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Abstract
We report an electrolyte with low-flammability, based on diethylene glycol dimethyl ether
(DEGDME) dissolving lithium bis-trifluoromethane sulfonimidate (LiTFSI), and lithium nitrate
(LiNO3) for high performances lithium/sulfur battery. Self-diffusion coefficients, conductivity, and
lithium transport number of the electrolyte are obtained by nuclear magnetic resonance and
electrochemical impedance spectroscopy. Interface stability, lithium stripping/deposition ability,
and electrochemical stability window of the electrolyte, are determined by voltammetry and
impedance spectroscopy. The tests suggest conductivity higher than 10-2 S cm-1, lithium transport
number of about 0.5, electrochemical stability extending from 0V to 4.6V, and excellent
compatibility with lithium metal. A composite cathode using sulfur and multi walled carbon
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nanotubes (MWCNTs) is characterized in terms of structure and morphology by X-ray diffraction
and scanning electron microscope. The study shows spherical flakes in which the carbon nanotubes
protect the crystalline sulfur from excessive dissolution, and create the optimal host for allowing the
proper cell operation. The Li/S cell reveals highly reversible process during charge/discharge
cycles, fast kinetic, and lithium diffusion coefficient ranging from 10-12 to 10-10 cm2 s-1. The cell
evidences a coulombic efficiency approaching 100%, capacity from 1300 mAh g-1 to 900 mAh g-1
and practical energy density higher than 400 Wh kg-1.
Introduction
Among the several batteries proposed during the last decades, lithium ion battery is
undoubtedly the most attractive one due to its remarkable energy and power contents [1,2].
Increasing interest on new electrochemical energy storage systems characterized by high
performances has been recently triggered by the rapid spread of portable electronics, and the recent
challenge of hybrid electric (HEVs), plug-in hybrid (PHEVs), and full electric (EVs) vehicles,
suggested for limiting climate changes driven from excessive greenhouse gasses emission by
massive use of fossil fuels [3–5]. Therefore, the emerging needs may be fulfilled by cheap, highly
efficient and energetic batteries, rather than the most widespread lithium ion system in which the
use of the expensive LiCoO2 limits the energy density to about 550 Wh Kg-1 with respect to the
cathode mass and drastically increases the costs [6]. Lithium/sulfur battery, due to limited cost, very
high theoretical capacity (1675 mAh g-1) and energy density (3600 Wh Kg-1), as well as
environmental compatibility, appears one of the most suitable candidate for overcoming the
intrinsic limits of the common batteries [7]. The Li/S electrochemical reaction, i.e., 16Li + S8 ↔
8Li2S [8,9], evolves between 2.4V and 2.1V and leads to phase changes [10] with production of
several polysulfides moieties and radicals [11–13]. Unfortunately, polysulfides dissolve into the
electrolytes during the discharge, shuttle between cathode and anode during charge, and directly
react by electrochemical short circuit with lithium leading to low coulombic efficiency, loss of

cathode mass, and fast capacity decay [14]. Organic carbonate solutions commonly used in the
commercial lithium ion battery particularly suffer from this issue as well as instability against Li
metal, hence a new classes of electrolyte, mainly based on ether bond, such as dioxolane (DOL),
dimethoxyethane (DME), end-capped glymes, and polyethyleneoxide (PEO), appeared valid
alternative for application in Li/S battery [15–17]. DOL/DME mixture containing LiTFSI salt is
presently the most used electrolyte for Li/S battery, due to the high ion conductivity promoted by
the ether bond which actually drives the lithium ion transport [18]. This electrolyte is generally
upgraded by the use of LiNO3 as sacrificial film forming agent to stabilize the lithium/electrolyte
interface [19–21], while further improvements of the cell performances may be obtained by the
employment of alternative separators added to carbon to physically trap the polysulfides on the
cathode side [22–24], or by metal oxides to chemically retain the polysulfides on electroactive sites
of the cathode surface [25–27]. Many efforts have been devoted to develop composite cathodes
combining sulfur and functional carbons, such as nano-sphere [28], carbon nanosheets[29],
nanotubes [30], and mesoporous carbons [31], suitable for efficiently hosting sulfur and strongly
adsorbing polysulfides during cycles. However, the most successful approaches involved very
volatile and flammable DOL-DME-based electrolyte [32], or very safe but poorly conductive
viscous glyme-based ones [33–35], as well as highly engineered and not particularly cost effective
sulfur cathodes [36], which have led to poorly scalable Li/S cell. A comparative study focused on
the determination of the most suitable thermal, transport and electrochemical characteristics of
various ether-based electrolytes differing by chain length, using the lithium triflate (LiCF3SO3) salt,
suggested the DEGDME glyme-based electrolyte as promising material for application in lithium
cell [17]. The study reported a proof of concept Li/S battery using a ball milled S-C composite
which was preliminarily studied during 25 cycles at low current rate (C/20 = 83.75 mA g-1).
Therefore, we study in this work a new electrolyte based on DEGDME solvent, LiTFSI salt, and
LiNO3 additive, advantageously combining the high safety level of the glyme, and a high
conductivity expected by the low viscosity and the high solvating ability of the short-chain

DEGDME. The solution is investigated by a relevant detail, suitably combining NMR and
electrochemistry at various temperatures, and adopted as the electrolyte media in a high
performances Li/S cell in combination with a S-MWCNTs composite prepared by melting
commercial sulfur and MWCNTs, and cast on a carbon cloth with increasing loadings. The sulfur
electrode is fully studied, and the kinetic aspects of its electrochemical process in lithium cell are
originally clarified by adopting the Randles-Sevcik equation during cycling voltammetry. The
improved characteristics of the electrode/electrolyte configuration here reported lead to substantial
increase of the cell cycle life (to over 120 cycles), the rate capability and the energy density. The
high safety content and significant performances of the Li/S battery configuration studied in this
work may actually promote a sustainable scaling-up of an efficient high energy storage system.
Experimental
Materials. Diethylene glycol dimethyl ether (CH3OCH2CH2)2O (Sigma-Aldrich), denoted hereafter
by DEGDME, was dried before use with molecular sieves (5 Å) until the water content was below
10
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trifluoromethanesulfonimidate (CF3SO2NLiSO2CF3, LiTFSI) and lithium nitrate (LiNO3), from
Sigma-Aldrich, were separately dried under vacuum overnight at 80 °C. All the samples were
subsequently handled in argon filled glove box, with oxygen and moisture content lower than 1
ppm. LiTFSI was dissolved in DEGDME by a salt to solvent ratio of 1 mol kg-1 to obtain the
electrolyte (indicated by DEGDME-LiTFSI). The electrolyte for battery application (DEGDMELiTFSI-LiNO3) was prepared by dissolving LiNO3 (film forming sacrificial additive with salt to
solvent ratio of 1 mol kg-1) and LiTFSI (ions conductor with salt to solvent ratio 1 mol kg-1) in
DEGDME. The S-carbon powder was prepared by melting elemental sulfur (Sigma-Aldrich) at
135°C and mixing with multi-walled carbon nanotubes MWCNTs (from Sigma-Aldrich) by a 60:40
S to C weight ratio. The sample was stirred 3 hours under heating at 135°C in order to obtain a
homogeneous mixture, cooled down to room temperature and refined by mortar. The electrode

slurry was prepared by mixing the S-MWCNTs-S powder, Super P Carbon conductive additive
(Timcal) and polyvinylidene difluoride binder (PVdF; Solvay Solef) binder in 80:10:10 weight
ratio, using N-methylpyrrolidone (NMP) as solvent. The slurry was cast onto carbon cloth support
(GDL ELAT) by the Doctor Blade method with a wet thickness varying from 300 µm to 600 µm, in
order to obtain various sulfur loadings. The electrode foils were punched into 10 mm and 16 mm
disks, dried for 48 hours at 60°C under vacuum before assembling the cell in the argon filled
glovebox with oxygen and water content lower than 1 ppm. The sulfur loading of the final
electrodes was 2, 2.5, 3 and 4 mg cm-2.
Electrolyte Characterization. The self-diffusion coefficient of the 1H,
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F, and 7Li nuclei in the

DEGDME-LiTFSI electrolyte were measured by a Bruker 400 Advance III NMR spectrometer
within screw-cap gastight NMR tubes in order to overcome possible evaporation along the
temperature scan from 20°C to 70°C. The data were collected every 10 °C for each nucleus using a
double-stimulated echo sequence with pulse field gradients (PFG) to suppress convection. The
gradient pulse strength was increased linearly in 32 steps from 1 to 45 G cm -1, the gradient pulse
duration (δ) was of 1.4 − 4 ms with a diffusion delay (Δ) of 200 − 400 ms. Eddy current effects
were avoided by using a longitudinal eddy-current delay (LED) of 5 ms.
The self-diffusion coefficients were calculated by eq. 1:

(1)
where I is the signal integral, D is the self-diffusion coefficient, γ is the gyromagnetic ratio of the
studied nucleus, g is the gradient pulse strength, δ is the gradient pulse duration and Δ is the
diffusion delay. The error on the self-diffusion coefficient is about 3-5% [37].
The lithium transport (t+) number was calculated from the self-diffusion coefficient by eq. 2:
(2)

where DLi is the self-diffusion coefficient of lithium, and DLiTFSI is the self-diffusion coefficient of
the TFSI anion [ N(SO2CF3)2¯].
Ion conductivity was calculated from the self-diffusion coefficients by the Nernst-Einstein equation
(eq. 3):
(3)
where δNMR is the conductivity determined by the NMR, F is the Faraday constant (96485 C), [C] is
the concentration of the salt in the electrolyte (mol cm-3), R is the ideal-gas constant (8.314472 J
K−1 mol−1), T is the temperature (K), DLi and DLiTFSI are the corresponding self-diffusion
coefficients.
Ion conductivity was also measured by electrochemical impedance spectroscopy (EIS) using a
VersaSTAT MC Princeton Applied Research-AMETEK potentiostat. A symmetrical stainless steel/
stainless steel 2032 coin-cell with a Teflon ring separator was used to ensure a fixed cell constant
during the measurements. The data were collected every 10°C by heating and cooling the cell
within 40°C - 80°C temperature range using a signal amplitude of 10 mV and in a 0.1 Hz-0.5 MHz
frequency range. The conductivity values determined by NMR (δNMR) and measured by EIS (δEIS)
were used to obtain the ion association degree (α) of the LiTFSI salt by the eq. 4:
(4)
Lithium/stripping deposition test was carried out in a symmetrical lithium/lithium 2032-coin
cell using a current of 0.1 mA cm-2 with a step time of 1 hour at 23 °C, the test was performed by a
MACCOR 4000 series Battery Test System. The electrochemical anodic stability widow was
evaluated by linear sweep voltammetry (LSV) using a VersaSTAT MC Princeton Applied
Research-AMETEK potentiostat, with scan rate of 0.1 mV s-1 within OCV and 5V vs Li/Li+ with a
three electrode Swagelok T-cell equipped with lithium metal reference and counter electrodes, and a
Super P carbon coated on carbon cloth working electrode. The same cell configuration and

instrument were used to study the cathodic electrochemical stability of the electrolytes by cyclic
voltammetry (CV). The CV was performed with a scan rate of 0.1 mV s-1 in a 0 - 2 V vs Li/Li+
potential range. The lithium/electrolyte interface chemical stability was evaluated by
electrochemical impedance spectroscopy in a symmetrical lithium/lithium 2032-coin cell, acquiring
with a VersaSTAT MC Princeton Applied Research-AMETEK the impedance spectra every day,
using 10 mV signal amplitude in a 0.1 Hz - 0.5 MHz frequency range. The impedance spectra were
analyzed by non-linear least squares fit (NLLSQ) using a Boukamp software [38,39]. Only fitting
results with a chi-square (χ2) lower than 10-4 were accepted. Flammability tests was performed on
the DEGDME-LiTFSI-LiNO3 electrolyte by direct ignition of the solution in standard room
environment.
S-MWCNTs electrode characterization. A Bruker instrument x-ray diffractometer equipped with a
Cu Kα source and a graphite monochromator in the 2θ/θ scanning mode was used to evaluate the
structure of the sulfur-carbon electrode. The morphology of the sample was studied by a scanning
electron microscopy (SEM, Zeiss EVO 40) with a thermionic electron gun equipped with LaB6
crystal and by energy dispersive x-ray spectrometry (SEM-EDX) by a X-ACT Cambridge
Instruments analyzer.
The Li/DEGDME-LiTFSI-LiNO3/S-MWCNTs cell. Cyclic voltammetry of S-MWCNTs working
electrode with a sulfur loading of 3 mg cm-2 was performed in a three-electrode cell with lithium
metal as reference and counter electrode using the DEGDME-LiTFSI-LiNO3 as the electrolyte. The
test was performed with a scan rate of 0.1mV s-1 in a 1.8 V - 2.8 V potential range. A second cyclic
voltammetry test in the above reported potential range was carried using the same cell configuration
at various scan rates (i.e., 0.1, 0.2, 0.3, 0.4 and 0.5 mV s-1) in order to evaluate the Li+ diffusion
coefficients (D) within the cathode material by the Randles-Sevcik equation (Eq. 5) [40,41]:
(5)

where Ip is the peak current value (A), z is the number of exchanged electrons for the taken peak, F
is the Faraday constant (96485 C mol-1), A is the electrode geometric area (cm2), C is the Li+
concentration in the active material (mol cm-3), ν is the scan rate (V s-1), R is the gas constant (J K-1
mol-1), and T is the used temperature (K). The CV tests were performed at 23°C by a VersaSTAT
MC Princeton Applied Research-AMETEK potentiostat.
Galvanostatic cycling tests of the electrodes with various sulfur loadings (2 mg, 2.5, 3 and 4
mg cm-2) were carried out at the current rate of C/3, while the electrode with a sulfur mass loading
of 4 mg cm-2 required a current of C/8 for significant cycling (1C = 1675 mAhg-1), in a 1.9V – 2.8V
voltage range. A cycling test at various c-rates (i.e., C/10, C/8, C/5, C/3, C/2 and 1C) was
performed using an electrode with 3 mg cm-2 sulfur loading in a 1.9 V – 2.8 V voltage range.
Cycling tests prolonged over 100 cycles were performed at C/3 in a 1.9 V – 2.8 V voltage range and
at 1C in a 1.8 V – 2.8 V voltage range, using an electrode with 3 mg cm-2 sulfur loading. All the
galvanostatic tests were performed by a MACCOR 4000 series Battery Test System using a 3032coin cells (electrode geometric surface 1.54 cm2) filled by 50 μl of the DEGDME-LiTFSI-LiNO3
electrolyte at 23°C. Cells were cycled following 3 hours of rest at the OCV.
Results and discussion
Ions and solvent molecules mobility represents a key factor in determining the electrolyte
characteristics for application in the energy storage devices. A very suitable protocol for
determining such an important parameter has been developed in our previous studies[42–44] by
combining NMR and EIS measurements in a blocking electrode cell, and adopted in this work for
the study of the new LiTFSI-DEGDME electrolyte (Figure 1). It is worth mentioning that LiNO3 is
not considered by this protocol since it is added as a sacrificial film forming agent for passivating
the lithium metal which is consumed by the initial cycling stages and, therefore, excluded from ion
conduction mechanism [45,46]. Figure 1A shows the self-diffusion coefficient of the 1H,
7
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F, and

Li nuclei in the electrolyte, determined between 20°C and 70 °C. All the coefficients increase with

increasing temperature, however the glyme chain shows higher mobility (DH) in the whole range
with respect to the ions nuclei as indeed observed other ether based electrolytes [47], while lithium
and anion (DLi and DF, respectively) show similar mobility. The lithium transport number,
calculated by eq. 2 (experimental section) and reported in Figure 1B reveals a value ranging from
0.47 at 20°C to 0.49 at 70 °C, which is expected to ensure a fast charge transfer at the
electrode/electrolyte interface in lithium battery. It is important to point out that the apparent
transport number value close to 0.5 is at least partly a consequence of ion association, which results
in correlated motion with similar cation and anion diffusion coefficients. However as will be
discussed next, these electrolytes exhibit markedly less ion association than glymes with other salts
[48]. Nonetheless, NMR-determined Li+ transport numbers in electrolytes as disparate as high
molecular weight PEO and liquid carbonates are more typically around 0.2 – 0.3. Notably, the ionic
conductivity in the current system shows a practical value as high as 10-2 S cm-1 as measured by EIS
(δEIS in Figure 1C) which is very suitable for high rate applications. The conductivity observed for
the DEGDME-LiTFSI electrolyte is much higher than that observed for other glyme solutions
reported previously [43], and comparable to DOL/DME-based electrolyte, which is the one
commonly used in lithium-sulfur battery [48]. The apparent conductivity of the electrolyte
calculated by eq. 3 using the NMR self-diffusion coefficients of the ions (δNMR in Figure 1C), may
be combined in eq. 4 with the practical value of the conductivity determined by EIS (δEIS in Figure
1C) for the evaluation of the ion association degree (α) which is reported in Figure 1D (see
experimental section for equations). The figure reveals relatively low ion association for the
DEGDME-LiTFSI electrolyte with respect to solutions based on LiCF3SO3 salt which confirms the
higher dissociation ability of LiTFSI with respect to LiCF3SO3 [43,44,47,49]. This important
characteristic is ascribed to the interaction between salt and solvent which is temperaturedependent: an increasing interaction between solvent molecules and salt ions hinders the ion
association and promotes the free ions in the solution. Indeed, DEGDME-LiTFSI electrolyte shows
the decrease of α from 0.7 at 40°C to 0.45 at 70°C in Figure 1D. This presents a very interesting

contrast with previous studies involving LiCF3SO3 [43,44,47] as the electrolyte salt, in which it was
found that ion association actually increases with increasing temperature due the decreasing
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F and 1H in the DEGDME-LiTFSI electrolyte

(1mol kg-1) determined by PFG NMR. (B) Conductivity Arrhenius plots of the DEGDME-LiTFSI
electrolyte performed using electrochemical impedance spectroscopy (EIS) by heating and cooling
the sample in the temperature range between 40°C and 80 °C in a coin-cell, with signal amplitude
of 10 mV within 500 MHz− 100 Hz frequency range. (C) lithium transport number (t+) calculated
from the self-diffusion coefficient values using equation (2), and (D) ion association degree (α)
determined by equation (3) using the conductivity values determined by EIS (δEIS) and the values
obtained from the self-diffusion coefficient (δNMR) by Nernst Einstein equation (4). See
experimental section for equations.

The addition of LiNO3 to the electrolyte has a crucial role in allowing its use in Li/S cell
since this sacrificial salt chemically reacts and passivates the lithium metal, thus avoiding further
side reactions both with the electrolyte components and with possible dissolved polysulfides [50].
Therefore, we have studied the chemical stability of the interface between DEGDME-LiTFSILiNO3 solution and lithium, as well as the electrochemical stability windows of the electrolyte
(Figure 2). The galvanostatic lithium stripping/deposition in symmetrical cell reported in Figure 2A
reveals an average overvoltage of 0.02 V after 12 days, slightly changing during the initial stages of
the test and finally stabilizing due to chemical formation, partial dissolution and consolidation of a
solid electrolyte interphase (SEI) film [51]. A similar trend is observed over time for the interface
chemical stability detected by impedance spectroscopy in Figure 2B (corresponding Nyquist plots
in inset). The test evidences an initial fluctuation of the resistance from 250 to 700 Ω, and a final
drift to 500 Ω as the SEI is formed and stabilized [52]. The DEGDME-LiTFSI-LiNO3 electrolyte is
further studied by voltammetry, both in the cathodic region (CV in Figure 2C) and in the anodic one
(LSV in Figure 2D). The first CV cycle in Figure 2C exhibits irreversible peaks at 1.5 V and 0.8 V
vs Li+/Li, due to reduction of the electrolyte and electrochemical formation of the SEI, while the
subsequent cycles reveal the reversible lithium insertion/de-insertion into amorphous Super-P
carbon at about 1V and 0.1 V vs Li+/Li, as well as possible lithium deposition/stripping at very low
potentials (i.e., at about 0 V vs Li+/Li) [53], without any further side reaction. The LSV of Figure
2D indicates for the electrolyte an anodic stability extended above 4.6V vs Li+/Li, which is a
suitable range for application in several lithium battery configurations, including the Li/S one which
operates at about 2.1-2.4 V [54].
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Figure 2. (A) Voltage versus time profile of lithium deposition/stripping galvanostatic test
performed by applying a 0.1 mA cm−1 current to symmetrical Li/DEGDME-LiTFSI/Li cell. (B)
Time evolution at 23°C of the lithium/electrolyte interface resistance performed in symmetrical
Li/DEGDME-LiTFSI/Li cell using electrochemical impedance spectroscopy with signal amplitude
of 10 mV within 500 MHz−100 mHz frequency range. (C) Cyclic voltammetry (CV) using
potential limits of 0.01 V - 2 V and (D) linear sweep voltammetry (LSV) of the DEGDME-LiTFSI
electrolyte in a tree electrode cell using a carbon coated on Cu and Al substrate, respectively, as the
working electrode and lithium metal as counter and reference electrode. Scan rate 0.1 mV s -1.
Temperature 23°C.
Beside high conductivity, chemical and electrochemical stability, another suitable
characteristic of the electrolyte, particularly attractive for a safe application in high energy lithium
metal cells, is represented by its low flammability observed in Figure 3 which evidences missing
evolution of fire by a direct ignition (see also Experimental section). Despite the material safety

data sheet (MSDS) of DEGDME solvent indicates possible flammability, we suppose that the high
flash point and the low vapor pressure of this glyme make it lowly flammable when exposed to
direct flame, such as in the test performed in our laboratory. A direct test in battery is certainly
required to fully proof the characteristics of the DEGDME based electrolyte, however the
preliminarily test herein reported suggests its higher safety with respect to the conventional
carbonate based solutions.

Figure 3. Flammability tests performed by direct ignition of a DEGDME LiTFSI LiNO3 electrolyte
sample in standard room environment.
The DEGDME-LiTFSI-LiNO3 electrolyte is subsequently studied in a Li/S cell using a
cathode prepared by melting S and mixing with MWCNTs (see experimental section), i.e., a simple
technique leading to a crystalline material (XRD in Figure 4A) in which the orthorhombic sulfur S8
(PDF # 85-0799) and the hexagonal MWCNTs are intimately mixed. Pristine tubes of carbon (SEM
in Figure 4B) with micrometeric length (4 µm) and nanometric diameter (10-30 nm) surround the
sulfur to form a spherical-shape composite with a size of about 10-25 µm (SEM in Figure 4C).
Indeed, the EDX mapping in Figure 4D indicates that the S-MWCNTs sample is characterized by
the presence of sulfur mainly in the core and MWCNTs in the shell with homogeneous distribution.
This spherical-like, core-shell morphology enables a very important characteristic which may allow
efficient ion and electron conduction into the electrode, hence satisfactory rate capability, in
particular considering the insulating character of sulfur [55]. Furthermore, a homogeneous

distribution of MWCNTs at the particles shell may partially prevent the active material loss caused
by soluble polysulfides formation during the electrochemical process [56]. It is worth mentioning
that the use of a porous carbon cloth (Figure S1 in Supplementary Information) instead of
aluminum as the electrode support represents a viable strategy to efficiently host possible dissolved
species at the cathode/electrolyte interface, avoid their migration through the cell, thus improving
the cell cycling stability. Another relevant characteristic of the material is represented by a
straightforward synthetic pathway which allows easy and low cost preparation, thus leading to the
reduction of the cost of the battery [57].
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Figure 4. (A) X-ray diffraction patterns (XRD) of the S-MWCNTs composite. (B) Scanning
electron microscopy (SEM) image of the pristine MWCNTs powder. (C) SEM image and (D)
corresponding energy dispersive x-ray spectroscopy (EDX) mapping the S-MWCNTs composite.
Carbon and sulfur are depicted by green and red color, respectively, in the EDX map.

The CV profiles of the Li/DEGDME-LiTFSI LiNO3/S-MWCNTs cell at a constant scan rate
(0.1 mV s-1) reported in Figure 5A exhibit during the first cycle (black line) the characteristic shape
ascribed to the electrochemical process of lithium and sulfur [54], with formation of long chain
polysulfides (i.e., Li2S8, Li2S6) at 2.3 V vs. Li+/Li and of short-chain species (i.e., Li2S4, Li2S2 Li2S)
at 1.9 V vs. Li+/Li in the cathodic scan,[58] which are oxidized back by a merged double peak
centered at about 2.4 vs. Li+/Li due to the multi-electron charge reaction during anodic scan [12].
The subsequent cycle (dark green line) reveals an increase of the reduction potentials to 2.4 and 2 V
vs. Li+/Li, i.e., a decrease of the cell polarization, as well as an increase of the peaks intensity which
may be likely ascribed to the decrease of the electrode resistance by the diffusion of the lithium ions
into the material and the formation of lithiated species [59]. This trend is well justified by Figure 5B
which displays the Nyquist plots of the impedance spectroscopy tests performed before and after the
CV cycles. Indeed, the figure shows a remarkable decrease of the cell impedance from about 250 Ω
at the OCV to about 10 Ω after the CV cycles. This process suggests the use of activation cycles
and proper voltage cutoff tuning for suitable cycling of the cell, even at higher C-rates as will be
shown hereafter. However, the CV cycles of Figure 5A evidence a slight reduction of the peak
intensity by cycling after the second cycle, thus suggesting partial dissolution of the electrode by
formation of polysulfides. The lithium diffusion into the electrode is further investigated by CV by
increasing the scan rate (Figure 5C), using the Randless-Sevcik equation (eq. 5) according to which
the peak current (Ip) is proportional to the square root of the scan rate, with a slope that depends on
the lithium diffusion coefficient (DCV)[40]. Considering the overall process of the lithium with
sulfur, summarized by using 2Li + S ⇆ Li2S, in order to simplify the determination of DCV we have
attributed one electron to each reduction peak, and two electrons to the oxidation merged peak,
despite the complex multiple step reaction mechanism [58]. This assumption allows the
determination of the Li+-diffusion coefficient at the various states of charge (Figure 5D), i.e., at
about 2.5 V vs Li+/Li during charge (corresponding linear fit in Figure S2A of Supplementary
Information), 2.4 V vs Li+/Li during discharge (linear fit in Figure S2B of Supplementary

Information) and 1.9 V vs Li+/Li during discharge (linear fit in Figure S2C of Supplementary
Information).
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Figure 5. (A) Cyclic Voltammetry (CV) tests of the S-MWCNTs working electrode in treeelectrode using lithium metal as reference and counter electrode and the DEGDME-LiTFSI-LiNO3
electrolyte performed in a potential range of 1.8 V - 2.9 V with a scan rate of 0.1 mV s-1, and (B)
impedance spectra of the cell before and after the CV test. (C) CV test performed in the same
potential window by increasing the scan rate every three by 0.1 mV s-1 from 0.1 mV s-1 to 0.5 mV
s-1, and (D) Lithium ion diffusion coefficient calculated from the above CV tests by using the peak
intensity (Ip), the scan rate (ν) and the Randles-Sevcik equation (5). See experimental section for
equation.

Figure 5D shows the expected increase of the Li+-diffusion coefficient, hence of the
electrode ion conductivity, by the ongoing of the lithiation, from about 3.7*10-12 cm2 s-1 at the
charged (de-lithiated) state at 2.5 V vs Li+/Li, to about 1.7*10-11 cm2 s-1 and 7.3*10-11 cm2 s-1 at the
discharged (lithiated) state at 2.4 V and 1.9 V vs Li+/Li, respectively, which is in full agreement
with the impedance decrease observed in Figure 5B.
An important parameter affecting the cell performance, particularly during galvanostatic cycling, is
represented by the sulfur loading of the electrode [18]. Figure 6 reports the cycling trends of the
Li/DEGDME-LiTFSI LiNO3/S-MWCNTs cells with a sulfur content increasing from 2 to 4 mg cm2

in the 1.9 V – 2.8 V range. The voltage profile of Figure 6A shows a capacity of about 1100 mAh

g-1 (66% of the theoretical value) for the cell with sulfur loading of 2 mg cm-2 at C/3 rate, which
increases at the same c-rate to about 1200 mAh g-1 (72% of the theoretical value) for the cells using
electrodes with a sulfur loading of 2.5 and 3 mg cm-2, most likely due to an optimal ratio between
MWCNTs and S promoting efficient lithium ions conduction [60]. It is worth mentioning that the
cell with sulfur loading of 4 mg cm-2 requires a lower C-rate (C/8 instead of C/3) for allowing
suitable operation with a capacity of 1300 mAh g-1 (78% of the theoretical value), due to excessive
polarization at the higher C-rates. Indeed, 1C current remarkably increases from 3.4 mA cm-2 for
electrode loading of 2 mg cm-2 to about 7 mA cm-2 for electrode loading of 4 mg cm-2, which may
actually lead to cell polarization due to several factors, including insufficient electrode and
electrolyte conductivity [61]. Despite the lower c-rate, the cycling tests in Figure 6B and inset
evidence a remarkable increase of the areal capacity, i.e., the value normalized by the electrode
geometric surface, from 2, 3 and 3.5 mAh cm-2 for the cell employing a sulfur loading of 2, 2.5 and
3 mg cm-2, respectively, to 5.3 mAh cm-2 for the cell using a sulfur loading of 4 mg cm-2, which
represents a very suitable characteristic for the employment of the materials in scaled-up lithiumsulfur cell in line with the high performance LIBs.
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Figure 6. (A) Voltage profile and (B) cycling trends of a Li/S 2032-coin cells using the DEGDMELiTFSI-LiNO3 electrolyte and S-MWCNTs electrodes with increasing sulfur loading. The cycling
rate is C/3 for the cells with sulfur loading of 2, 2.5 and 3 mg cm-2, and C/8 for the cell with sulfur
loading of 4 mg cm-2 (1C = 1675 mA g-1). Voltage limits 1.9 V - 2.8 V. Temperature 23°C. The
figure inset shows the corresponding surface capacity (mA cm-2) calculated with respect to the
geometric area of the electrodes.
The cycling ability of the Li/DEGDME-LiTFSI LiNO3/S-MWCNTs cell is evaluated by
galvanostatic cycling performed at various currents as well as at a constant c-rate, using an
electrode with a sulfur loading of about 3 mg cm-2 (Figure 7). The cycling trend (Figure 7A) and
voltage profiles (Figure 7B) of the rate capability test performed by increasing the current within
1.9 V and 2.8 V reveal a remarkable performance, with a delivered capacity ranging from 1200
mAh g-1 at C/10 to about 850 mAh g-1 at C/2 (1C = 1675 mAh g-1), and limited charge/discharge
polarization. At the higher c-rate (1C), the figure evidences a continuous increase of the capacity
from 350 to about 500 mAh g-1, and an initially high polarization subsequently decreasing by the 3
cycles of the test. This behavior may be justified by the cell resistance decrease and the Li+diffusion coefficient increase upon cycling, already observed in Figure 5 by EIS and CV,
respectively. The cycling test performed at a constant rate of C/3 reported in Figure 7C, and the
corresponding voltage profiles in Figure 7D, show an initial capacity of about 1100 mAh g-1

delivered with an efficiency approaching 100% and very low polarization. The figure evidences a
capacity decrease and a final stabilization at about 900 mAh g-1 over 120 cycles, as most likely due
to slight electrode dissolution already observed by the CV test in Figure 5A. Interestingly, the
cycling test at 1C reported in figure 7E reveals the electrode activation mentioned during the
discussion of the rate capability test, with a capacity increasing by the initial 25 cycles from 350
mAh g-1 to the remarkable value 890 mAh g-1, which remains very stable over the whole test. This
trend is mainly ascribed to the increase of ionic and electronic conductivity of the electrode
promoted by the reaction of the insulating sulfur with lithium [14,60], and to increased wetting of
the electrode by time evolution [62,63], as indeed demonstrated by the relevant decrease of the
electrode impedance during cyclic voltammetry observed in Figure 5B. The activation process and
consequent impedance reduction leads to the decrease of the charge/discharge polarization, and to
the increase of the cell capacity, particularly at high c-rate (1C) taking into account the restricted
cell cutoff, i.e., 1.8-2.8 V. Figure 7E reveals a decrease of the cell efficiency from about 100% to
98%, and a subsequent rapid increase to 100% around the110th cycle. This trend may be ascribed to
a side polysulfide shuttle reaction due to partial SEI film dissolution at the lithium surface, and fast
reconsolidation as also suggested by Figure 2 (A, B) reporting the electrochemical and chemical
characteristics of the lithium/electrolyte interface [51]. A further proof of the reduction of the cell
resistance by cycling is given by the voltage profiles of the same cell reported in Figure 7F, which
show a notable decrease of the cell polarization from the first to the last cycle of the test which is in
line with the EIS measurement observed in Figure 5B.
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Figure 7. (A) Rate capability cycling behavior performed at C/10, C/8, C/5, C/3, C/2 and 1C (1C =
1675 mA g-1), and (B) corresponding voltage profiles of a Li/S 2032-coin cell using the DEGDMELiTFSI-LiNO3 electrolyte and S-MWCNTs electrode. Prolonged cycling behavior and voltage
profile of selected cycles of a Li/S 2032-coin cell using the DEGDME-LiTFSI-LiNO3 electrolyte
and S-MWCNTs electrode at a c-rate of C/3 (C, D) and 1C (E, F), respectively. Sulfur loading 3 mg
cm-2. Voltage limits 1.9 V – 2.8 V at C/3 and 1.8 V – 2.8 V at 1C. Temperature 23°C.

Conclusions
A DEGDME-LiTFSI electrolyte with added LiNO3 is proposed as suitable solution for use
in efficient and high performance Li/S cell, in combination with an electrode formed by combining
sulfur and MWCNTs. The cell advantageously combines the low-flammability of the electrolyte,
the low cost and the high performances of the electrode materials. The battery exploits suitable
characteristics of the electrolyte such as high conductivity (of about of 10-2 S cm 1), low ion
association degree, an apparent lithium transport number of 0.5, as well as a relevant chemical and
electrochemical stability. Furthermore, an optimized morphology of the electrode, consisting of
spherical shape particles in which the MWCNTs shell coats the sulfur core, and the use of a suitable
carbon cloth as the support, allow the cell to achieve a maximum capacity of 1300 mAh g-1 using a
loading as high as 4 mg cm-2, which is reflected into a practical areal capacity higher than 5 mAh
cm-2. Actually, the increase of the sulfur loading in the cathode represents one to the most relevant
challenges of the Li/S cell. However, a too high sulfur loading, such as the one reported by the
proof of concept batteries with S content ranging from 10 mg cm-2 to 30 mg cm-2 [60,61], may be
reflected into a very low current rate, high polarization, poor coulombic efficiency, and low mass
utilization. Instead, the sulfur content ranging between 2 and 4 mg cm-2 used in this work, and
suggested by other papers [18,28], despite not the highest possible, represents a suitable
compromise for achieving at the same time a high performances and a satisfactory practical
capacity. Interestingly, the electrode material shows an increase of the lithium diffusion coefficient
from 3.7*10-12 cm2 s-1 to 7.3 10-11 cm2 s 1 by lithiation process, as revealed by CV at various scan
rates, which leads to a remarkable decrease of the cell resistance measured by EIS. This
phenomenon is particularly relevant for cells cycling at the higher c-rates (1C) which undergo an
activation process characterized an increase of the delivered capacity and a decrease of the
polarization. Hence, the Li/S cell herein studied delivers a specific capacity exceeding 900 mAh g-1
and a with a coulombic efficiency approaching 100% for over 120 cycles and Considering a
working voltage of 2 V and the above capacity, we may calculate for the battery a theoretical

energy density of 1800 Wh kg-1 which may be reflected into a practical energy over 400 Wh kg-1,
i.e., a value much higher than that of the 200 Wh kg-1 ascribed to the most diffused commercial
lithium ion battery [64]. This characteristic, the relevant safety content of the electrolyte and the
low expected cost of the employed materials suggest the cell as a high energy storage system for
next generation applications, such as EVs. Certainly, the use of more economically sustainable
carbons is a very attractive challenge for the development of a lithium-sulfur cell of practical
application, which is therefore under consideration and study in our laboratories.
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