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Abstract

Semi-liquid configuration of sulfur cell is proposed as simple strategy to develop high-energy
lithium battery. Two solutions of Li,Sg in diethylene glycol dimethyl ether (DEGDME), containing
either lithium Dbis(trifluoromethanesulfonyl)imide (LiTFSI) or lithium trifluoromethansulfonate
(LiCF3S0s3), are studied as catholytes for Li/S cells exploiting the polysulfides electrochemical
reaction at about 2.2 V vs. Li*/Li. X-ray photoelectron spectroscopy (XPS) and thermal analyses,
respectively, reveal composition and high-temperature stability of the catholyte solutions. Ad hoc
study conducted by impedance spectroscopy, voltammetry, and galvanostatic techniques suggests

well suitable characteristics in terms of Li*-transport ability, electrochemical stability window, and
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electrode/electrolyte interphase features. Cells with sulfur loading ranging from about 3 to 5 mg
cm 2 into the solution are successfully studied with remarkable performances in terms of current
rates, efficiency and cycle life. Hence, the lithium cells based on the catholyte deliver maximum
capacity of the order of 1100 mAh gs* at C/10 rate and stable capacity of about 800 mAh gs * at
C/3 rate with Coulombic efficiency exceeding 99%. Therefore, the catholyte solutions studied
herein are considered as a well suitable candidate for high-energy storage in next generation

systems, such as the intriguing hybrid and electric vehicles.

Introduction

Nowadays, the lithium-ion battery based on intercalation or insertion electrodes is the most suitable
technology for a vast array of widespread essential devices, including laptops, tablets and
smartphones, as well as for electric vehicles and stationary storage systems coupled with renewable
energy production plants [1,2]. Since it was firstly introduced in the market in early nineties [3],
extensive researches over the last three decades have successfully led to a gradual improvement of
the lithium-ion technology, which is currently able to ensure a maximum energy density
approaching 250 Wh kg™ with high efficiency for thousands of cycles both at laboratory and
commercial levels [4-6]. Despite the remarkable performances achieved so far, increasing interest
is now devoted towards alternative energy storage systems based on low-cost cathodes reacting
with lithium through the multi-electron conversion process, such as the lithium sulfur battery, which
has a theoretical energy density with respect to sulfur of about 3600 Wh kg™ (about 2600 Wh kg*
referred to Li,S) [7], thus leading to expected practical energy density values higher than 300 Wh
kg™ [8]. Sulfur conversion to Li,S occurs by a multi-step pathway trough polysulfide intermediates,
I.e., LipSy, 2 < x < 8, which are soluble in the electrolyte medium for x > 4 [9]. Hence, dissolved
long-chain polysulfides may migrate to the anode side during the electrochemical process and react
with the lithium metal, thereby leading to poor Coulombic efficiency, electrode deterioration and
cell failure [10,11]. The insulator character of elemental sulfur may further affect the cell
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performance in terms of cell polarization, rate capability and reversible capacity [12]. Therefore,
several strategies have been devoted to overcome these issues [13], including fine engineering of
advanced composite electrodes in which sulfur is confined into nanostructured carbon matrixes to
effectively mitigate the polysulfide dissolution effects and enhance the cathode conductivity [14].
Carbon nanotubes [15,16], nanospherules [17], nanosheets [18], hierarchical porous carbon [19],
three-dimensional graphene [20], as well as other inactive frameworks of various morphologies
[21,22], have been reported as suitable sulfur supports. Furthermore, separator modification through
carbon meshes, metal organic frameworks and multilayer cathode engineering actually enhanced
the cell perfrormances [23-25]. Alkyl carbonates, which are the most used solvents in conventional
lithium-ion batteries, can react with polysulfide species and lead to fast cell deterioration, while
ether-based compounds, such as 1,3-dioxolane (DOL) and dimethyl ether (DME), have shown
remarkable stability in Li-S cell, but high polysulfide dissolution [26]. Gel and polymer electrolytes
based on polyethylene oxide have been indicated to mechanically block the polysulfide shuttle
process [27], while the addition of LiNOg3 to ether-based electrolytes has shown the formation over
the lithium-metal of a stable solid electrolyte interphase (SEI) preventing the polysulfide reactions
at the anode side [26]. Moreover, solution of glyme with low molecular weight, i.e.,
CH3(OCH,CH2),OCH;  with  small n wvalues, dissolving LINOs and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) or lithium trifluoromethansulfonate (LiCF3SO3) have
demonstrated fast Li* transport properties, wide electrochemical stability window, suitable SEI-
forming properties, as well as both chemical and thermal stability [28]. Despite glymes have
slightly higher viscosity than DOL-DME mixtures, particularly by increasing the chain length, they
show significantly lower flammability [28,29]. In particular, we demonstrated in recent reports the
favorable characteristics of electrolyte solutions based on diethylene glycol dimethyl ether
(DEGDME) in terms of both thermal stability and electrochemical properties [15,29]. These
solutions may ensure satisfactory lithium ion transport properties, comparable to DOL-DME-based

electrolytes, and improved safety, thereby representing an interesting candidate for possible
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application in Li-S batteries [15,29]. Recently, long-chain polysulfides have been added to the
electrolyte solution to efficiently mitigate the cathode dissolution and improve the SEI on lithium
[30,31], thus triggering to a viable and simple strategy to develop high-performance Li-S cells, that
is, the semi-liquid configuration in which the dissolved polysulfides are employed as the active
material [32—40]. Accordingly, we have reported in previous work lithium sulfur batteries coupling
C-S composite cathodes with electrolyte formulations based on tetraethylene glycol dimethyl ether
(TEGDME) dissolving LiCF3SO5; and Li,Sx [30,41]. Furthermore, we have studied a semi-liquid
cell which uses a catholyte solution of Li,Sg, LICF3SO3, and LiINO3 in TEGDME reacting on a
carbon-coated aluminum foil, thereby demonstrating reversible capacity of about 550 mAh gs ' and
average voltage of 1.8 V [42]. Semiliquid lithium-sulfur batteries represent an important class of
high-energy storage systems which merits in our opinion further development in terms of suitable
combination of safe solvent and efficient ion conducting lithium salts to improve the cell efficiency,
energy density and cycle life.

Herein, we further survey such an intriguing, easy cell configuration by comparing two
catholyte solutions formed by combining Li,Sg, the short-chain DEGDME solvent, either LiTFSI or
LiCF3;S0;s salts, and lithium nitrate (LiNO3) film forming additive. Both formulations are expected
to benefit from the satisfactory thermal stability and lower viscosity of diglyme with respect to
tetraglyme, thus leading to improved electrochemical performances with the aim to match the one
of the advanced S-C composite electrodes [15,29]. X-ray photoelectron spectroscopy,
thermogravimetric analysis and differential scanning calorimetry measurements are carried out to
evaluate composition and thermal behavior of the catholyte. Furthermore, in-depth electrochemical
investigation though voltammetry, impedance spectroscopy, and galvanostatic techniques are
employed to detect characteristics of the two systems for possible application as alternative, high-

performances and low-cost energy storage systems.
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Experimental

Diethylene glycol dimethyl ether (DEGDME, anhydrous, 99.5%, Sigma-Aldrich) was dried under
molecular sieves (5 A, Sigma-Aldrich) until the water content was below 10 ppm, as tested through
899 Karl Fischer Coulometer (Metrohm). Two liquid catholytes were prepared by following a
procedure developed in our laboratories [30,42]. Elemental sulfur powder (Sigma-Aldrich) and
lithium pieces (Rockwood Lithium), respectively in the 4:1 molar ratio, were mixed in DEGDME to
get a yellow suspension, which was stirred for 12 h at 80 °C and for two days at room temperature
to obtain a dark red catholyte precursor. 1 mol of either lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI, Sigma-Aldrich) or lithium trifluoromethansulfonate (LiCF3;SOs, Sigma-Aldrich) and 1 mol
of lithium nitrate (LINO3, Sigma-Aldrich) were dissolved into 1 kg of precursor by stirring for 12 h
at room temperature. The catholyte solutions, shown in Figure S1 of the Supplementary material
and subsequently indicated by the acronyms DEGDME-Li,Sg—1m LiNOs—1m LIiTFSI and
DEGDME-Li,;Sg—1m LiNOs—1m LiCF3SOs, respectively, had dark red color and nominal Li,Sg
content of 5 wt.%. The catholytes preparation was performed inside an Ar-filled glovebox
(MBraun, O, and H,0 content below 1 ppm).

Samples for X-ray photoelectron spectroscopy were prepared by depositing few drops of
catholyte solution onto Al foil inside a MBraun glovebox (MBraun, O, and H,O content below 1
ppm), which were transferred to a Buchi glass oven for overnight drying. Then, the samples were
collected in Eppendorf vessels, sealed, and moved to the XPS instrument. This operation was
carried out through a home-made glovebox with a specific vacuum transference vessel, thus
avoiding the contact of the substrates with air. XPS studies were performed through a Physical
Electronics spectrometer (PHI Versa Probe Il Scanning XPS Microprobe) with monochromatic X-
ray Al Ko radiation (100 pm, 100 W, 20 kV, 1,486.6 eV) as the excitation source. High-resolution
spectra were recorded at a given takeoff angle of 45° by a concentric hemispherical analyzer

operating in the constant pass energy mode at 23.5 eV using a 1400 pum line (with al00 um
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diameter of the X-ray highly focused beam) analysis area. The spectrometer energy scale was
calibrated using Cu 2ps2, Ag 3ds;,, and Au 4f7, photoelectron lines at 932.7, 368.2, and 84.0 eV,
respectively. Under these conditions, the Au 4f; line was recorded with 0.73 eV FWHM at a
binding energy (BE) of 84.0 eV. A PHI Smart Soft-VP 2.6.3.4 software package was used for
acquisition and data analysis. Recorded spectra were always fitted using Gauss—Lorentz curves.
Atomic concentration percentages of the characteristic elements of the surfaces were determined
taking into account the corresponding area sensitivity factor for the different measured spectral
regions.

Coupled thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
measurements were performed on the DEGDME-Li,Sg—1m LiNOs;—1m LiTFSI and DEGDME-
Li,Sg—1m LiNO3s—1m LiCF3SO3 catholyte solutions through a Metter Toledo-TGA/DSC, by heating
the samples at 5 °C min™" in a nitrogen flow.

The ionic conductivity of the catholytes solutions was evaluated by electrochemical
impedance spectroscopy (EIS) on symmetrical blocking CR2032 coin-cells (MTI) using stainless
steel (SS) current collectors and a Teflon ring spacer to fix the cell constant to 4.0 x 102 cm ™.
Impedance spectra were recorded through a VersaSTAT MC Princeton Applied Research (PAR,
AMETEK) instrument by applying an alternate voltage signal of 10 mV amplitude in the 500 kHz —
1 Hz frequency range.

Carbon electrodes (indicated by C in cell’s schemes) were prepared by doctor blade coating
of a slurry formed by Super P carbon (90 wt.%, Timcal) and polyvinylidene fluoride (10 wt.%,
PVDF 6020, Solef Solvay) in N-methyl pyrrolidone (NMP, Sigma-Aldrich) over a gas diffusion
layer foil (GDL ELAT LT21400) [38]. The wet coated foil was dried for about 3 h on a hot plate at
70 °C, cut into the form of either 10 or 14 mm diameter disks, and then dried overnight at 110 °C
under vacuum.

CR2032 coin-cells (MTI) were assembled by properly stacking two electrodes (either

lithium disks or coated GDL) and one Celgard separator soaked by 80 ul of catholyte solution,



©CO~NOOOTA~AWNPE

corresponding to a sulfur loading of 4.4 and 4.2 mg for DEGDME-Li,Sg—1m LiNOs—1m LIiTFSI
and DEGDME-Li,Sg—1m LiINO3s;—1m LiCF3SOs3, respectively. Further Li/catholyte/C cells were
prepared by using 160 ul of catholyte solution, corresponding to a sulfur loading of 8.9 and 8.4 mg
for DEGDME-Li;Sg—1m LiNOs—1m LiTFSI and DEGDME-Li;Sg—1m LiNOs;—1m LIiCF3;SOs3,
respectively. All the cells were assembled inside an Ar-filled glovebox (MBraun, O, and H,O
content below 1 ppm).

The lithium transference numbers (t.;") of DEGDME-Li,Sg—1m LiNOz-1m LiTFSI and
DEGDME-Li;Sg—1m LiINOs;-1m LiCF3SO3; were determined by employing the Bruce-Vincent-
Evans method [43]. Chronoamperometry and EIS were performed on symmetrical Li/catholyte/Li
T-type cells using several Whatman® GF/D glass fiber separators soaked by the catholyte solution.
EIS was carried out before and after chronoamperometry by applying an alternate voltage signal of
10 mV amplitude in the 500 kHz — 100 mHz frequency range. Chronoamperometry was performed
by using a voltage of 30 mV for 1.5 h. The lithium transference number was calculated through the

equation (1) [43]:

+ _ Iss AV=IoRo

S . (1)

Iy AV-— IssRss
where lp and I are the initial and steady-state current values of the chronoamperometry
measurement, respectively, AV is the chronoamperometry voltage, Ry and Rss are the initial and
steady-state interface resistances as determined by EIS.

Lithium stripping-deposition tests were performed on symmetrical Li/catholyte/Li coin-cells
at 100 uA cm 2 and 1 hour of step time through a MACCOR Series 4000 battery test system. The
lithium/catholyte interphase resistance was measured by EIS on symmetrical Li/catholyte/Li coin-
cells throughout 30 days, by applying an alternate voltage signal of 10 mV amplitude in the 500
kHz — 100 mHz frequency range through a VersaSTAT MC Princeton Applied Research (PAR,

AMETEK) instrument.
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The electrochemical stability window of the catholyte solutions was determined by linear
sweep voltammetry (LSV) and cyclic voltammetry (CV) at a scan rate of 0.1 mV s in the anodic
and cathodic regions, respectively, on Li/80 ul catholyte/C coin-cells. Fresh cells were cycled at 1
mV s within the voltage ranges from 1.8 to 2.8 V, and then used for either LSV or CV. A first
cathodic CV scan was performed at 0.1 mV s * down to 0.01 V, followed by several cycles between
0.01 and 1.2 V. Further CV measurements at 0.1 mV s * were carried out on Li/80 pl catholyte/C
coin-cells within the voltage ranges from 1.8 to 2.8 V and from 2.1 to 2.8 V in order to characterize
the electrochemical process of the catholytes. EIS measurements were performed upon the CV
measurements by applying an alternate voltage signal of 10 mV amplitude in the 100 kHz — 100
mHz frequency range. The CV, LSV and EIS experiments were carried out through a VersaSTAT
MC Princeton Applied Research (PAR, AMETEK) instrument.

Rate capability tests were performed on Li/80 pul catholyte/C coin-cells at current rates of
C/10, C/8, C/5, C/3, C/2, 1C and 2C increasing after 10 cycles and then decreasing back to C/10,
within the 1.9 — 2.8 V range from C/10 to C/3 and within the 1.7 — 2.8 V range from C/2 to 2C (1C
= 1675 mA gs *). Further rate capability tests have been performed by cycling at C/10, C/8, C/5,
C/3, C/2, 1C and 2C rates (1C = 1675 mA gs ') increasing after 2 cycles and decreasing back to
C/10 at the 16™ cycle. EIS measurements were performed on the cells at the OCV, after 1 cycle at
C/10 (1C = 1675 mA gs ') and after the rate capability measurement, by applying a voltage signal
of 10 mV in the 100 kHz — 100 mHz frequency range. Li/80 ul catholyte/C coin-cells were studied
by galvanostatic tests upon 120 cycles at a current rate of C/3 within the 1.8 — 2.8 V range. Further
cycling tests at C/20 within the 1.8 — 2.8 V range were performed on Li/160 pl catholyte/C coin-
cells. Both specific capacity and specific current values were referred to the nominal sulfur mass in

the catholyte solution.

Results and discussion
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The chemical composition of the two catholyte solutions is investigated by means of X-ray
photoelectron spectroscopy (XPS) and reported in Figure 1. The survey spectra of panels a and b
reveal similar response for the DEGDME-Li,Sg—1m LiNO3s;—1m LiTFSI and DEGDME-Li,Sg—1m
LiINOs—1m LiCF3SO; catholytes, respectively, however with different relative intensity of the
signals due to the different salts used. Panels c and d of Figure 1, respectively, report the analyses of
the S 2p core level spectra of DEGDME—Li;Sg—1m LINOz—1m LiTFSI and DEGDME-Li,Sg—1m
LiNOs—1m LiCF3SOs catholytes, which represent the most important evidences for the Li.Sy active
material identification. Beside the different relative intensities ascribed to LiTFSI and LiCF3;SO3
salts, the S 2p peaks are fitted by three main doublets S 2ps, and S 2py,. The first doublet with
main peaks at binding energy (BE) of 167.5 and 168.7 eV in DEGDME-Li,Sg—1m LIiNO3;—1m
LiTFSI, and 168.7 and 169.9 eV in DEGDME-Li,Sg—1m LiNOz—1m LiCF3SOs are attributed to S
bound to O (i.e., LIN(SO,CFs3),, LICF3SOg3, and possibly Li,SO3 of the electrolyte salts) [41]. The
second doublet at S ps;, binding energy values of 165.4 eV in DEGDME-Li;Sg-1m LiNO3z—1m
LiTFSI and 166.1 eV in DEGDME-Li;Sg—1m LiNOs—1m LiCF3SO3 are attributed to the Li,Sg
polysulfide which has nominal concentration in the solution of 5 wt.% [38,44]. However, the
presence of minor peaks at BE of 163 and 162 eV does not exclude completely possible presence of
small amount of Li,Sg and Li,S, into the two catholyte solutions [38,44]. Hence, Figure 1c,d
confirm that the active material in the two catholytes is mainly dominated by the Li,Sg specie, with
possible presence of a minor amount of Li,Sg and Li,S,. Figures S2a and S3a in Supplementary
material show the deconvoluted C 1s core level spectra of both catholytes. These spectra can be
decomposed in several contributions, being those at around 284 eV assigned to adventitious carbon
and bonds C-C, C-H related to DEGDME. The contribution between 286 and 287 eV is mainly due
to the etheric moieties (C-O-C) from DEGDME, presenting a much higher relative intensity in the
catholyte with LiICF3SOs3. As expected, a strong contribution at high binding energy (BE > 292 eV)
is observed for both catholytes and assigned C-F bonds. Figures S2b and S3b in Supplementary

material show the F 1s core level spectra, where two contributions are observed. The main
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contribution at high binding energy (687.5-688.5 eV) corresponds to CF, of the fluorinated salts in
the catholytes, i.e., LiTFSI, and LiCF3;SOs, respectively, and to polyvinylidene fluoride [45-47].
The low intensity contributions at low binding energy (683-684 eV) can be assigned to impurities of
ionic fluorides, probably LiF [48]. Furthermore, Figures S2c and S3c in Supplementary material
show the O 1s signal dominated by the component at 532.4 eV is assigned to O bound to S in the
solutions (-SO3). The observed contribution at low binding energy in the case of the catholyte with
LiCF3SOs is due to the oxygen of DEGDME in agreement with that observed in the C 1s spectrum.
The N 1s spectra (Figures S2d and S3d) show one contribution around 406-407 eV assigned to the
film forming additive (i.e., NOs; in LiNO3) [45,46,49]. In the case of the catholyte with LiTFSI, a
strong contribution is also observed at about 398 eV due to the imide group [45]. The insets of
Figures S2d and S2d in Supplementary material show the Li 1s core level spectra with binding
energy values typical of Li*. The observation of these clear Li 1s signals is relevant if the low
sensitivity of this photoemission is considered. For further sample identification, Table S1 in the
Supplementary material section reports the atomic composition of the two samples. The more
relevant feature is the high concentration of O in the case of the catholyte with LiCF3;SO3. The
different XPS response of the two catholyte samples might indicate a different amount of
DEGDME adsorbed over the sample holder following the vacuum drying process required to
remove the solvent (see the Experimental section for further details about sample preparation for
XPS). However, possible significant effect of the sample preparation on the surface composition of
the sample may reasonably affect quantitative analysis of the solvent traces. Therefore, our study
provides only qualitative information about the chemical species deposited over the sample surface,
thereby further confirming the suitability of the already reported Li,Sg synthesis herein employed
[30,42], while effective quantification of the compound forming the solutions requires ad hoc
analyses suitable for liquid solutions and able to identify polysulfides with different chain length. In
this respect, UV/Vis spectroscopy may recognize long-, mid-, and short-chain lithium polysulfide

species in liquid media as well as determine their concentration by using a proper sample
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calibration [50]. Accordingly, in operando UV/Vis measurements may distinguish the polysulfide
products formed upon discharge and charge in specifically design cells [51]. However, possible

effects of the cell configuration on the sulfur conversion mechanism cannot be excluded.
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Figure 1. X-ray photoelectron spectra of (a,c) DEGDME-Li,Sg—1m LiNO3s—1m LiTFSI and (b,d)
DEGDME-Li,Sg—1m LiNOs—1m LiCF3SOg catholytes. (a,b) Survey spectra and (c,d) deconvoluted

S 2p core level spectra.
The thermal behavior of the solutions is detected in panels a and b of Figure 2 which show
the TGA, differential thermogravimetry (DTG), and DSC traces of the DEGDME-Li;Sg—1m

LiINOz—1m LiTFSI and DEGDME-L.i,Sg—1m LiNO3s—1m LiCF3SOj3 catholytes, respectively.
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Figure 2. Termogravimetric analysis (TGA), corresponding differential curve (DTG), and
differential scanning calorimetry (DSC) curves of (a) DEGDME-Li;Sg—1m LiNOsz—1m LiTFSI and
(b) DEGDME-Li,Sg—1m LiNO3z—1m LiCF3S0O; samples.
Figure 2a reveals for the DEGDME-Li,Sg—1m LiNO3s;—1m LiTFSI solution a weight loss starting
above 70 °C attributed to the initial evaporation of the solution through two main processes,
centered at 157 and 210 °C as indicated by TGA and corresponding DTG [28]. The DSC curve (red

trace) indicates heat absorption upon the whole investigated temperature range due to evaporation

as well as an exothermic peak corresponding to the weight loss at 210 °C observed by TGA/DTG,
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which may be reasonably attributed to a solid-state phase transition in LiTFSI (recrystallization)
possibly associated with the evaporation of the solvent linked to the salt (i.e., crystallization
solvent). The DEGDME-Li,Sg—1m LINOs;-1m LiCF3;SO3; sample (Figure 2b) exhibits similar
thermal behavior upon heating, however with evaporation centered at a slightly lower temperature,
i.e.,, 150 °C, with respect to DEGDME-Li,Sg—1m LiNOs—1m LIiTFSI. Furthermore, a less
pronounced DTG peak at 200 °C suggests lower content of the crystallization solvent in LICF3SO3
than in LiTFSI (compare panels a and b of Figure 2). Therefore, both catholyte solutions are stable
up to about 70-80 °C without showing any significant thermal transition at moderately high
temperatures, thereby matching the conventional application requirements [52]. It is worth
mentioning that the thermal stability range herein observed is wider than that of common electrolyte
solutions both for lithium-ion batteries, based on carbonates-LiPFs mixtures [53], and for lithium-
sulfur batteries, typically containing volatile DOL and DME solvents [28].

The lithium-ion transport properties of the catholyte solutions are crucial parameters for
determining the cell performance [15]. Accordingly, fast Li* transference within the electrolyte
medium can ensure low cell polarization at high current, thus leading to relevant power capability,
while hindered mobility usually affects the cell behavior in terms of energy efficiency and rate
capability [26]. Herein, we have evaluated the charge transport characteristics of DEGDME-Li,Sg—
Im LiINOs-1m LiTFSI and DEGDME-Li,Sg—1m LiNOs-1m LiCF3SO3; by combining ionic
conductivity and lithium transference number measurements, as shown in Figure 3a,b and Figure S4
in the Supplementary material, respectively. Both DEGDME-Li;Sg—1m LiNOs—1m LiTFSI and
DEGDME-Li,;Sg—1m LiNOs—1m LiCF3SO3 catholytes exhibit an Arrhenius trend of the ionic
conductivity, reported in panels a and b of Figure 3, with high values within the investigated
temperature range [28]. On the other hand, the DEGDME-Li,Sg—1m LiNOs—1m LiTFSI solution
shows slightly higher conductivity than the DEGDME-Li,Sg—1m LiNOs;-1m LiCF;SO3; one
(compare panel a and b of Figure 3), that is, 3x10% S cm™* with respect to 2x10> S cm * at room

temperature, increasing to 7x10 > S cm * with respect to 4x10 > S cm * by rising the temperature to
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about 70 °C. The Arrhenius-like conductivity behavior herein observed is in agreement with
previous reports on DEGDME-based solutions for Li-S batteries, and may be reasonably attributed
to the low viscosity of short-chain glyme compared with long-chain ones [15,28]. However, it is
worth mentioning that deviation from the Arrhenius trend may be expected by cooling below 20 °C
as well as by increasing the chain length [54]. The activation energy for the ion transport is 12 and
10 kJ mol™* for DEGDME-Li,Sg—1m LiNOs—1m LiTFSI and DEGDME-Li,Sg—1m LiNOs—1m
LiCF3SOg, respectively, as calculated by conductivity linear trends. Thus, EIS reveals charge
transport characteristics approaching those observed in conventional carbonate-based electrolytes
for lithium-ion batteries, thereby suggesting the suitability of both solutions for practical
applications [55,56]. However, it is noteworthy that the actual charge transference occurring in a
lithium cell is only related to the net Li* flow through the catholyte solution, while the ionic
conductivity herein evaluated is attributed to the mobility of all the charge carriers. Therefore, we
have determined the Li* transference number, i.e., the fraction of charge carried by the lithium ion
(t"), through the method reported by Evans et al. [43] (see the Experimental section for further
details). Panel a and b of Figure S4 in Supplementary material section show the related
chronoamperometry and EIS Nyquist plots (inset) for DEGDME-Li,Sg—1m LiNO3s—1m LiTFSI and
DEGDME-Li;Sg—1m LINOz—1m LICF3SOg, respectively. A shift of the left axis intercept is
observed after the chronoamperometry measurement (see the Nyquist plots of Figure S4). This
evidence reveals an increase of electrolyte resistance, which is possibly attributed to a change of the
catholyte composition owing to current flow during the test. Furthermore, electrolyte decomposition
over the lithium metal surface during the SEI formation and consolidation, and possible parasitic
reactions with partial consumption of the catholyte species may lead to an increase of the cell
resistance upon current flow [57]. As for the lithium transference number, both solutions are
characterized by high values suitable for lithium cell application, i.e., 0.60 for DEGDME-Li,Sg—1m
LINOs—1m LiTFSI and 0.79 for DEGDME-Li,Sg—1m LiNO3s—1m LiCF3SOg3, thereby indicating

higher Li* mobility in the latter than in the former. This result suggests that large fraction of charge
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upon cell polarization is carried by Li* ions, while the mobility of the relatively large NOs,
CF3SO3;, and TFSI is hindered. Furthermore, the latter catholyte is expected to ensure better
performance at high current [58].

The stability of the lithium-metal anode in polysulfide-containing electrolytes for Li-S
batteries is a key requirement to avoid shuttle reactions, and ensure small cell polarization and long
cycle life [59]. Herein, we have investigated the electrochemical characteristics of the
lithium/catholyte solution interphase under dynamic and static conditions by performing on Li/Li
symmetrical cells lithium plating/stripping tests and EIS measurements during cell aging at room
temperature, respectively (Figure 3c-f). Panels ¢ and d of Figure 3 show the voltage profiles for
DEGDME-Li;Sg-1m LiNOz-1m LiTFSI and DEGDME-Li;Sg—1m LiINOs—1m LiCF3SOs3;,
respectively, with magnifications in inset revealing the steady-state curves. The former catholyte
solution based on the LIiTFSI salt exhibits an overvoltage rise during the first day, possibly
attributed to gradual formation of a stable solid electrolyte interphase (SEI) on lithium [15],
followed by a significant polarization decrease upon the subsequent 15 days indicating partial
dissolution and consolidation of the Li*-conductive passivation layer [60]. Then, the cell shows a
constant polarization as low as 7 mV, which suggests remarkable electrochemical stability and low
resistance of the SEI upon dynamic condition. As for the latter catholyte based on LiCF3;SO; salt,
Figure 3b reveals a different polarization trend, characterized by an initial voltage approaching 100
mV and a significant polarization decrease down to 10 mV throughout the test owing to the cell
operation [15,60]. In particular, the cell shows a steady cycling behavior after 15 days. Therefore,
both the DEGDME-Li,Sg—1m LINOsz-1m LIiTFSI and the DEGDME-Li;Sg—1m LiNOs-1m
LiCF3;SO3 catholyte solutions form a remarkably stable SEI over the lithium-metal anode suitable
for prolonged Li* dissolution and deposition, and able to mitigate the dendrite formation [61].
According to the high lithium transference numbers, both Li/Li cells exhibit flat voltage profile with
polarization lower than 10 mV at the steady state, thus suggesting the Li* diffusion through the SEI

as the limiting step of the electrochemical process at a current of 100 pA cm 2.
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Figure 3. (a,b) lonic conductivity versus temperature of (a) DEGDME-Li;Sg—1m LiNOs;—1m
LiTFSI and (b) DEGDME-Li,Sg—1m LiNOs—1m LiCF3SO;3 catholytes. (c,d) Lithium stripping-
deposition galvanostatic test performed at 0.1 mA cm 2 and 1 hour step-time of (c) DEGDME-
LioSg—1m LiNOs—1m LiTFSI and (d) DEGDME-Li,Sg—1m LiNOs—1m LiCF3SO3 catholytes, with
magnifications in panel insets showing steady-state cycles. (e,f) Time evolution of the
lithium/interface resistance of symmetrical Li/Li cells using () DEGDME-Li,Sg—1m LiNOz—1m
LITFSI and (f) DEGDME-Li;Sg—1m LiNOs-1m LiCF3SO; catholytes, and corresponding
electrochemical impedance spectroscopy (EIS) Nyquist plots in panel insets. Frequency range: 100
kHz — 100 mHz. Signal amplitude: 10 mV.
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Panels e and f of Figure 3 report the lithium/catholyte solution interphase resistance trend
upon aging of symmetrical Li/Li cells, with the related Nyquist plot in inset, for DEGDME-Li,Sg—
1m LiNOs—1m LiTFSI and DEGDME-Li,Sg—1m LiNOs—1m LiCF3;SOs, respectively. The Nyquist
plots generally reveal an impedance response characterized by high-middle frequency semicircles
due to the interphase resistance and a low frequency finite-length Warburg element accounting for
Li* diffusion phenomena related to non-blocking interphases [62-64]. Figure 3e shows that the
Li/DEGDME-Li,Sg—1m LiNOs—1m LiTFSI resistance varies within the 600 — 900 Q range due to
recurring SEI dissolution and formation [30], thus reaching a steady state. On the other hand, the
LI/DEGDME-Li,Sg—1m LiNO3s—1m LiCF3SO; interphase has a resistance of about 800 Q after 1
day of aging, which increases to about 1200 Q after 3 days and to about 1600 Q after 8 days (Figure
3f). Subsequently, the interphase resistance fluctuates between 1400 and 1600 €, in agreement with
the periodic SEI dissolution and formation as observed also for the DEGDME-Li,Sg—1m LiNOs—
1m LiTFSI solution (compare panels f and e of Figure 3) [30].

Voltammetry and EIS measurements have been carried to investigate the electrochemical
stability window of the solutions, the redox processes occurring in lithium cell as well as the cell
impedance evolution upon cycling (Figure 4). The voltage stability window has been determined by
LSV and CV experiments on Li/catholyte/C cells in the anodic and cathodic regions, respectively.
The LSV of DEGDME-Li;Sg-1m LiNOs—1m LiTFSI (dashed curve in Figure 4a), shows two
anodic peaks at 2.4 and 2.5 V related to the reversible catholyte oxidation [9], and the electrolyte
decomposition starting at about 4.2 V [28]. The first cathodic CV scan (solid curve in Figure 4 a)
reveals the catholyte reduction at about 1.9 and 1.8 V [9], as well as the cathodic electrolyte
decomposition at about 1.2 V leading to the SEI formation over the electrodes, while the subsequent
cycles within 0.01 and 1.2 V are characterized by overlapped curves indicating steady and
reversible Li* insertion into the carbon working electrode [15]. The DEGDME-Li;Sg—1m-—
LiNO31m LiCF3SOs solution exhibits a similar voltammetry response, as shown in Figure 4b. Thus,

the anodic LSV (dashed curve in Figure 4b) indicates decompositions reactions starting at about 4.2
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V, besides reversible catholyte oxidation at 2.4 and 2.5 V, while the CV (solid curve in Figure 4b)
reveals catholyte reduction at 1.9 and 1.6 V [9], SEI formation at 1.2 V, and reversible Li* insertion
into the carbon working electrode between 0.01 and 1.2 V [15]. Therefore, both the DEGDME-
Li;Sg—1m LiNOs—1m LIiTFSI and the DEGDME-Li;Sg—1m LiNOs;—1m LiCF3SO; catholyte
solutions have an electrochemical stability window from 1.2 to 4.2 V. However, the formation of a
stable SEI below 1.2 V leads to a practical voltage window extended down to 0 V, considered
suitable for the semi-liquid Li-S cell operation at about 2 V. Panels ¢ and d of Figure 4 show the CV
curves within 1.8 and 2.8 V for the two solutions. Figure 4c reveals reversible electrochemical
processes which are stable upon cycling, as suggested by overlapping profiles typical of the Li-S
conversion reaction [29]. In particular, DEGDME-Li;Sg—1m LiNOsz—1m LiTFSI exhibits two
reduction peaks at about 2.4 and 2 V corresponding to the long-chain (Li,Se, Li,Sg) and the short-
chain (Li,Sy, 2 < x <4) sulfide species, which are reversed into two oxidation peaks at 2.3 and 2.5 V
related to the stepwise catholyte conversion with Li deposition at the anode side and concomitant Sg
formation [42,65]. Furthermore, possible formation of insoluble Li,S upon reduction scan below 2
V cannot be excluded [9]. EIS measurements performed during the CV experiment (Figure 4e)
reveal a favorable activation process occurring upon cell operation [66,67], which leads to a
remarkable cell impedance decrease. Indeed, the Nyquist plot of Figure 4e indicates an
electrode/electrolyte interphase resistance at the open circuit voltage (OCV) of about 30 Q, as
revealed by the width of the high-middle frequency semicircle, and a low-frequency Li* diffusion
response [62—64]. The interphase resistance drops to values as low as about 3 Q after 5 and 10
cycles, as displayed by magnification in Figure 4e inset, most likely due to an already observed
gradual wetting, as well as to progressive surface modification, of the carbon electrode by the
catholyte solution, leading to improved reaction kinetics by cycling [66,67]. DEGDME—-Li,Sg—1m
LiINOs—1m LiCF3SO3 shows a CV reported in Figure 4d revealing the reversible Li-S conversion
between 1.8 and 2.8 V mostly occurring through overlapping profiles, except for the 1% and 6"

cycles which show a different trend with respect to the other cycles likely due the above mentioned
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activation phenomena [66,67]. Thus, the long-chain (Li,Sg, Li»Sg) and short-chain (LiSy, 2 < x < 4)
polysulfide formation reactions occur at 2.4 and 1.9 V upon discharge, along with possible Li,S
precipitation at about 1.8 V, while the reversed oxidation leads to CV peaks at 2.4 and 2.5 V
[42,65]. This activation process is further shown in Figure 4f, which reports the Nyquist plot of the
LI/DEGDME-Li;Sg—1m LiNOs—1m LiCF3SO3/C cell throughout the CV measurement.
Accordingly, the cell has initial electrode/electrolyte interphase resistance of about 100 Q,
decreasing to about 15 Q after 5 and 10 cycles. Despite the DEGDME—-Li,Sg—1m LINO3;—1m
LiCF3;SO; catholyte exhibits higher interphase resistance than the DEGDME—-Li,Sg—1m LINO3s—1m
LiTFSI one, the observed values, which are comparable with the literature on high performance Li-
S cells [15,29,67], indicate fast electrode kinetics for both solutions.

The results shown in Figure 3 c-f suggest that LiTFSI ensures an enhanced SEI layer over
the lithium metal with respect to LiCF3SOs, under both static and dynamic conditions. Accordingly,
the Li/Li cells using DEGDME-Li;Sg—1m LINOs—1m LIiTFSI exhibit lower, more stable SEI
resistance (see panels ¢ and d of Figure 3), reflected into a lower polarization upon prolonged
cycling (see panels e and f of Figure 3) than the ones using DEGDME-Li;Sg—1m LINO3;—1m
LiCF3SO3. Furthermore, Figure 4e-f indicates larger resistance at the electrode/electrolyte
interphase for the Li/catholyte/C cell employing LiCF3SOj; as the electrolyte salt. It is worth noting
that the impedance measurements of panel e and f of Figure 4 have been performed on two-
electrode cells, thereby comprising the contribution of both the anode and the cathode sides. Based
on the above mentioned results for the lithium symmetrical cells, we reasonably expect that the
higher SEI resistance at the lithium side due to the presence of LiCF3SO3; may contribute to the
larger electrode/electrolyte interphase resistance values in Li/C cell compared to LiTFSI. This
speculation is in agreement with previous results demonstrating the significant effect of the anion
nature on the evolution and transformation of the SEI over lithium metal in polysulfide-containing
electrolytes for lithium-sulfur batteries [68,69]. However, we cannot exclude a further effect on the

electrode/electrolyte interphase resistance at the cathode side, since the anion nature might
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influence the electrolyte decomposition product at high voltage. Furthermore, it is worth mentioning
that both Li/catholyte/C cells of Figure 4e-f exhibit after cycling low interphase resistance values
with same order of magnitude, which may be slightly affected by cell assembling, electrode
morphology, and cycling conditions.

Further CV experiments within the restricted voltage range from 2.1 to 2.8 V have been
carried out to evaluate the reversibility of the electrochemical process due to Li,Sg, Li>Sglong chain
polysulfides and Sg, occurring in Figure 4c-d through current peaks at about 2.4 and 2.5 V upon
discharge and charge, respectively. The related profiles are shown in Figure S5 of the
Supplementary material. Both DEGDME-Li,Sg—1m LiNO3s—1m LiTFSI and DEGDME—Li,Sg—1m
LINOs—1m LiCF3SO; exhibit remarkably overlapping profiles upon 9 cycles with reversible
reduction and oxidation peaks in agreement with Figure 4c-d, as well as cell polarization as low as
0.1 V. This trend suggests a further advantage of the catholyte solutions herein investigated, i.e., a
power reservoir associated with the electrochemical reaction of the long-chain polysulfides at about
2.4 and 2.5 V [38]. Therefore, the cell configurations herein studied might be suitable for
application in specific fields requiring this particular characteristic, such as the electric vehicles
[38].

In summary, CV and EIS reveal and steady electrochemical Li-S conversion processes
centered at about 2.4 and 2 V upon reduction, and at about 2.4 V upon oxidation, which occur
through fast charge transfer at C electrode/catholyte solution interphase. Our results indicate highly
reversible catholyte operation promoted by a cell activation, which remarkably compare previous
data obtained on advanced solid sulfur-carbon composite cathodes [15,66]. Moreover, the cell
configuration studied herein does not require any fine engineering of cathode and separator, as
previously mentioned. Therefore, we believe that the semiliquid cell might be an advantageous
strategy to develop Li-S cell without relevant drawbacks in terms of electrochemical behavior with
respect to conventional configuration, although suitable performance has been demonstrated only at

research level so far.
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Figure 4. (a,b) Cyclic voltammetry (CV) profiles during cathodic scans and linear sweep
voltammetry (LSV) profiles during anodic scan of lithium cells using carbon working electrode
(indicated by C in the cell’s schemes) with (a) DEGDME-Li,Sg—1m LiNOs—1m LiTFSI and (b)
DEGDME-Li,Sg—1m LiINOs—1m LiCF3SOg3 catholytes. (c,d) Cyclic voltammetry (CV) profiles of
(c) Li/DEGDME-Li3;Sg-1m LiNOz—1m LIiTFSI/C and (d) Li/DEGDME-Li,Sg—1m LiNOs—1m
LICF3SO3/C cells within 2.8 V and 1.8 V range. (e,f) Nyquist plots of the electrochemical
impedance spectroscopy (EIS) during CV tests of (e) L/ DEGDME-Li,Sg—1m LINOz—1m LiTFSI/C
and (f) LI/DEGDME-Li;Sg—1m LiNO3;—1m LiCF3;SO3/C cells within 1.8 V and 2.8 V range at the
OCV, after 5 and 10 cycles with magnification in insets. Scan rate: 0.1 mV s *. Frequency range:
100 kHz — 100 mHz. Signal amplitude: 10 mV.
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Nevertheless, an intrinsic gap between fundamental research and practical applications in terms of
cell assembling, electrode and electrolyte loading, energy density, performance upon prolonged
lithium plating/stripping, and scaling-up may actually raise the issue of large-scale lithium-sulfur
cell implementation [7]. Accordingly, further efforts by both academia and industries are certainly
required.

The cycling response of the two Li/catholyte/C cells have been herein further evaluated by
performing galvanostatic measurements at several current rates. Figure 5 shows the results of a rate
capability test of the cells in terms of voltage profiles (panels a, b) and cycling behavior (panels c,
d). Both LI/DEGDME-Li;Sg—1m LiINOs—1m LIiTFSI/C and Li/DEGDME-Li;Sg—1m LINO3;—1m
LiCF3SO3/C cells show the typical voltage curves centered at about 2.2 V, associated with the
reversible Li-S conversion [9] with the expected increasing polarization as the C-rate raises. It is
worth mentioning that the discharge cutoff of the test has been lowered from 1.9 to 1.7 V for the
cycles performed at current rates higher than C/3 in order to allow the reduction to short-chain
polysulfides by mitigating the effect of increasing polarization. In agreement with CV, the cells
exhibit two discharge plateaus at about 2.4 and 2.1 V, reflected upon charge into plateaus at 2.5 and
2.2 V. The LI/DEGDME-Li;Sg—1m LINO3—1m LiCF3SO3/C cell shows higher rate performances
than the LI/DEGDME-Li,Sg—1m LiNO3s—1m LiTFSI/C one in terms of both reversible capacity and
polarization at high current (compare panels a and ¢ with panels b and d in Figure 5). In particular,
the LI/DEGDME-Li;Sg—1m LINO3;—1m LiCF3SOs3/C cell delivers higher reversible capacity than
the LI/DEGDME-Li,Sg—1m LiNOsz—1m LIiTFSI/C one in the current range from C/10 to C/5, i.e.,
1160, 1125, and 1050 mAh gs * for the former and 1050, 1030, and 1000 mAh gs * for the latter,
while both catholytes ensure reversible capacity of about 900 mAh gs * at C/3 and C/2 (1C = 1675
mA gs %). Furthermore, the performance of the Li/DEGDME-Li,Sg-1m LiNOz—1m LiCF3SO3/C
cell exceeds the one of LI/DEGDME-Li,Sg—1m LiNOs—1m LiTFSI/C cell at current rates as high as
1C and 2C. Thus, the reversible capacity at 1C and 2C decreases to 740 and 300 mAh gs * for the

Li/DEGDME-Li,Sg—1m LiNOs—1m LiCF3S0s/C cell, and to 115 and 80 mAh gs * for the

22



©CO~NOOOTA~AWNPE

Li/DEGDME-Li,Sg—1m LINOs;—1m LIiTFSI/C one, respectively, while both cells remarkably
recover the initial capacity as the current is decreased to C/10 at the 71% cycle. However, EIS of
Figure 4e-f suggests minor difference in terms of electrode/electrolyte interphase resistance
between the two cell configurations herein studied, as well as fast electrode charge transfer, after an
electrochemical activation likely attributed to already observed gradual wetting and progressive
surface modification of the carbon electrode by the catholyte solution [66,67]. Despite the initial
interphase resistance is significantly lower when using LITFSI rather than LiCF3;SOs, i.e. 30
compared to 100 Q, respectively, both resistances drop to comparable values as low as 3 and 15 Q
after 10 voltammetry cycles (see Figure 4e-f). We reasonably attribute the poor performance above
1C of the LI/DEGDME-Li,Sg—1m LiNOs—1m LiTFSI/C cell to high overvoltage of the processes
occurring at the second plateau. In particular, this processes are expected at lower voltage than the
discharge cutoff herein used. In operando X-ray Absorption Spectroscopy (XAS) measurements on
Li-S cells employing ether-based electrolytes revealed that sulfur conversion and formation of
polysulfides mostly occur during the high voltage plateau, while the low voltage plateau is typically
characterized by the presence of polysulfides, Li,S and low amount of sulfur [70]. In this respect, it
is worth noting that we decreased the discharge cutoff of the test from 1.9 to 1.7 V for the cycles
performed at current rates higher than C/3 in order to allow sulfur reduction to short-chain
polysulfides and Li,S, mitigate the effect of increasing polarization and by avoid at the same time
detrimental nitrate reduction [71].

We have performed herein further EIS measurements on cells studied at various c-rates
(from C/10 to 2C) in order to further shed light on the different electrochemical response. EIS
measurements have been performed during cycling at various current rates ranging from C/10 to
2C, namely at the OCV, after 1 cycle at C/10 (1C = 1675 mA gs ') and after the cycling
measurement (see the Experimental section for further details). The related Nyquist plots, reported
in Figure S7 of the Supplementary material, evidence interphase resistance decreasing from about

75 and 62 Q at the OCV to values as low as 14 and 7 Q after 1 cycle at C/10, and 6 and 3 Q at the
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end of the cycling measurement for DEGDME—Li,Sg—1m LINOs;—1m LiTFSI and DEGDME-
Li,Sg—1m LINOz—1m LiCF3SOg, respectively. As already mentioned, we cannot exclude possible
effects of cell assembling, electrode morphology, and cycling conditions in determining minor
changes of the electrode/electrolyte interphase resistance, thereby considering comparable the EIS
response of the cells. Both systems show a significant impedance decrease after cycling due to the
already described activation process [66,67]. Accordingly, we may attribute the significantly
different response at high current, as well as the observed difference in terms of capacity at the
various rates, to the lithium transference numbers of the two catholytes (i.e., 0.60 for DEGDME-
Li;Sg—1m LiNOs—1m LIiTFSI and 0.79 for DEGDME-1m LiNOs;—1m LiCF3SO3), which
significantly affect cell impedance and polarization [28].

The cells have been also galvanostatically cycled at rate fixed to C/3 for 120 cycles. Figure
5e-f and Figure S6 in the Supplementary material report the related cycling behavior and voltage
profiles, respectively. The two cells deliver a maximum specific capacity above 800 mAh gs %,
which is reflected into areal capacity of about 2.3 mAh cm™?, referred to the geometric surface of
the carbon electrode, with slightly higher value for the cell using the DEGDME-Li,Sg—1m LIiNOs—
1m LiCF3SOs; catholyte, likely due to the above mentioned effect of the higher lithium transference
number with respect to the cell using the DEGDME-Li,Sg—1m LiNOz—1m LIiTFSI catholyte [28].
The cells exhibit very stable cycling behavior, a Coulombic efficiency above 99.5% after the first
cycle (Figure 5e, f), and relatively low polarization [9] (Figure S6). Moreover, the LI/DEGDME-
Li»Sg—1m LiNO3z—1m LiTFSI/C cell undergoes the above discussed activation process upon the first
10 cycles, in agreement with the EIS results of Figure 4 [66,67]. Although the observed capacity
values may be lower than those reported for Li-S cells using a solid configuration sulfur electrode
[9], the semi-liquid configuration benefits from various advantages including easy cell assembling,
simple electrode and separator engineering to ensure suitable cycling behavior, and high stability of

the electrode/catholyte interphase [14].
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Figure 5. (a,b) Galvanostatic voltage profile at C/10, C/8, C/5, C/3, C/2, 1C and 2C rates (1C =
1675 mA gs %) of (a) Li/DEGDME-Li;Sg—1m LiNOs—1m LiTFSI/C and (b) Li/DEGDME-Li,Sg—
Im LINOs—1m LiCF3;SO3/C cells, and (c,d) corresponding cycling trends, respectively. Voltage
range of 1.9 V — 2.8 V from C/10 to C/3, and of 1.7 V — 2.8 V from C/2 to 2C. (e,f) Galvanostatic
cycling trend and corresponding Coulombic efficiency (left y-axis) of (e) L/DEGDME-Li,Sg—1m
LiNO3s—1m LiTFSI/C and (f) LI/DEGDME-Li,Sg—1m LiNOs-1m LiCF3SO3/C cells at C/3 rate (1C
= 1675 mA gs ) within 1.8 V — 2.8 V range.

25



©CO~NOOOTA~AWNPE

In order to further highlight the practical interest of the battery herein proposed we
attempted to additionally enhance the areal capacity by doubling the catholyte volume to increase
the sulfur loading in the cells from 4.4 and 4.2 mg to 8.9 and 8.4 mg for DEGDME-Li,Sg—1m
LINOs—1m LIiTFSI and DEGDME-Li;Sg—1m LiNOs—1m LIiCF3SOs, respectively. Preliminary
cycling, performed at a current rate of C/20 (1C = 1675 mA gs ') using 2032-coin cells and shown
in Figure S8 of the Supplementary material, reveal areal-capacity approaching 4 mAh cm? referred
to the geometric surface of the carbon electrode, i.e., a value even higher than that of high-
performance Li-ion batteries [4], with negligible cell polarization increase. On the other hand, the
cells using 4.4 and 4.2 mg for DEGDME-Li,Sg—1m LiNO3s—1m LiTFSI and DEGDME-Li;Sg—1m
LiINO3s—1m LiCF3SOs3, respectively, deliver a maximum areal capacity at C/10 rate of about 3 mAh
cm 2. Despite the high-loading cells are actually characterized by a higher areal capacity compared
to the low-loading ones, they have a smaller practical gravimetric energy density owing to lower
sulfur utilization and higher electrolyte content, and require a C-rate low enough to ensure suitable ¢
values. A further possible drawback is the higher electrolyte volume of high-loading cells compared
to low-loading ones, which is expected to hinder pouch and winding-type cells assembling. Indeed,
the latter configurations are typically characterized by a smaller “dead” volume which may limit the
electrolyte content as well as the tolerate contraction/expansion associated with the conversion
reaction [13]. Accordingly, further studies aiming to set up the optimal electrolyte amount are

certainly required.

Conclusions

Catholyte-type lithium sulfur battery based on a dissolved polysulfide active material was
investigated as a viable energy storage system. Li,Sg was chemically synthetized in DEGDME
solvent and added by either LiTFSI or LICF3SO3, as well as by LiNO; film forming additive,
leading to nominal polysulfide concentration of 5 wt.%. X-ray photoelectron spectroscopy revealed

the chemical bonds characteristics of the catholyte species, and suggested Li,Sg as the main
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polysulfide component, along with possible minor amount of Li,Sg and Li,S,4. The solutions were
stable up to evaporation, which started at about 70-80 °C, and exhibited a main weight loss at about
157 and 150 °C when LITFSI and LiCF;SO3; were used, respectively. The electrochemical
characterization, performed through electrochemical impedance spectroscopy, chronoamperometry,
voltammetry and galvanostatic cycling, evidenced high conductivity, fast Li* transport, suitable
lithium passivation properties, wide electrochemical stability window, and low cell polarization.
Relevantly, the catholyte using LiTFSI revealed a higher conductivity while lower lithium
transference number with respect to the one using the LiCF3SOs, that is, 3x10° S cm ™ and 0.6 with
respect to 2x10% S cm™ and 0.79 at room temperature, respectively. Reversible Li-S conversion
occurred at about 2.4 and 2 V upon reduction, and at about 2.4 V upon oxidation, thereby leading to
flat voltage profiles centered at about 2.2 V. Hence, the LI/DEGDME-Li;Sg—1m LINOsz—1m
LiTFSI/C cell delivered a maximum reversible capacity of about 1050 mAh gs * at C/10 (1C =
1675 mA gs '), while the Li/DEGDME-Li;Sg-1m LiNOs—1m LiCF3SOs/C one revealed a capacity
approaching 1160 mAh gs* at the same current, and a better performance at the elevated currents
(1C and 2C), as ascribed the high lithium transference number. Both cells deliver nearly 800 mAh
gs * with Coulombic efficiency above 99.5% during 120 galvanostatic cycles at C/3 rate, and
exhibited a maximum areal capacity of about 4 mAh cm 2. Therefore, the cells can theoretically
store maximum energy densities ranging from 2200 to 2440 Wh kgs *, respectively, which might be

reflected into high practical energy.
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Supplementary material

Photographs of DEGDME-Li,Sg—1m LiNOz-1m LiTFSI and DEGDME-Li;Sg—1m LIiNO3z-1m
LiCF3;SO;3 catholytes (Fig. S1). Analyses of O 1s, C 1s, F 1s, N 1s, and Li 1s XPS signals of
DEGDME-LiSg—1m LiNOz—1m LiTFSI (Fig. S2) and DEGDME-Li,Sg—1m LiNO3s—1m LiCF3SO3
(Fig. S3) catholytes. Percent atomic composition of catholytes using LiTFSI and LiCF3SOj; salts as
determined by XPS (Table S1). Chronoamperometric curves and EIS Nyquist plots before and after
cell polarization used for the determination of Li transference number of DEGDME-Li;Sg—1m
LINOs-1m LiTFSI and DEGDME-1m LiNOs-Li,Sg—1m LiCF3SO;3 catholytes (Fig. S4). Steady
state CV profiles of LI/DEGDME-Li;Sg—1m LiNOs—-1m LiTFSI/C and LI/DEGDME-1m LiNO3z—
Li»Sg—1m LiCF3SO3/C cells within 2.8 V — 2.1 V (Fig. S5). Galvanostatic cycling voltage profile of
Li/DEGDME-Li;Sg—1m LiNOz-1m LiTFSI/C and Li/DEGDME-Li,Sg—1m LiNOz-1m
LiICF3SO3/C cells at C/3 rate within 1.8 V — 2.8 V (Fig. S6). Nyquist plots of electrochemical
impedance spectroscopy (EIS) during cycling tests at C/10, C/8, C/5, C/3, C/2, 1C and 2C rates (1C
= 1675 mA gs ) of Li/DEGDME-Li;Sg-1m LiNOs—1m LiTFSI/C and Li/DEGDME-Li;Sg—1m
LiINOz—1m LIiCF3;SO3/C cells (Fig. S7). Galvanostatic cycling trend of LI/DEGDME-Li,Sg—1m
LiINOz—1m LIiTFSI/C and Li/DEGDME-Li;Sg—1m LINOs—1m LiCF3SO3/C cells with catholyte
volume increased from 80 pl to 160 pl, and corresponding steady-state voltage profiles at C/20 rate

within 1.8 VV — 2.8V (Fig. S8).
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Figure captions

Figure 1. X-ray photoelectron spectra of (a,c) DEGDME-Li,Sg—1m LiNO3s—1m LIiTFSI and (b,d)
DEGDME-Li,;Sg—1m LiNO3—1m LiCF3;SO3 catholytes. (a,b) Survey spectra and (c,d) deconvoluted

S 2p core level spectra.

Figure 2. Termogravimetric analysis (TGA), corresponding differential curve (DTG), and
differential scanning calorimetry (DSC) curves of (a) DEGDME-Li,Sg—1m LiNO3s—1m LiTFSI and

(b) DEGDME-Li,Sg—1m LiNO3z—1m LiCF3SO3 samples.

Figure 3. (a,b) lonic conductivity versus temperature of (a) DEGDME-Li,Sg—1m LiNOz-1m
LiTFSI and (b) DEGDME-Li,;Sg—1m LiNOz-1m LiCF3;SO;3 catholytes. (c,d) Lithium stripping-
deposition galvanostatic test performed at 0.1 mA c¢cm 2 and 1 hour step-time of (c) DEGDME—
LioSg—1m LiNOs-1m LiTFSI and (d) DEGDME-Li,Sg—1m LiNOs—1m LiCF3SO; catholytes, with
magnifications in panel insets showing steady-state cycles. (e,f) Time evolution of the
lithium/interface resistance of symmetrical Li/Li cells using (¢) DEGDME-Li;Sg—1m LINO3z-1m
LITFSI and (f) DEGDME-Li;Sg—1m LiNOs-1m LiCF3SO3; catholytes, and corresponding
electrochemical impedance spectroscopy (EIS) Nyquist plots in panel insets. Frequency range: 100

kHz — 100 mHz. Signal amplitude: 10 mV.

Figure 4. (a,b) Cyclic voltammetry (CV) profiles during cathodic scans and linear sweep
voltammetry (LSV) profiles during anodic scan of lithium cells using carbon working electrode
(indicated by C in the cell’s schemes) with (a) DEGDME-Li;Sg—1m LiNOs—1m LiTFSI and (b)
DEGDME-Li,Sg—1m LiINOs—1m LiCF3SOg3 catholytes. (c,d) Cyclic voltammetry (CV) profiles of
(c) LI/DEGDME-Li;Sg—1m LINOs—1m LIiTFSI/C and (d) Li/DEGDME-Li;Sg—1m LINOs;—1m
LiCF3SO3/C cells within 2.8 V and 1.8 V range. (e,f) Nyquist plots of the electrochemical
impedance spectroscopy (EIS) during CV tests of (e) LIDEGDME-Li,Sg—1m LINOs—1m LiTFSI/C

and (f) LI/DEGDME-Li;Sg—1m LiNO3;—1m LiCF3;SO3/C cells within 1.8 V and 2.8 V range at the
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OCV, after 5 and 10 cycles with magnification in insets. Scan rate: 0.1 mV s *. Frequency range:

100 kHz — 100 mHz. Signal amplitude: 10 mV.

Figure 5. (a,b) Galvanostatic voltage profile at C/10, C/8, C/5, C/3, C/2, 1C and 2C rates (1C =
1675 mA gs ) of (a) Li/DEGDME-Li,Sg—1m LiNOs—1m LiTFSI/C and (b) Li/DEGDME-Li,Sg—
Im LiINOs-1m LiCF3SO3/C cells, and (c,d) corresponding cycling trends, respectively. Voltage
range of 1.9 V — 2.8 V from C/10 to C/3, and of 1.7 V — 2.8 V from C/2 to 2C. (e,f) Galvanostatic
cycling trend and corresponding Coulombic efficiency (left y-axis) of (e) LI/DEGDME-Li,Sg—1m
LiNO3—1m LIiTFSI/C and (f) LI/DEGDME-Li;Sg—1m LINO3—1m LiCF3SO3/C cells at C/3 rate (1C

= 1675 mA gs ') within 1.8 V — 2.8 V range.
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