a Li* transference number of ~0.5,
electrochemical stability window from 0 to ~4.4 V vs Li*/Li, and a Li
stripping-deposition overpotential of ~0.02 V. The progressive increase
of the DOL content from S to 15 wt % raises the activation energy for
Li" motion, lowers the transference number, slightly limits the anodic
stability, and decreases the Li/electrolyte resistance. The electrolytes are used in Li—S cells with a composite consisting of sulfur and
multiwalled carbon nanotubes mixed in the 90:10 weight ratio, exploiting an optimized current collector. The cathode is
preliminarily studied in terms of structure, thermal behavior, and morphology and exploited in a cell using standard electrolyte. This
cell performs over 200 cycles, with sulfur loading increased to 5.2 mg cm ™2 and the electrolyte/sulfur (E/S) ratio decreased to 6 uL
mg~'. The above sulfur cathode and the glyme-based electrolytes are subsequently combined in safe Li—S batteries, which exhibit
cycle life and delivered capacity relevantly influenced by the DOL content within the studied concentration range.
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1. INTRODUCTION

Li—S battery is certainly the most appealing postlithium-ion
system of choice for powering the next generation of electric
devices due to its relevant energy density which can exceed 450
W h kg™.'~* The present-state Li—S cell involves electrolytes
based on solution of various salts in dioxolane (DOL) and
dimethoxyethane (DME), characterized by high ionic con-
ductivity and Li* transference number.”® Despite these
favorable characteristics, DOL:DME solutions have relevant
flammability and can favor dendrite growth at the Li metal
surface, as well as excessive mobility and reactivity of the lithium
polysulfides formed during the electrochemical process, thus
posing serious concerns on the Li—S cell safety and large-scale
diffusion.” Therefore, the development of new electrolyte media
has been recognized as a priority in the optimization of the Li—S
cell,® and glymes with n > 2 in the —(CH,CH,0),— molecular
formula have been indicated as the most suitable solvents for
alternative and safe solutions.” Promising electrolyte formula-
tions have been proposed throughout the years by using various
concentrations of conductive salts, cosolvents, and polysulfides
in either diethylene glycol dimethyl ether (DEGDME),"*~"*
triethylene glycol dimethyl ether (TREGDME),'*" or tetra-
ethylene glycol dimethyl ether (TEGDME),'®'” as well as in
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solid configurations exploiting polyethylene glycol dimethyl
ether with high molecular weight."®"” Among the liquid
solvents, TREGDME and TEGDME appeared appealing since
they have particularly low volatility and flammability and still
moderate viscosity for allowing sufficient charge transport at the
room temperature.”’ In addition, the glyme-based solutions
have been indicated to limit the depletion of the electrolyte at
the lithium electrode surface and promote homogeneous lithium
deposition, thus providing a regular electrode/electrolyte
interphase and mitigating the formation of lithium dendrites.
This favorable process has been attributed to the relatively long
ether chain of glymes that improves the stability toward radical
species formed during the Li—S conversion process and, at the
same time, enhances the lithium transport across the electrolyte
bulk through the chelation of the Li* ions by the glym?

molecules allowing an efficient interchain hopping mechanism.

EEAPPLI

Received: August 7, 2023 wwev“%fwgs\;
Revised:  October 2, 2023 :@K’“ :(4
67 /N

Accepted: October 22, 2023 D *jil/ :

Published: November 8, 2023
https://doi.org/10.1021/acsaem.3c01966

ACS Appl. Energy Mater. 2023, 6, 11560—11572



https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vittorio+Marangon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Edoardo+Barcaro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eugenio+Scaduti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Filippo+Adami"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesco+Bonaccorso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vittorio+Pellegrini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vittorio+Pellegrini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jusef+Hassoun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.3c01966&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c01966?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c01966?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c01966?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c01966?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c01966?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aaemcq/6/22?ref=pdf
https://pubs.acs.org/toc/aaemcq/6/22?ref=pdf
https://pubs.acs.org/toc/aaemcq/6/22?ref=pdf
https://pubs.acs.org/toc/aaemcq/6/22?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.3c01966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ACS Applied Energy Materials

www.acsaem.org

Further steps toward practical configurations of the Li—S battery
are the increase of active material in the sulfur cathode for
achieving adequate gravimetric energy density”"”* and the
limitation of electrode thickness and of the electrolyte volume to
get a satisfactory volumetric energy density.””** In this regard,
thin-layer current collectors suitable for Li—S battery application
have been recently developed by coating aluminum with various
carbons, including multiwall carbon nanotubes (MWCNTs),
graphene flakes formed by limited number of layers, and
amorphous substrates.”*® These new supports have been used
as the current collectors in Li—S cells achieving volumetric
energy density comparable to Li-ion ones (i.e.,, S0OWhL™) and
much higher gravimetric energy (480 Whkg™).”” In these cells,
the use of the most diffused electrolyte based on DOL:DME,
LiTESI salt, and LINO; additive was adopted to form a
protective film on the lithium metal surface and limit the direct
reaction of the dissolved polysulfides (particularly Li,Sy) with
the alkali metal at the anode side (i.e., the shuttle reaction).””
Despite this strategy appeared suitable for boosting the
performance, the cells were still affected by issues ascribed to
the flammable nature of the electrolyte and the formation of
dendrites at the metal surface, with intrinsic safety limit.”>*
This drawback was relevant in view of a large-scale diffusion of
the Li—$ battery, in particular in the electric vehicle (EV) field
which requires challenging safety standards.””””" Therefore, we
exploited in this work the low flammability of TEGDME-based
solutions and a sulfur-MWCNT composite including 90 wt % of
active material cast on a low-thickness MWCNT-coated Al
support to obtain Li—S cells characterized both by suitable
energy density and remarkable safety content. It is worth
mentioning that high sulfur loading has also been recently
achieved by replacing the conductive carbon matrix of the sulfur
composite with metal or oxide particles,*”*> which is a
consolidated strategy to achieve fast kinetics also employed in
other devices as demonstrated in literature works.***° Addi-
tional strategies to improve the cathode performance may rely
on optimized configurations including modified sulfurized
polyacrylonitrile (SPAN)*” and multilayered structures exploit-
ing synergic cathode chemistries.”*”” The already known high
viscosity of TEGDME (3.3—3.7 mPa s)”** may represent a non-
negligible limit hindering the thin-layer cell application,
particularly in view of the relatively low wettability of the
laminated sulfur electrode using carbon-coated Al-support.*!
This relevant issue can be mitigated by preparing binary
solutions of TEGDME and a cosolvent with lower viscosity such
as DOL (0.6 mPa s),* hence allowing cell operation with
limited charge-transfer resistance.”” Herein, we have proposed
electrolytes predominantly including TEGDME with a limited
fraction of DOL, i.e., either 5, 10, or 15 wt %. The main
advantage of the TEGDME-/DOL-based electrolyte compared
to that of the DME-/DOL-based one is the negligible
flammability of the former rather than the high flammability of
the latter. This aspect represents a very important factor for
allowing diffusion of the Li—S battery. Furthermore, the
combination of TEGDME and DOL is expected to reciprocally
compensate the respective drawback of the two solvents, that is,
the high viscosity of the former and the relevant flammability
and low stability toward the Li,S, intermediates of the latter.
Indeed, the TEGDME/DOL solutions can rely on the high
chemical stability of the glyme molecule and advantageously
exploit the low viscosity and the film-forming ability of the cyclic
ether,™ thus providing a suitable and safe environment for
proper operation of the Li—S cell. The electrolytes have been

investigated in terms of conductivity and interphase chemical
stability by using electrochemical impedance spectroscopy
(EIS). Furthermore, the electrochemical stability window was
determined by cyclic voltammetry (CV) and linear scan
voltammetry (LSV), the lithium transference number by
chronoamperometry and EIS, and the thermal behavior through
thermogravimetric analysis (TGA). At the same time, structure,
morphology, and thermal stability of the sulfur composite have
been determined via X-ray diffraction (XRD), electron
microscopy, and TGA, respectively, before being used for
cathode preparation. The sulfur electrode has been preliminarily
cycled in a Li cell using a DOL:DME-control electrolyte, prior to
testing alongside the glyme-based solutions in Li—S batteries.
Therefore, our novel approach provides the full characterization
in parallel of a nonflammable electrolyte and of a sulfur cathode
prepared with facile synthesis pathways including environ-
mentally friendly materials and their application in a safe Li—S
cell. The results of this study can actually promote the
development at the large scale of Li—S batteries with enhanced
performances and low economic impact due to the limited cost
of sulfur and glymes compared to that of the electrode and
electrolyte typically employed in the Li-ion batteries.*"*°

2. EXPERIMENTAL SECTION

2.1. Glyme Electrolyte Preparation and Characterization.
The precursor electrolyte was prepared in an Ar-filled glovebox
(MBraun, H,0 and O, below 1 ppm) by dissolving lithium
bis(trifluoromethanesulfonyl)imide [LiTFSI, LiN(SO,),(CF;),,
99.95% trace metal basis, Sigma-Aldrich] and lithium nitrate (LiNO,,
99.99% trace metal basis, Sigma-Aldrich) in TEGDME
[CH,(OCH,CH,),OCH;, > 99%, Sigma-Aldrich] with a concen-
tration of 1 mol kg,eqe " for each salt. Subsequently, three solutions
were obtained by adding 1,3-dioxolane (DOL, anhydrous, contains ca.
75 ppm of BHT as the inhibitor, 99.8%, Sigma-Aldrich) in various
concentrations to the precursor electrolyte, that is, 5, 10, and 15 wt %
with respect to the mass of the initial solution. The electrolytes are
indicated in the text as TE-5%, TE-10%, and TE-15%, respectively, and
Table 1 summarizes acronyms and the corresponding compositions.

Table 1. Electrolyte Acronyms and the Corresponding
Compositions

electrolyte
acronym composition
TE-5% TEGDME, 1 mol kg' LiTFSI, 1 mol kg™" LiNO; + 5%
DOL
TE-10% TEGDME, 1 mol kg™' LiTFSI, 1 mol kg™" LiNO; + 10%
DOL
TE-15% TEGDME, 1 mol kg' LiTFSI, 1 mol kg™" LiNO; + 15%
DOL

Prior to use, a Karl Fischer 899 Coulometer (Metrohm) was
employed to verify the water content below 10 ppm of TEGDME and
DOL, which was achieved upon prolonged storage at room temperature
of the solvents with molecular sieves (rods, 3 A, size 1/16 in.,
Honeywell Fluka) previously dried under vacuum at 280 °C for S days,
while LiTFSI and LINO; were dried under vacuum for 2 days at 110 °C.
TGA of the electrolytes was performed through a Mettler-Toledo TGA
2 instrument by running temperature scans in the 25—800 °C range at §
°C min™" with a N, flow of 50 mL min~". Fourier transform infrared
(FT-IR) spectra of the solutions were recorded via a Bruker Vertex V70
instrument set up in the transmittance mode. Electrochemical
measurements were carried out on either CR2032 coin-type cells
(MTI Corp.) using electrodes with 14 mm diameter or T-type
Swagelok cells using electrodes with 10 mm diameter assembled in an
Ar-filled glovebox. The ionic conductivity of the solutions was evaluated
by running EIS measurements at various temperatures on stainless-
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steellelectrolytelstainless-steel symmetrical coin cells where the solution
was held by an O-ring (23—SFEP-2—50, CS Hyde) with an internal
diameter of 10 mm. The O-ring thickness of 127 ym allowed us to fix
the cell constant at 0.016 cm ™. The EIS spectra were recorded in the
500 kHz—100 Hz frequency range using an alternate voltage signal of
10 mV, while the cell temperature was controlled by a Julabo F12
instrument. The ionic conductivity data were used to calculate the
activation energy of the electrolytes via the Arrhenius equation (eq 1)*

k = Ae E/ksT (1)

where k is the slope of the Arrhenius plot, A is a pre-exponential factor,
E, is the activation energy for ion motion (eV), kg is the Boltzmann
constant (8.52 X 107° eV K™'), and T is the temperature (K). The Li*
transference number (") of the electrolytes was estimated through the
Bruce—Vincent—Evans method*® using LilLi symmetrical cells where
the 14 mm-diameter Li electrodes were separated by two glass-fiber
Whatman GF/B 16 mm-diameter discs. Accordingly, the cells were
subjected to chronoamperometry tests by applying a potential signal
(AV) of 30 mV for 90 min, while Nyquist plots were recorded via EIS
before and after polarization in the 500 kHz—100 mHz frequency range
using a 10 mV alternate voltage signal. The chronoamperometry and
EIS outcomes were used in eq 2*

v i _ (AV = Rgip)
T iy (AV-Rg (2)

SS8°SS.

t

where iy and i are the current values at the initial and steady state,
respectively, and R and R, are the interphase resistance values before
and after cell polarization, respectively (see the resistance evaluation
method below). Lithium stripping-deposition tests were performed
exploiting a current of 0.1 mA cm™2 for galvanostatic charge/discharge
processes of LilLi symmetrical T-cells where one glass-fiber Whatman
GF/B 10 mm-diameter disc separated the Li electrodes. The electrolyte
stability upon aging was investigated on LilLi symmetrical cells with one
glass-fiber Whatman GF/A 16 mm-diameter disc as the separator by
running EIS between 500 kHz and 100 mHz with a 10 mV alternate
voltage signal every 2 h for the first 14 h after assembly and subsequently
on daily basis for 18 days. The electrochemical stability window (ESW)
of the solutions was determined using Li cells that employed a Super P
carbon (SPC, Timcal)-based working electrode separated from the 14
mm-diameter lithium anode by a glass-fiber Whatman GF/A 16 mm-
diameter disc. The SPC-based cathodes were prepared by dispersing
SPC (80 wt %) and poly(vinylidene fluoride) (20 wt %, PVDF, Solef
6020)-binding polymer in N-methyl-2-pyrrolidone (NMP, Sigma-
Aldrich) to obtain a viscous slurry, which was cast on either Al or Cu
foils with the aid of a doctor blade tool (MTI Corp.). The electrode
tapes were dried on a hot plate at 70 °C for 3 h and cut into 14 mm-
diameter discs, which were dried under vacuum at 110 °C for 3 h before
being transferred in an Ar-filled glovebox. Anodic and cathodic regions
of the ESW were investigated by performing either LSV on LilSPC-Al
cells from the open-circuit voltage (OCV) condition to S V vs Li*/Li or
CV between 0.01 and 2.0 V vs Li*/Li on LilSPC-Cu cells. Both LSV and
CV data were acquired at a 0.1 mV s™' scan rate. All Nyquist plots
obtained by EIS were fitted via nonlinear least-squares (NLLS) method
with the Boukamp software.””*® The NLLS analyses allowed us to
describe the Li cell through an equivalent circuit composed of resistive
(R) and constant-phase (Q) capacitive elements. In particular, the high-
frequency intercept of the plot with the real axis is associated with the
electrolyte resistance (R.); the amplitude of the high-medium
frequency semicircle measures the interphase resistance R; which
includes contributes of the passivation film and charge transfers and is
arranged in parallel with the Q; capacitance in the (R,Q;) element, while
the low-frequency semicircles (R,,Q,,) or tilted lines (Q,,), respectively,
represent either the finite-length or semiinfinite Warburg-type Li*
diffusion.** " Only fitting results with a 3> value of the order of 107
or lower were considered suitable. Voltammetry and EIS measurements
were performed by using a VersaSTAT MC Princeton Applied
Research (PAR-AMETEK) instrument, while the galvanostatic cycling
data were recorded through a MACCOR series 4000 battery test
system.

2.2. Sulfur Composite Synthesis and Characterization.
Elemental sulfur (>99.5%, Riedel-de Haén) and MWCNTs (>90%
carbon basis, D X L: 110—170 nm X 5—9 yum, Sigma-Aldrich) were
mixed in the 90:10 w/w ratio and heated at 125 °C under magnetic
stirring with a silicon oil bath until melting of sulfur and uniform mixing
with MWCNTSs. The viscose mixture was subsequently quenched at
room temperature until solidification and ground in an agate mortar to
obtain a fine powder. The composite is indicated in the text as
S:MWCNTSs 90:10 w/w. XRD patterns of SMWCNTs 90:10 w/w and
bare MWCNT's were acquired using a Bruker D8 Advance equipped
with a Cu Ka source (8.05 keV) by performing scans over the 10—90°
20 range with a step size of 0.02° and a rate of 10 s step™'. TGA was
performed via a Mettler-Toledo TGA 2 instrument between 25 and
1000 °C under a N, flow of 50 mL min~" at 5 °C min~". Scanning
electron microscopy (SEM) images were captured by a Zeiss EVO 40
microscope using a LaBg thermionic electron gun in both secondary
electrons and backscattered electrons mode. Energy-dispersive spec-
troscopy (EDS) elemental maps were recorded on the SEM
backscattered electrons images through a X-ACT Cambridge Instru-
ment associated with the microscope. Transmission electron
microscopy (TEM) images were acquired with a Zeiss EM 910
microscope equipped with a tungsten thermoionic electron gun
working at 100 kV.

2.3. Li-S Cell Electrochemical Tests. The cathode current
collector was prepared following the pathway reported in a previous
work. > Accordingly, a slurry composed by 90 wt % MWCNTSs and 10
wt % PVDF dispersed in NMP was cast on a bare aluminum foil
(thickness of 1S pum, MTI Corp.) with the aid of a doctor blade tool
(MTI Corp.). The cathodic support was dried at room temperature,
and the final MWCNTs loading was ~1.3 mg cm 2 The sulfur
electrodes were prepared by using the MWCNTs-coated aluminum
support. The electrode was obtained via doctor blade casting of a slurry
composed by 80% S:MWCNTs 90:10 w/w, 10% poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HEP, Kynar Flex 2801) as
the polymer binder, and 10% few-layer graphene (produced through
the WJM method, BeDimensional S.p.A.)>> as conductive carbon
dispersed in tetrahydrofuran (THF,Sigma-Aldrich) through 1 h of
magnetic stirring. The electrode tape was dried at room temperature,
calendared with a MSK-2150 rolling machine (MTI Corp.) with final
thickness from about 90 ym to about 140 um, cut into discs with a
diameter of 14 mm (geometrical area: 1.54 cm?®), and dried overnight at
30 °C under vacuum before being transferred in an Ar-filled glovebox.
The final sulfur loading on the electrodes ranged between 1.7 and 5.2
mg cm™% CR2032 coin-type cells (MTI Corp.) were assembled in an Ar
atmosphere by stacking a 14 mm-diameter lithium disc, an 18 mm-
diameter Celgard 2400 separator soaked with the electrolyte (see
volume below), and a sulfur cathode. A control electrolyte was prepared
by mixing DOL and 1,2-dimethoxyethane (DME, anhydrous, 99.5%,
inhibitor-free, Sigma-Aldrich) solvents in the 1:1 w/w ratio and
dissolving LiTFSI and LiNO; both in a concentration of 1 mol
Kgoent - Analogously to the other solvents, DME water content lower
than 10 ppm was achieved via prolonged storage under dry molecular
sieves (rods, 3 A, size 1/16 in., Honeywell Fluka) and confirmed prior
to use by a Karl Fischer 899 Coulometer (Metrohm). The sulfur
electrode was initially tested in a Li cell using the DOL:DME-control
electrolyte. In particular, galvanostatic cycling measurements were
performed through constant current rates of either C/5 or C/3 (1Cc =
1675 mA g™') between 1.7 and 2.8 V for a sulfur loading of 2.2—2.3 mg
cm™? using an E/S ratio of 10 uL mg’l, while cathodes with a sulfur
loading of 5.2 mg cm™* were employed for galvanostatic tests at C/10 in
the 1.7—2.8 V voltage range using an E/S ratio of 6 uL mg~". Rate
capability tests were also carried out exploiting a sulfur loading of 2.2
mg cm™” and an E/S ratio of 10 uL mg™" by increasing current rate
every 5 cycles from C/10 to C/8, C/5, C/3, and C/2 and decreasing
back to C/10 after 25 cycles. A voltage range from 1.8 to 2.8 V was used
from C/10 to C/3, while limits of 1.7 and 2.8 V were exploited for C/2.
CV tests were performed via potential scans between 1.8 and 2.8 V vs
Li*/Liat a scan rate of 0.1 mV s™" through a VersaSTAT MC Princeton
Applied Research (PAR-AMETEK) instrument. The S:MWCNTs
90:10 w/w cathode was subsequently tested in a Li cell using the TE-
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Figure 1. (a) TGA and (b) the corresponding DTG curves of the electrolytes acquired under N, flow between 25 and 800 °C at the 5§ °C min~" rate;
(c) ionic conductivity trends of the electrolytes reporting, in addition, the linear fit for each electrolyte; see Nyquist plots in Figure Sla—c in the
Supporting Information; (d) histogram representation of the activation energy values calculated using the Arrhenius equation (eq 1) on the ionic
conductivity trends in (c); (e) histogram representation of the weighted average dielectric constants (¢,,) calculated considering the electrolyte
solvents ratio and the ¢ values of pure DOL (7.1) and TEGDME (7.8); (f) histogram representation of the Li* transference number (t*) of the
electrolytes determined through the Bruce—Vincent—Evans method (eq 2); see chronoamperometric curves and related Nyquist plots in Figure S1d—f
in the Supporting Information; (g) FT-IR spectra of the TE-5%, TE-10%, and TE-15% solutions. See Table 1 for electrolyte acronyms.

5%, TE-10%, and TE-15% electrolytes via galvanostatic cycling
measurements at C/$ constant rate (sulfur loading: 1.7—2.1 mg cm™
and E/S ratio: 15 uL mg™') between 1.7 and 2.8 V. Rate capability
measurements were also performed at increasing rates of C/20, C/10,
C/8, C/S, C/3, and C/2 before decreasing the current back at C/20
after 30 cycles (sulfur loading: ~2.0 mg cm™ and E/S ratio: 15 uL
mg’l). The tests were carried out between 1.8 and 2.8 V from C/20 to
C/8 and between 1.7 and 2.8 V from C/5 to C/2. The galvanostatic
cycling measurements were all carried out with a MACCOR series 4000
battery test system.

3. RESULTS AND DISCUSSION

The safety content of the TE-5%, TE-10%, and TE-15%
electrolytes (see Table 1 for compositions) is investigated
through flammability tests in Movies S1, S2, and S3, respectively.
Notably, none of the solutions presents ignition processes after

11563

direct flame exposure for S s, thus confirming the enhanced
safety with respect to the conventional DOL:DME-control
electrolyte, which shows instead immediate fire development, as
revealed by Movie S4. The physical—chemical properties of the
TE-5%, TE-10%, and TE-15% electrolytes are evaluated in
Figure 1. The TGA (Figure 1a) and corresponding differential
curves (DTG, Figure 1b) show for all electrolytes a first weight
decrease at 150 °C with intensity growing alongside DOL
concentration, likely due to the partial volatilization of the cyclic
ether.”> The evaporation of TEGDME solvent takes place
around 200 °C;>* however, the related weight loss is centered at
197 °C for TE-5%, 210 °C for TE-10%, and 263 °C for TE-15%.
These discrepancies can be ascribed to the modification of the
solvation environment caused by the increasing concentration of
DOL, which may lead to formation of a cosolvent and influence
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the structure, as well as thermal behavior, of the solvent—salt
complexes within the solution.”* The DTG curves further
support the formation of specific salt—solvent complexes
depending on the DOL content, in view of the differences
observed in the multipeak profile between 250 and 400 °C,
associated with weight losses due to solvent removal from
crystallized-salt structures. In addition, the thermal analysis
reveals at about 430 °C the weight decrease ascribed to LiTFSI
degradation.> It is worth noting that residual weight exhibited
by the electrolytes at the end of the test can be attributed to
LiNO,.>° A relatively lower impact of DOL concentration is
observed in the conductivity plots reported in Figure Ic
obtained from the EIS spectra displayed in Figure Sla—c in the
Supporting Information. Indeed, TE-15% shows conductivity
approaching 3 X 107> S cm™" around 50 °C exceeding the one
related to TE-5% and TE-10% of 2 X 107> S cm ™!, while similar
values are observed at room temperature (~25 °C) near 1.5 X
107*S cm™". Relevantly, at temperature as low as —3 °C, the TE-
5%, TE-10%, and TE-15% solutions still exhibit conductivities of
8X 1074 6% 107 and 7 X 10*S cm™, that is, suitable values to
promote efficient operation in Li batteries. Furthermore, all the
solutions show a linear conductivity trend with slope increasing
in concomitance with the DOL concentration raise. The
Arrhenius equation (eq 1) allows the estimation of the activation
energy (E,), which identifies the energy barrier limiting the Li*
diffusion in the electrolyte.”” The calculated values are
represented in the histogram of Figure 1d, which reveals the
increase of E, from TE-5% (5.1 X 107% eV) to TE-10% (7.6 X
1072 eV) and TE-15% (8.5 X 107% €V). The increase of E, by
raising the content of the DOL in the solvent mixture may in part
contrast with the expected viscosity and ion friction decreases
that can, in principle, increase the Li* mobility. On the other
hand, this behavior may be justified by the variation of dielectric
constant (&) of the mixture due to the lower & for DOL (7.1)°
compared to TEGDME (7.8),%” the chain-structure of which
can efficiently promote the ion-pair dissociation and mobility
due to the relevant content of oxygen atoms suitable for the Li"
coordination into Li—glyme complexes.”* Hence, the weighted
average dielectric constant (g,) of the solvent mixtures,
calculated in Figure le considering the TEGDME:DOL ratio,
decreases from 7.77 for TE-5% to 7.74 for TE-10% and to 7.71
for TE-15%. This trend agrees with that of E, discussed
previously, evidencing the complex influence of DOL on the
glyme-based electrolyte properties, although the reduction of
viscosity can increase the conductivity at the higher temper-
atures as observed herein. The Li" transport features of the
solutions are subsequently evaluated in a Li symmetrical cell for
estimation of the Li* transference number (t*) using the Bruce—
Vincent—Evans equation (eq 2).** The obtained values are
displayed in Figure 1f as histogram columns, while Table 2
summarizes the parameters used for calculation obtained from
the chronoamperometric curves and Nyquist plots collected in
Figure S1d—f in the Supporting Information. The solutions
present t* values between 0.50 and 0.55 which suggest fast Li*
transport, although a decreasing trend is observed by the
increase of DOL concentration in line with the increment of E,.
Additional information about the salt dissolution in the
electrolytes is provided by the corresponding FT-IR spectra in
Figure 1g. The solutions show slight differences, whereas shifts
are observed for the bands related to pure LiTESL>® In
particular, the S—=N—S stretching observed at 810, 773, and 774
cm™ and the SO, group asymmetric stretching at 1200 cm™
move to lower wavenumbers, indicating the dissociation of the

Table 2. Parameters Used in Eq 2 to Evaluate the Li"
Transference Number (t*) through the Bruce—Vincent—
Evans Method***

electrolyte R, [Q] R [Q] iy [A] i [A] t
TE-5% 61.4 59.5 231 x 1074 1.63 x 107* 0.55
TE-10% 46.8 452 275 % 1074 1.85 x 107* 0.53
TE-15% 54.5 452 3.09 x 1074 229 % 1074 0.50

“Chronoamperometric curves and Nyquist plots used to determine
values of current (iy and i) and interphase resistance (R, and Ry,),
respectively, are displayed in Figure S1 in the Supporting Information.
See Experimental Section for details and Table 1 for electrolyte
acronyms.

salt.””" Further proof of LiTESI dissolution is given by the
variation of the relative intensities with shift to higher
wavenumbers of the peaks at 1350 and 1320 cm™" accounting
for CF; asymmetric stretching.”*®” On the other hand, the
increase in relative intensity of the signal near 1650 cm™
attributed to LiTFSI by the DOL concentration raising may
suggest a higher ion-pair association degree for TE-15% and TE-
10% compared to TE-5%, in agreement with the respective
lower values of ¢, discussed above.

The stability of the electrolytes in the Li cell is investigated in
Figure 2 by monitoring the electrode/electrolyte interphase
resistance upon cell aging (Figure 2a), evaluation of the ESW
(Figure 2b—d), and Li stripping-deposition ability (Figure 2e).
Figure 2a shows the electrode/electrolyte interphase resistance
(R;) trends obtained by the NLLS analyses performed on the
Nyquist plots reported in Figure S2 in the Supporting
Information. The EIS spectra of the symmetrical LilLi cells are
plotted through the R.(RQ)(R,Q,,) equivalent circuit, as
displayed in Tables S1—S3 in the Supporting Information for
TE-5%, TE-10%, and TE-15%, respectively (see Experimental
Section for details).*”*° The results reveal initial R; values of 85
Q for TE-5%, 84 Q for TE-10%, and 50 Q for TE-15%, which
raises upon cells aging to reach respective values of 154, 129, and
86 Q after 18 days. The progressive increase and sporadic
decreases of the interphase resistance are associated with growth
and partial dissolution of the SEI on the lithium surface, leading
to stabilization of the passivation layer and protection of the
alkali metal.®" Interestingly, TE-5% exhibits generally higher
values and lower stability of R;, followed by TE-10% and TE-
15%, thus suggesting that the DOL can lead to a favorable SEI
upon the statical storage.>” Figure 2b—d displays the voltammo-
grams recorded via CV between 0.01 and 2.0 V vs Li*/Li
(cathodic scan) and LSV from OCV condition to 5.0 Vvs Li*/Li
(anodic scan) on LilSPC cells to determine the ESW of TE-5%
(Figure 2b), TE-10% (Figure 2c), and TE-15% (Figure 2d). The
CV profiles of the cathodic scan show for all the solutions a sharp
signal at 1.5 V vs Li*/Li during the first cycle ascribed to LINO,
reduction,”” followed by a potential shoulder below 1.0 V vs Li*/
Li and a final signal at 0.01 V vs Li*/Li accounting for partial
electrolyte decomposition, Li insertion in the carbon matrix, and
possible beginning of the Li electrodeposition.”” The subse-
quent cycles reveal low polarization of the reversible (de)-
insertion of Li in the carbon-based electrode, with notable
stability suggested by the overlapping of the profiles. Therefore,
the similar CV responses indicate only a marginal effect of DOL
on the electrolyte cathodic stability. On the other hand, the LSV
curves evidence that DOL addition leads to a different anodic
stability, which is considered as the potential for which a non-
negligible current of 30 A is measured. Accordingly, Figure S3a
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Figure 2. (a) Interphase resistance trends related to LilLi cells using either TE-5%, TE-10%, or TE-15% aged for 18 days; see the corresponding
Nyquist plots in Figure S2 and NLLS analyses in Tables S1—S3 in the Supporting Information; (b—d) ESW evaluation of the (b) TE-5%, (c) TE-10%,
and (d) TE-15% electrolytes performed via CV in the cathodic region (0.01—2.0 V vs Li*/Li) and LSV in the anodic one (from OCV to 5.0 V vs Li*/
Li) atascanrate of 0.1 mV s™'; (e) lithium stripping-deposition tests performed on LilLi cells using either TE-5%, TE-10%, or TE-15%. Figure S3 in the
Supporting Information reports magnifications of the anodic stability curves and lithium stripping-deposition tests. See Table 1 for electrolyte

acronyms.

(Supporting Information) provides a higher magnification of the
anodic scans, revealing stability limits of 4.41 V vs Li*/Li for TE-
5%, 4.38 V vs Li*/Li for TE-10%, and 4.37 V vs Li*/Li for TE-
15%. The lower anodic stability triggered by DOL addition to
TEGDME is actually expected due to the higher reactivity of the
ether ring of the former compared to the glyme chain of the
latter.** Nevertheless, all the electrolytes provide ESWs
extending from O to around 4.4 V vs Li*/Li, that is, a well
sufficient span to host the Li—S$ electrochemical process.'” The
lithium stripping-deposition profiles reported in Figure 2e are
acquired from LilLi cells to evaluate the overvoltage related to
Li" exchange through the electrolytes, which reflects the
resistance of the interphase under dynamic conditions. During
the initial cycles, all the solutions present a square-shape
overvoltage with values approaching 40 mV (see magnification
in Figure S3b in the Supporting Information), despite a slightly
higher polarization being observed for TE-15% with respect to

the other solutions. This may be attributed to the reactivity of
the cyclic ether on the Li surface to form the SEI layer,** which
would lead to a more relevant overvoltage in TE-15% than in
TE-5% and TE-10% at the beginning of the test due to the higher
content of DOL in the solution. The polarization decreases after
7 days of test due to a partial SEI dissolution, and the overvoltage
reaches values of 20, 23, and 27 mV for TE-15%, TE-10%, and
TE-5%, respectively, at the beginning of the gth day (see
magnification in Figure S3c in the Supporting Information).
Despite the small differences, the more remarked polarization
decrease for TE-15% with respect to TE-10% and TE-5% (see
the comparison in Figure S3d in the Supporting Information)
may account for a higher solubilization degree of the SEI
possibly promoted by the lowered viscosity of the solvent
mixture. On the other hand, the slight increase and stabilization
of the overvoltage to values of ~30 mV observed for all the
solutions in the second half of testing are in line with the
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Figure 3. Physical—chemical characterization of the S:MWCNTSs 90:10 w/w composite. In detail: (a) XRD of the composite and bare MWCNTs;
reference data for sulfur (ICSD #27840) and graphite (ICSD #76767) are reported for comparison; (b) TGA and the corresponding DTG (right y-
axis) performed under N, flow between 25 and 1000 °C at the 5 °C min™" rate; (c,d) SEM images at various magnification recorded in secondary
electron mode; (e) SEM picture acquired in backscattered electrons mode and (f,g) corresponding elemental maps of (f) sulfur and (g) carbon; (h,i)

TEM images at various magnifications.

consolidation of a suitable SEI layer. The physical—chemical
properties of TE-5%, TE-10%, and TE-15% are compared with
those of DOL:DME and glyme-based solutions in Table S4 of
the Supporting Information according to the previous
literature.'>'®'*>* The data reveal the achievement of tuned
properties between TEGDME and DOL:DME-based electro-
lytes, confirming the solutions studied herein as a possible step
toward new electrolyte media combining the efficiency of
DOL:DME and the safety of TEGDME.

The S:MWCNTSs 90:10 w/w composite powder is inves-
tigated in Figure 3 in terms of structure, thermal behavior, and
morphology by XRD (Figure 3a), TGA (Figure 3b), and SEM-
EDS/TEM (Figure 3c—i), respectively. The X-ray diffractogram
of the composite in Figure 3a shows the crystalline signature of
orthorhombic sulfur according to the reference data (ICSD
#27840 shown for comparison). The same figure reports the

11566

pattern of MWCNTSs powder included in the electrode
formulation and clearly reveals the graphitic character of this
carbon (ICSD #76767 shown for comparison) with a main peak
around 26°%° which is instead observed as a broad wave
extending from about 16—35° in the composite. The absence of
additional signals accounting for undesired species excludes
byproducts possibly formed during material synthesis which can
lead to side reactivity during the Li—S conversion process, and
confirms the suitability of the sulfur—carbon melt-mix process
conducted at mild temperature. The success of the sulfur
composite preparation is further confirmed by TGA and the
corresponding DTG in Figure 3b, which reveals a sole weight
loss between 200 and 380 °C accounting for the sulfur
evaporation with a ratio of 90% of the total mass, exactly
corresponding to the predicted amount.”> The SEM images
acquired in secondary electron mode in Figure 3c,d show large
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Figure 4. Galvanostatic cycling of Li cells using the SMWCNTs 90:10 w/w electrode and the DOL:DME-control electrolyte with sulfur loading of
2.2—2.3 mgcm > and E/S ratio of 10 uL mg™". In particular: (a) voltage profiles and the (b) corresponding capacity trend related to the rate capability
test carried out at increasing scan rates from C/10 to C/2 between 1.8 and 2.8 V from C/10 to C/3 and in the 1.7—2.8 V voltage range for C/2; current
rate was lowered back to C/10 after 25 cycles; (c,d) capacity trends (right y-axis reports Coulombic efficiency) recorded at constant current rates of
either (c) C/S or (d) C/3 between 1.7 and 2.8 V (see voltage profiles in Figure S4 of the Supporting Information); (e) voltage profiles and the (f)
corresponding capacity trends (right y-axis reports Coulombic efficiency) acquired at C/10 between 1.7 and 2.8 V using sulfur loading increased to 5.2

mg cm™2 and E/S ratio limited to 6 uL mg_l.

sulfur clusters ranging from 10 to 100 ym (Figure 3c) formed by
submicrometric primary particles covered by a thin layer of
MWCNTs (Figure 3d). The uniform coverage of MWCNTs is
highlighted by the SEM image recorded in backscattered
electron mode in Figure 3e and by the corresponding EDS
elemental mapping of sulfur and carbon in Figure 3fg,
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respectively, which remark the efficient disposition of
MWCNTs around the sulfur particles. Additional insight into
the MWCNT's morphology and disposition in the SsMWCNTs
90:10 w/w composite is provided by the TEM images in Figure
3h,i. The micrographs evidence an entangled view of the system,
which depicts a network of carbon across the sulfur clusters
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Figure S. (a—c) Voltage profiles and (d) cycling trends (right y-axis shows Coulombic efficiency) of Li—S cells galvanostatically cycled at C/S constant
rate using either the (a) TE-5%, (b) TE-10%, or (c) TE-15% electrolyte and the S:MWCNTSs 90:10 w/w electrode. Sulfur loading: 1.7—2.1 mg cm™%

E/S ratio: 15 yL mg™; voltage range: 1.7—2.8 V.

composed by connected nanotubes with micrometric length and
thickness below 100 nm. Despite the relatively low ratio used
herein, the conductive carbon net of the MWCNTs is expected
to facilitate the electron pathway during electrochemical
conversion, leading to satisfactory performance of the Li—S
cell. On the other hand, the micrometric features of the
composite can lower the impact of the side processes associated
with the electrolyte decomposition on the overall reversibility of
the main electrochemical reaction, and the high amount of the
sulfur may ensure a high practical capacity and scalability of the
composite material.**

The S:MWCNTSs 90:10 w/w composite is subsequently
included in a cathode and cycled in a lithium cell using the
DOL:DME-control electrolyte, as reported in Figure 4. The
voltage profiles of the rate capability test displayed in Figure 4a,b
show the typical signature of the Li—S conversion process,
where two galvanostatic discharge plateaus at 2.3 and 2.1 V are
reflected durinég subsequent charge in two merging steps at 2.3
and 2.4 V.°*7%° The discharge plateau at the higher voltage (i.e.,
2.3 V) actually accounts for the initial conversion of Li and S to
long chain polysulfides such as Li,Sg, instead the one at the lower
voltage (~2.1 V) reflects the complex equilibrium including
intermediate radical species during which the polysulfides are
shortened to form Li,S,, Li,S,, and possibly Li,S by subsequent
reductions.**~%° During the charge process, the oxidation back
of the Li,S, polysulfides occurs with a different pathway
compared to the discharge process since the two steps discussed
above are almost convoluted.*~® As expected by the raising of
C-rate from C/10 to C/3, the overvoltage between discharge
and charge processes increases leading to a modest decrease of
the delivered capacity; instead, the current of C/2 almost
completely hinders the proper development of the low-voltage
discharge plateau. Indeed, the corresponding discharge capacity
trend (Figure 4b) evidences an initial value of 1100 mA h g™ at
C/10 and subsequent steady-state capacities of 976, 915, 833,
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720, and 163 mA h g~' at C/10, C/8, C/S, C/3, and C/2,
respectively. Thus, a satisfactory rate capability is achieved by
the SSMWCNTs 90:10 w/w from C/10 to C/3, as also
suggested by the final capacity recovering at 922 mA h g™' by
lowering back the current at C/10 in the last five cycles, that is,
84% of the initial capacity and 94% compared to the steady state
at the same C-rate. Instead, the very modest capacity of the cell
at C/2 can be expected due to the relatively high amount of the
active sulfur compared to electrochemically inactive elements
such as the conductive carbon both in the composite and in the
support, as well as by the laminated configuration of the
electrode which can lead in turns to a relevant volumetric energy
density.”” Prolonged galvanostatic cycling tests are carried out at
the constant C/5 and C/3 rates, as reported in terms of capacity
trends in Figure 4c,d, respectively, while the related voltage
profiles are displayed in Figures S4 in the Supporting
Information. The cell cycled at C/S (Figure 4c) delivers an
initial capacity of 810 mA h g~' that decreases and stabilizes at
about 610 mA h g™' during the first 20 cycles likely due to
consolidation of electrode/electrolyte interphase with SEI
formation and partial loss of active material.>> On the other
hand, the cell delivers 200 cycles with a final capacity of 500 mA
hg™!, which corresponds to a retention of 62% of the initial value
and 82% of the steady state and Coulombic efficiency exceeding
99% for the whole test. The test at C/3 (Figure 4d) shows a
similar behavior, with an initial capacity of 703 mA h g”', a
steady state value of about 530 mA h g”', and a final one of 436
mA h g™ after 200 cycles, leading to the same retention
observed for the measurement at C/S and a Coulombic
efficiency higher than 97%. These outcomes indicate the
S:MWCNTSs 90:10 w/w cathode as a viable solution to explore
advanced configuration of Li—S batteries, as also suggested by
the corresponding voltage profiles in Figure S4 of the Supporting
Information which display full development of the reversible
Li—S conversion process at both C/S (Figure S4a) and C/3
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(Figure S4b) rates with limited increase of polarization during
cycling. The reversibility of the Li—S process is further
demonstrated by the CV tests reported in Figure SS in the
Supporting Information. The voltammogram shows at the first
cycle two reduction steps at 2.25 and 1.95 V vs Li*/Li reflected
in a broad and convoluted double-charge step centered around
2.5 V vs Li*/Li in line with the reduction of Li and S to Li,S,
intermediates during discharge and their conversion back to Li
and S during the subsequent charge process, respectively, as
observed in galvanostatic cycling.**~%° The subsequent profiles
show slight decrease of the signal intensity and shift of the
reduction peaks due to a partial sulfur loss and consolidation of
the electrode/electrolyte interphase upon initial stage, while the
notable overlapping of the curves confirm the stability of the Li—
S conversion process.”> Afterward, more challenging cycling
conditions are adopted to evaluate the practical applicability of
the SsMWCNTSs 90:10 w/w electrode in Figure 4e,f, which
displays a galvanostatic test performed with sulfur loading
increased to 5.2 mg cm~? and E/S ratio limited to 6 uL mg_1
using a current rate of C/10. The voltage profiles (Figure 4e)
reveal higher polarization with respect to the previous tests and
sloped discharge/charge plateaus, as expected by a higher
resistance and lower wettability due to the incremented loading
of the insulant active material and low E/S ratio that may
partially hinder the liquid—solid conversion of the Li,S,
intermediate species. Accordingly, the decrease of capacity
observed from 803 mA h g at the first cycle to 531 mA h g™ at
the fifth is ascribed to the shortening of the low-voltage
discharge plateau, associated with the conversion of the soluble
long-chain polysulfides, such as Li,Sg and Li,S4, to the solid
short-chain ones, such as Li,S, and Li,S,.°*"°® On the other
hand, the cell delivers 200 cycles with maximum capacity
approaching 500 mA h g' after the initial stage, which
corresponds to a practical value of 4 mA h and an areal one of 2.6
mA h cm ™ referred to the geometric area of the electrode (1.54
cm?). Moreover, the cell exhibits a stable capacity between 350
and 400 mA h g™ at the steady state maintained until the end of
the test, as well as a Coulombic efficiency over 97%.

Li—S cells using the SiMWCNTSs 90:10 w/w electrode with
TE-5%, TE-10%, and TE-15% electrolytes are cycled at the
constant current rate of C/S and reported in Figure 5. The
voltage profiles in Figure Sa—c show that at the first cycle for all
the cells, excessive polarization hinders the low-voltage
discharge plateau. The above absence of the low-voltage plateau
in TE-5% (Figure Sa), its partial development in TE-10%
(Figure Sb), and its presence in TE-15% (Figure Sc) account for
the enhancement of the liquid—solid conversion from soluble
long-chain polysulfides to short-chain ones promoted by the
decrease of viscosity of the electrolyte by DOL addition.**~%
On the other hand, all the cells present progressive activation of
the Li—S conversion process indicated by the occurrence of the
low-voltage discharge step upon cycling. Different activations
depending on DOL concentration are evidenced by the cycling
trends in Figure Sd. The figure displays an increase of the
delivered cell capacity during the initial stage from 140 to 360
mAh g for TE-5%, from 220 to 530 mA h g™* for TE-10%, and
from 270 to 570 mA h for TE-15%. Interestingly, the capacity
growth speed decreases from TE-5% to TE-15%, thus suggesting
a faster cell activation for lower DOL concentration. Despite the
fact that decreasing viscosity from TE-5% to TE-15% can in
principle allow a faster wetting of the sulfur electrode and
facilitate the electrochemical process, the initial activation
appears to be mostly controlled by E, and &, values. In fact,

Figure 5d evidences a capacity growth speed decreasing from
TE-5% to TE-15%. This outcome may indicate that the
activation speed is intimately correlated with the Li" transport
properties of the solution, which are relevantly influenced by E,
and €,,. Therefore, the progressively slower activation from TE-
5% to TE-15% is reasonably explained by the respective
decreases in E, and ¢, (Figure 1). However, the low
concentration of the cosolvent in TE-5% limits the discharge
capacity of the cell to a maximum of 420 mA h ¢! and promotes
the discharge/charge overvoltage, leading to a sudden
deactivation of the electrochemical process after 117 cycles
with capacity below 100 mA h g™ (Figure 5d). On the other
hand, TE-15% allows in the cell a stable, steady-state capacity
between 500 and 550 mA h g™, although a gradual deactivation
occurs after 100 cycles to a final capacity of 250 mA h g~" (Figure
5d). The cell using TE-10% reveals a fluctuation of the capacity
between 400 and 580 mA h ¢! and a decrease limited to 406 mA
h g™ after 130 cycles (Figure 5d). Interestingly, all the cells have
a Coulombic efficiency exceeding 96% during the whole test,
except the one with TE-5% showing efficiency decrease to 82%
in correspondence to conversion deactivation. The fluctuations
of the discharge capacity observed in Figure 5d may be due to
complex interplay during cycling between TEGDME, DOL, the
formed cosolvents, and the Li,S, intermediates, depending on
the TEGDME:DOL ratio. Hence, TE-10% presents the most
relevant fluctuations with the most improved cycle life, thus
suggesting that the addition of 10 wt % DOL particularly acts on
the polysulfides solvation and nature. On the other hand, TE-5%
and TE-15% appear to mainly affect the reaction kinetics and the
film formation, in particular during the final stages of the cycling
tests. Indeed, TE-5% exhibits stable discharge capacity in line
with the beneficial effects of the glyme solvent which guarantees
an efficient Li* exchange, but the excessive viscosity of the
solution limits both capacity value and cycle life. Furthermore,
TE-15% delivers higher capacity, thanks to the limited viscosity,
but the continuous depletion of DOL likely causes irregular and
excessive SEI that shortens the cycle life. Hence, the data of
Figure S evidence a complex interplay between DOL and
TEGDME in the Li—S cell. The relevant amount of DOL in TE-
15% mitigates the solution viscosity but slows the speed of the
Li—S activation. At the same time, the DOL leads in the TE-15%
cell to the higher steady-state capacity, however, with excessive
SEI growth affecting the cycle life as evidenced by the capacity
deactivation after 110 cycles. In spite, the low DOL content in
TE-5% ensures a fast activation to the cell likely due to the
enhanced Li* exchange allowed by the lower E, and ¢, (see
Figure 1) but limits the discharge capacity and leads to cell
failure after 117 cycles due to the excessive polarization raise
attributed to the relevant viscosity of the solution. The TE-10%
appears to be the most promising compromise since the
corresponding Li—S cell shows the longer cycle life likely
ascribed to the optimal proportion between TEGDME and
DOL, despite the fluctuation of the capacity during cycling,
which may be assessed by improving the cathode configuration.
Table S5 in the Supporting Information reports a comparison
between the performance achieved by TE-10% and literature
data on common DOL:DME electrolytes and glyme-based
solutions.'>'*'®*% The table shows that our results are in line
with previous Li—S reports and include the additional bonuses
of enhanced sulfur loading in the composite and relevant safety
of the cell. The rate capability of the Li—S cells is further
evaluated in the Figure S6 of the Supporting Information. The
voltage profiles (Figure S6a—c) and the corresponding cycling
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trend (Figure S6d) reveal full development of the Li—S$
conversion process at C/20, C/10, and C/8 for all the solutions
with steady-state capacities of 920, 810, and 725 mA h g™* for
TE-15%, 880, 735, and 610 mA h g~ for TE-10%, and 900, 760,
and 670 mA h g_1 for TE-5%, respectively. On the other hand,
only TE-15% and TE-10% exhibit an acceptable response at C/S
showing capacities of 640 and around 500 mA h g7/,
respectively, while the capacity delivered by TE-5% is limited
to 150 mA h g™'. In addition, all the electrolytes show poor
performance at C/3 with a maximum capacity of 130 mA h g™
related to TE-15%, while deactivation of the electrochemical
process is observed at C/2. The rate capability tests demonstrate
the improvement of conversion kinetics by DOL increase;
however, the same tests reveal a poor rate capability and the
need for further focus on the solution design in order to achieve
satisfactory performance at high currents which is heavily
influenced by the viscosity of the electrolyte. Moreover, the
outcomes shed light on the necessity of a proper activation by
prolonged cycling due to the poor capacity delivered by TE-5%
at C/5 and to the relevant sloping trend of TE-10%. In summary,
the tuning of the amount of DOL cosolvent in the viscous glyme-
based electrolytes investigated herein may pave the way toward
optimized compositions where low flammability, negligible
toxicity, and performance are thoroughly balanced to achieve
safe and scalable Li—S batteries. Certainly, further dedicated
studies are necessary in order to achieve the optimal
combinations of cosolvents and ad hoc concentrations of
additives.

4. CONCLUSIONS

The TE-5%, TE-10%, and TE-15% electrolytes revealed the
absence of ignition upon direct exposure to flame, thus
suggesting a remarkable safety content. The electrolytes
exhibited stability up to 200 °C under N, and a thermal trend
influenced by DOL. The suitable ionic conductivity of the
electrolytes from —3 to S0 °C allowed the estimation of the
activation energy for Li" motion, depending on the DOL
content. The Li* transference number of the solutions decreased
from 0.55 to 0.50 from TE-5% to TE-15% due to the lower
dielectric constant in the latter compared to the former, which
also influenced the LiTFSI dissolution. On the other hand, the
increment of DOL concentration lowered the electrode/
electrolyte interphase resistance in the Li cell that reached the
lowest values for TE-15% upon aging. All solutions revealed a
cathodic limit of 0 V vs Li*/Li and anodic limit decreasing from
4.41V for TE-5%, to 4.38 V for TE-10%, and to 4.37 V for TE-
15% due to the reactivity of the DOL ring. Li stripping/
deposition tests have shown modest charge/discharge over-
voltage and the lowest polarization for TE-15%. A composite
cathode including 90 wt % sulfur with a micrometric shape and a
submicron primary arrangement of MWCNT network revealed
in a DOL:DME control-electrolyte a maximum capacity of
~1100 mA h g~', with life extended up to 200 cycles and
Coulombic efliciency ~100%. Similar control cells with sulfur
loading increased to 5.2 mg cm™* and E/S ratio decreased to 6
uL mg ™! exhibited a maximum capacity of 500 mAhg™' (4mAh
and 2.6 mA h cm™2), life of 200 cycles, and Coulombic efficiency
above 97%. Subsequently, the above electrode and the
investigated glyme-based electrolytes are combined in a safe
Li—S cell. The lowest DOL concentration (TE-5%) has allowed
a fast cell activation, however, with capacity limited to 420 mA h
g~ and a sudden deactivation due to a polarization increase.
Instead, the highest DOL content (TE-15%) promoted a
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capacity exceeding 550 mA h g, however, with a gradual
decrease after 100 cycles due to the excessive SEI growth. Likely,
TE-10% represented an optimal compromise, showing fluctua-
tions of the delivered capacity between 400 and 580 mA h g™
and a life of 130 cycles.
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