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ABSTRACT: Herein, we report the characteristics of electro-
lytes using various ether-solvents with molecular composition
CH;0[CH,CH,0],CH;, differing by chain length, and
LiCF;SO; as the lithium salt. The electrolytes, considered as
suitable media for lithium—sulfur batteries, are characterized in
terms of thermal properties (TGA, DSC), lithium ion
conductivity, lithium interface stability, cyclic voltammetry,
self-diffusion properties of the various components, and
lithium transference number measured by NMR. Furthermore,
the electrolytes are characterized in lithium cells using a
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sulfur—carbon composite cathode by galvanostatic charge—discharge tests. The results clearly evidence the influence of the
solvent chain length on the species mobility within the electrolytes that directly affects the behavior in lithium sulfur cell. The
results may effectively contribute to the progress of an efficient, high-energy lithium—sulfur battery.
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B INTRODUCTION

Recent development of the electrified mobility and renewable
energy markets triggered increased demand for power supply
improvements in hybrid electric vehicles (HEVs), plug-in
hybrid vehicles (PHEVs), full electric vehicles (EVs), as well as
for energy storage from renewable energy sources." Lithium-ion
battery, presently the most prevalent system for portable
electronic devices, is considered the most promising candidate
to satisfy the emerging market.” Improved safety, low cost and
high energy content are the required parameters to be met for
the large scale deployment of lithium-based energy storage
systems.” Indeed, the present lithium battery is based on
volatile organic carbonate electrolyte that leads to safety
concerns associated with short-circuit and consequent risks of
thermal runaway or fire evolution.* Ether-based electrolytes, in
particular solutions using glymes and long chain
(—OCH,CH,—), solvents, represent an alternative, valid
candidate characterized by low cost and high safety content.®
Ethylene oxide unit, that is, (—OCH,CH,—), is a Lewis base
suitable for lithium salt solvation and consequent Li'-ions
motion that is, however, coordinated to polymer backbone or
segment. Moreover, the strong interactions between mobile Li*
specie and the ether oxygen atoms allow the ion—solvent
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coupled transport, that is, an easy process in low viscosity ether-
based solvents that becomes more difficult in high viscosity or
amorphous electrolytes and almost absent in crystalline solids.®
Solid ether-based electrolytes, in particular polyethylene oxide
(PEO), have shown favorable properties, in terms of good ionic
conductivity,” satisfactory electrochemical and interfacial
stability® and excellent mechanical progerties,9 however only
at temperatures higher than 70 °C.'® Polyethylene glycol
dimethyl ether (PEGDME) and, in general members of the
glyme-family, as well low molecular weight ethers may ensure
good electrochemical properties at lower temperatures in
comparison to PEO, thus allowing efficient use in lithium-ion,
lithium-sulfur and lithium—air batteries.'’ In this work, we
investigated the characteristics of electrolytes based on glyme
solvents of various molecular weight, beginning from the
analysis of the monomeric units (1,2-dimethoxyethane) DME,
to poly-glyme of higher molecular weights (PEGSO0DME)
using lithium trifluoromethansulfonate (LiCF;SO;) salt.
Thermal, physical, and electrochemical properties of the

Received: March 11, 2015
Accepted: June 9, 2015
Published: June 9, 2015

DOI: 10.1021/acsami.5b02160
ACS Appl. Mater. Interfaces 2015, 7, 13859—13865


www.acsami.org
http://dx.doi.org/10.1021/acsami.5b02160

ACS Applied Materials & Interfaces

Research Article

electrolytes were studied and following evaluated in lithium-
sulfur cell.

B EXPERIMENTAL SECTION

Electrolyte Preparation and Characterization. Before mixing,
the solvents were dried for several days under molecular sieves until
the water content was below 10 ppm as determined by 831 Karl Fisher
Coulometer—METROHM. A schematic figure reporting the
procedure used to lower the water content within the electrolytes is
shown in the Supporting Information Figure S2. The electrolyte
solutions were prepared by dissolving lithium trifluoromethanesulfo-
nate (LiCF;SO,, that is, lithium triflate) in 1 mol kg™" ratio in an argon
filled glovebox. Lithium nitrate (LINO;) was then added to the
solution in a 0.4 molar ratio. The prepared electrolytes are listed in
Table 1

Table 1. List of Solvents and Salts with Corresponding
Acronyms Used for the Electrolyte Characterized within
This Study

electrolyte salt acronym
1,2-dimethoxyethane LiCF;S0;; 1 mol kg™!  DME
1,2-dimethoxyethane + 1,3-dioxolane  LiCF;SOj5; 1 mol kg™' DOL/DME
(1:1 w/w)
diethylene glycol dimethyl ether LiCF;SO;; 1 mol kg™' DEGDME
ratio
poly(ethylene glycol), dimethyl ether LiCF;SO3; 1 molkg™ TEGDME
poly(ethylene glycol), dimethyl ether LiCF,SO5; 1 mol kg™ PEG250
M, ~ 250
poly(ethylene glycol), dimethyl ether LiCF,SO5; 1 mol kg™ PEGS00

M, ~ 500

The thermal characterization was performed by thermogravimetric
analysis TGA (Mattler Toledo TGA/SDTA851) and by differential
scanning calorimetry DSC (Mattler Toledo DSC821). TGA was
performed by raising the temperature from 25 to 700 °C, with a heat
rate of 10 °C/min. DSC was performed by cooling from 25 °C to —80
°C at =5 °C/min. Conductivity tests were performed by using 2032
coin cells including stainless steel symmetrical electrodes and Teflon
O-ring separator with a constant and known size to ensure a fixed cell
constant. Electrochemical impedance spectroscopy (EIS) was
performed by using a VSP (Biologic) instrument with 10 mV-signal
amplitude, within 500 MHz-100 Hz frequency range. The interface
resistance has been calculated by nonlinear least-squares (NLLSQ) fit
of the impedance spectra, carried out by using a Boukamp software
product. An R(RQ)nQ equivalent circuit was used for the Nyquist plot
analysis, where R represents a resistance and Q a constant-phase

element (CPE). The chi-square (y*), a parameter used to evaluate the
fitting quality, was below 10™%.'>"* An example of interface resistance
represented by Nyquist plot of the EIS data is reported in the
Supporting Information Section, Figure S1).The electrochemical
stability window was studied by linear sweep voltammetry (LSV) at
a scan rate of 0.1 mV s7', in a three electrodes lithium cell using a VSP
(Biologic) instrument. The cell configuration consisted of lithium
metal as counter and reference electrode and super P on aluminum as
working electrode and the measurement was performed within OCV—
5.0 V vs Li/Li* range at room temperature. Temperature dependence
of the self-diffusion coefficient for 'H, F, and “Li nuclei was
measured on a Bruker 400 Avance III NMR spectrometer using a
double stimulated echo pulse sequence to suppress convection
effects.'* Gradient pulses, of sine shape with duration 6 = 2—5 ms
and strength ¢ = 0—45 G/cm, were applied with a diffusion delay of A
= 80—800 ms within a temperature ranging 20 and 70 °C, in steps of
10 °C. The self-diffusion activation energies were estimated by the
Arrhenius plot linear slope of the corresponding self-diffusion
coeflicients measured at various temperatures. The room temperature
lithium transference number (t), corresponding to the fraction of
current carried = by the lithium ions, was determined as the ratio of
the self-diffusion coefficient of Li* with respect to overall charge
carriers, that is, Li* ("Li nuclei) and CF;SO;~ (*’F nuclei) measured at
25 °C. This method does not take into account the effects of ion
association and is therefore used only as guide to comparative behavior
in electrolytes.

Lithium stripping/deposition galvanostatic test was performed by
applying a 0.1 mA cm™ current to Li/Li symmetrical cell, using a
MACCOR Series 4000 Battery Test System (Maccor Inc.).

Cathode Preparation and Test in Lithium—Sulfur Cell. The
cathode material was based on elemental sulfur and mesophase micro
bead (MCMB) carbon, in a weight ratio of 1:1. Before mixing with
MCMB, the sulfur was heated to 135 °C, until completely melted. The
mixture was stirred for 3 h at 135 °C and then cooled down to room
temperature. A stainless steel jar was used to hold and mechanically
treat the sample by high-energy ball milling system (Retsch Mill
MM400) with a frequency of 15 Hz for a total time of 2 h, using a
milling time of 30 min, rest period of 15 min and repeating the above
procedure four times.

The electrodes were prepared by mixing the carbon—sulfur
composite, super P carbon (Timcal) and polyvinylidinedifluoride
(PVDF) binder in 80:10:10 mass ratio in N-methylpyrrolidone
(NMP) solution. The slurry was coated using Doctor Blade technique
on aluminum foil current collector, punched as disks and then vacuum-
dried at S0 °C for 24 h before assembling the cells. The galvanostatic
tests were performed in lithium half-cells, using a separator soaked
with 30 uL of electrolyte. Cycling tests were performed using a Maccor
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Figure 1. (A) Thermogravimetric analysis (TGA) profiles of the ether-based electrolytes performed from 25 °C to 700 °C at 10 °C/min heating
rate, under nitrogen flow. (B) Differential scanning calorimetry (DSC) profiles of the ether-based electrolytes cooled from 20 to —80 °C at S °C/

min, under argon atmosphere.
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Figure 2. (A) Conductivity Arrhenius plots of the ether-based electrolytes performed by varying the temperature from 30 to 80 °C. The
measurements have been performed in a coin-cell, using electrochemical impedance spectroscopy with signal amplitude of 10 mV within 500 MHz—
100 Hz frequency range. (B) Time evolution at room temperature of the lithium-electrolyte interface resistance performed in Swagelok-type, Li/Li
symmetrical cell using electrochemical impedance spectroscopy with signal amplitude of 10 mV within 500 MHz—100 mHz frequency range. (C)
Voltage versus time profile of lithium deposition/stripping galvanostatic test performed applying a 0.1 mA cm™' current to symmetrical Li/
electrolyte/Li cell. (D) Current vs potential profile of the linear sweep voltammetry (LSV) performed using the Li/electrolyte/SP cell within the
OCV—-5.0 V vs Li/Li* range at 0.1 mV s™' and room temperature employed for the determination of the electrochemical stability window of the

electrolyte.

instrument at a C/20 current rate (1C = 1675 mA g_1 based on the
sulfur weight), within 1-3.2 V limit.

B RESULT AND DISCUSSION

Thermogravimetric analysis (TGA) was performed to detect
the stability of the various ether-based electrolytes at elevated
temperature. The DSC and, in particular, the TGA measure-
ment are considered as an indication of the upper and lower
temperature limits where the electrolytes maintain their
characteristics. Therefore, we used this information as a
suggested temperature range suitable for stable working of
the cell. Figure 1A, reporting the TGA traces, demonstrates that
the electrolytes based on both DME and DOL-DME are
characterized by thermal stability limited to temperatures lower
than 50 °C, while DEG-based one reveals a slightly higher
stability, that is, extended up to 70 °C. In contrast, TEG-based

electrolyte shows a thermal stability exceeding 200 °C that is
further increased for PEG500-based one up to a temperature as
high as 350 °C. As indeed expected, the above results reflect a
thermal stability enhanced by the increasing the ether-chain
length, that is, DOL-DME < DEG < PEG250 < PEG500, thus
suggesting a higher safety content of the long-chain, ether-
based electrolytes in view of the possible application in lithium
batteries. The DSC measurements performed within the
electrolyte crystallization region, and reported in Figure 1B,
indicate a lower freezing point for DME and DOL-DME-based
electrolytes, that is, of about —53 and —68 °C, respectively, in
respect to TEGDME and PEG250-based electrolytes that show
the still very low freezing points of —49 and —34 °C,
respectively. PEG500-based electrolyte freezes at about S °C,
thus suggesting possible issues associated with its use at the
lower temperatures.
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Figure 3. Lithium transference number of the ether-based electrolytes
at room temperature. The values have been obtained as the ratio of the
self-diffusion coefficient of Li* with respect to that of overall charge
carriers, that is, Li* and CF;SO;™ measured at 25 °C by NMR.

Figure 2A, reporting the conductivity Arrhenius plots of the
selected electrolytes, shows conductivity values suitable for
lithium battery applications for all the samples in the studied
temperature range. Indeed, the room temperature conductivity
decreases from about 2 X 107 S cm™! for DME, DOL/DME,
and DEGDME-based electrolytes to about 1 X 107 for

TEGDME, 7 x 10™* for PEG250, and down to 4 X 107" S cm™
for PEGS500-based one, thus suggesting increasing conductivity
by decreasing the ether-chain length. However, DME and
DEGDME show a different trend, most likely because of an
additional effect of the solvent dielectric constant that is
predominant at the low viscosity values. Indeed, DME has a
lower viscosity, as well as a lower dielectric constant than
DEGDME (i.e., 0.46 mPa's and S.5, respectively, for DME and
1.03 mPa's and 5.8, respectively, for DEGDME)."> This is
reflected by a slightly lower conductivity of the former with
respect to the latter. Furthermore, a slight and linear increase of
the conductivity, in particular for the electrolyte based on
PEGS00, is observed by raising the temperature as also
expected by solvent viscosity decrease. The time evolution of
the lithium interface resistance of the symmetrical lithium cells
using the studied electrolytes reported in Figure 2B reveals a
stable lithium-electrolyte interface, with relatively low resistance
ranging from 100 Ohm for DOL-DME, DEGDME, and
TEGDME-based solutions to 400 Ohm for PEG250 and
PEGS500-based ones. However, the cell using DME-based
electrolyte shows a continuous increase of the interface
resistance because of possible evaporation over time, thus
excluding its possible use as the electrolyte solvent for lithium
battery applications, while DOL-DME combination appears a
still suitable solution. DEGDME and TEGDME-based
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Figure 4. Voltage profile of the lithium sulfur cells using the various electrolytes, that is, (A) DME-1m LiCF;SO; at 25 °C, (B) DEGDME-1m
LiCF,S0; at 25 °C, (C) DOL-DME-1m LiCF;SOj; at25 °C (D) TEGDME 1m LiCF;SO; at 25 °C, (E) PEG250—1m LiCF,SOj; at 35 °C, and (F)
PEGS00—1m LiCF;SO, at 50 °C. The galvanostatic charge—discharge cycle is performed at a current rate of C/20 (83.75 mA g™') within 1.2-32V
voltage.
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Figure 5. Comparison of self-diffusion activation energy for 'F (A),
'H (B), and "Li (C) nuclei.

solutions show lower resistance values and excellent stability
over time, thus suggesting these electrolytes as the preferred
ones for application in lithium cell. The lithium stripping-
deposition voltage profiles shown in Figure 2C evidence a very
limited overvoltage, that is, to about 10 mV, for DME and
DEGDME-based electrolytes (pink and yellow curves,
respectively) with an increase of the value by increasing the
chain length to about 300 mV for PEGS500-based electrolyte
(green curve) at room temperature, which is most likely
associated with the increased charge transfer resistance at the
lithium interphase. Furthermore, minor changes in the
polarization value, in particular for TEGDME-based electrolyte,
is observed over time because of the expected growth and
following consolidation of the solid electrolyte interphase (SEI)
film at the lithium surface upon lithium stripping-deposi-
tion."®"” In line with the results already observed by time
evolution test of the Li-interface resistance (see Figure 2B), the
lithium deposition-stripping test suggests DEGDME as
preferred electrolyte solvent for application in lithium battery.
The linear sweep voltammetry (LSV) in lithium/carbon cells
reported in Figure 2D exhibits the same trend for DEGDME,
TEGDME, PEG250, and PEGS00, with electrochemical
stability extended up to 4.5 V.

In spite of the decomposition onset of DME-based
electrolyte at about 2.5 V, the electrolyte obtained by DOL
and DME combination shows rather higher stability, that is,
extended up 4.0 V. This test, in addition to the previous ones
(see Figure 2 A, B and C), suggest possible interactions
between the two cosolvents, that is, DOL and DME, leading to
a mixed phase with slightly different electrochemical properties
with respect to the single solvent.

Lithium transference number plays a key role in optimizing
the behavior of the electrolyte in Li-cell. This important
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Figure 6. Voltage profiles of the galvanostatic charge—discharge cycle
of lithium sulfur cells using DME-1m LiCF;SO; (A), DOL:DME-1m
LiCF;SO; (B), and DEGDME-1Im LiCF;SO; (C) electrolytes added
with 0.4m LiNO; as lithium polysulfide shuttle protecting-agent.
Current rate C/20 = 83.75 mA g_l, voltage range 1.2—3.2 V. Room
temperature.

parameter is here determined by using the ionic self-diffusion
coefficients as determined by NMR (see experimental section
for details) and reported in Figure 3."*7>° Indeed, the figure
shows a decrease of the lithium transference by increasing the
ether-chain length from DME to PEGS00-based electrolyte.
The observed decrease of the lithium transference number may
be most likely ascribed to the expected kinetic limits hindering
the solvated-ions mobility by increasing the ether-chain
length.*"*

Figure 4 shows the voltage profiles of the first galvanostatic
charge—discharge cycle of the various electrolytes in a lithium—
sulfur cell. The figure evidences a remarkable polysulfide-shuttle
effect for the cells using short-chain glymes,23 that is, DME (A),
DEGDME (B), and DOL:DME (C), characterized by
conventional discharge process and by continuous charging,
until cell failure.** Instead, the cells using TEGDME (D),
PEG250 (E), and PEGS00 (F) reveal very limited, or complete
absence of polysulfide-shuttle reaction during the first cycle,
with a typical trend associated to the Li-sulfur process.*®
However, the performance of the sulfur cell using TEGDME,
characterized by a capacity of about 900 mAh g™ and limited
polarization, may be approached only by raising the temper-
ature up to 35 and 50 °C for the cell using PEG250 and
PEGS00, respectively. This behavior may be ascribed to the
lower conductivity and higher viscosity of the long-chain
glymes at room temperature, and consequent high activation
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Figure 7. Galvanostatic behavior of a Li/DEGDME-LiCF;SO;—LiNO;/S—C coin-cell reported in terms of voltage profile (A) and corresponding
cycling behavior (B). Current rate C/20 = 83.75 mA g~', voltage range 1.2—3.2 V. Room temperature.

energy required for the motion of the various electrolyte
constituents, in particular at the electrode—electrolyte interface.

Furthermore, the cell using TEGDME shows higher capacity
than that using DEGDME, despite the lower viscosity of the
latter. This aspect may be reasonably attributed to the lower
resistance observed in Figure 2B for the Li-TEGDME interface
with respect to Li-DEGDME, however further study is required
to fully clarify this trend.

Figure 5 reports the self-diffusion activation energies of the
various species within the electrolytes obtained by Arrhenius
plot linear-slope determination of the self-diffusion coeflicient
for 'H, ’F, and "Li nuclei measured by NMR (see Experimental
Section for details).

The "F (Figure SA) and Li (Figure SC) self-diffusion
activation energies are ascribed to the LiCF;SO; salt ions
moving within the selected solvent, while the 'H activation
energy (Figure SB) is associated with the ether-segment
diffusion. The figure shows that the short-chain glymes are
generally characterized by lower activation energy in compar-
ison to the long chain ethers. Indeed, DOL and DME-based
electrolytes reveal very low activation energy both of the salt
and of the ether-chains, that is, ranging from 5 to 10 kJ mol ™",
hence a higher mobility in respect to PEG-based electrolytes,
characterized by an activation energy ranging from 25 to about
30 kJ mol™". DEGDME and TEGDME-based solutions exhibit
intermediate values, that is, ranging from 1S to 20 kJ mol ™.
The similarity in values and activation energy trends between
the ions and the host molecules is consistent with the highly
cooperative ion transport mechanism known to occur in ether-
based solvents. The above-reported data are in line with the
remarkable shuttle reaction observed in Figure 4 (A, B, and C)
for lithium sulfur cells using electrolyte based on short-chain
glymes, in which the high mobility of salt ions and solvents
allows an easy pathway for polysulfide migration from cathode
to anode, and consequent direct reaction. Instead, long-chain
glymes partially inhibit the above process that is almost absent
during the first charge—discharge of the corresponding Li—S
cells (see Figure 4 D, E and F). It is worth noting that the
above polysulfide shuttle effect in short-chain glymes may be
efficiently mitigated by protecting the lithium electrode surface,
such as by adding lithium nitrate (LINO;) salt to the electrolyte
solution.”**’

Accordingly, Figure 6 reporting the voltage profile of the cells
using DME (A), DOL:DME (B), and DEGDME (C) solutions,
with added LiNO,, clearly evidence the reduction of the

13864

polysulfide shuttle-effect, and the corresponding increase of the
cell efficiency during the galvanostatic charge—discharge cycle.
Furthermore, the figure shows an over discharge at about 1V,
attributed to the LiNO; reduction, significantly buffering the
lithium polysulfide shuttle reaction. The figure shows the
typical profile expected for the Li—S reaction and a relatively
limited polarization. These data, in addition to the previous
experimental evidence, suggest DEGDME-LiCF;SO; with
added LiNO; solution is a suitable medium for application in
lithium—sulfur cell.

Therefore, DEGDME-LiCF;SO;—LiNO; solution has been
employed as the electrolyte in Li/S cell, of coin-configuration,
galvanostatically cycled for several times at C/20 rate, that is, a
low current to evaluate possible shuttle process, in general
magnified at the lower C-rates. The results in Figure 7, reported
in terms of voltage profile (A) and corresponding cycling
behavior (B), confirm the mitigation of this side reaction by
showing a Coulombic efficiency higher than 90%. The figure
reveals an initial capacity of about 900 mAh g™' due to the
reversible Li—S reaction, that decreases and then stabilizes at
about 750 mAh g™* because of polysulfide dissolution until final
solution saturation. The above saturation, with consequent
buffer-effect by mass action of the dissolved polysulfide, avoids
further cathode loss and leads to capacity stabilization. This is
also favored by the use of a separator soaked by a very low
electrolyte amount, that is, about 10—1S5 uL. Taking into
account a specific capacity of about 750 mAh g™' and a working
voltage of 2 V, the theoretical energy of the cell may be
calculated to be of the order of 1500 Wh kg™" that may reflect,
considering side and inactive cell components, a practical
energy as high as 500 Wh kg_1 and, finally, of 250 Wh kg_1
considering also the carbon content of the sulfur electrode
employed for the tests (i.e., S:C, 1:1 weight ratio)

B CONCLUSION

Various electrolytes differing by concepts, design, and materials,
as well as the effect of their chemical and physical characteristics
on the lithium—sulfur battery performance, have been recently
reviewed.”® Herein, we focused our attention on the species
mobility within glyme-based electrolytes and its effects on the
polysulfide shuttle reaction. We studied the characteristics of
ether-based solutions differing by chain-length as suitable
electrolyte media for lithium—sulfur cell. The properties of the
electrolytes have been investigated by combining electro-
chemical and NMR techniques. The results suggest that the
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mobility of the various species within the electrolyte, such as
lithium salt ions, solvent and polysulfide, is strongly affected by
the ether chain-length and directly reflected in the behavior of
the corresponding Li—S cell. Long-chain glymes show low
species mobility reflecting in lower conductivity and,
simultaneously, less pronounced polysulfide-shuttle reaction
in comparison to short-chain glymes. On the other hand, the
polysulfide-shuttle has been efficiently mitigated in short-chain
glyme, that is, DEGDME-LiCF;SO;, by adding LiNOj; salt to
the solution, thus leading to a Li—S cell characterized by a
stable capacity of 750 mAh g~' and an expected practical energy
higher than 250 Wh kg™".
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