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longel Soft Solid Electrolytes Based on [DEME][TFSI] lonic
Liquid for Low Polarization Lithium-O, Batteries

Marta Alvarez-Tirado,™ " Laurent Castro,*™ Aurélie Guéguen,® and David Mecerreyes*™ 9

Lithium-air/O, batteries are a promising battery technology for
automotive applications due to their high energy density.
However, many challenges need to be solved, particularly the
high reactivity of the electrolyte with oxygen superoxide
radicals and its low cyclability. In this work, we present a simple
and fast way to prepare polymer-based iongel soft solid
electrolytes. Thermally and mechanically stable iongels are

Introduction

Lithium-O, (Li—0O,) cells are a fascinating class of Li metal-air
batteries featuring one of the highest theoretical specific
energy densities (3500 Whkg™")."" Nonetheless, there is still a
long journey to go until their commercialization becomes a
reality. From a material perspective, many efforts have been
put in developing more efficient electrolytes that comply with
a broad set of properties such as high ionic conductivity or
more environmentally friendly electrolytes.? In that sense, ionic
liquids (ILs) seem a good alternative to conventional flammable
organic solvents due to a combination of good transport
properties, non-volatility, low toxicity (note that this property
needs to be analyzed carefully),”® non-flammability and stability
to superoxide radicals.* The most investigated ionic liquids in
Li—O, batteries are based on imidazolium- and pyrrolidinium-
cations!**™ and fluorine-based anions (i.e.,
bis(trifluoromethanesulfonyl)imide, TFSI).'” Recently, less com-
monly used tetra-alkyl ammonium based ILs, such as N,N-
diethyl-N-methyl-N-(2-methoxyethyl)lammonium

bis(trifluoromethanesulfonyl)imide ([DEME][TFSI]) has shown
suitable properties for application in this type of batteries. For
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prepared by fast UV-photopolymerisation exhibiting a high
ionic conductivity (~1.2x1072Scm™' at 25°C). When used as
solid electrolytes in lithium symmetrical cells, they can with-
stand a critical current density of 0.5 mAcm 2 Performance in
Li-O, cells showed capacities as large as 3.3 mAhcm 2, and
cycling capability of 25 cycles, exceeding results on liquid-
counterpart cells.

instance, Ulissi and co-workers""'? showed that [DEME][TFSI]
allowed a reversible, low polarization galvanostatic cycling in
Li—0O, cells. In other works,""® [DEME][TFSI] was used as electro-
lyte achieving 99.5% coulombic efficiency during cycling.
Furthermore, the IL was able to create a lithium protective film
when it was in contact with a Li; s Al,sGe,s (PO,); (LAGP) solid
inorganic film; improving in this way battery cyclability. On the
other hand, liquid electrolyte batteries require a porous
separator and leaking of the electrolyte is still a reality. A
plausible way to further improve this is via the development of
gel polymer electrolytes, in which the liquid electrolyte is safely
encapsulated within a polymer network acting as a physical
separator. They are also known as iongels, ionic liquid gels or
ionogels if an IL-based electrolyte is used.™ Although this
approach is quite popular in Li-ion,"*"” Li-metal,"®2% sodium-
metal®*? or other type of batteries,®* it has not been largely
explored for Li—O, cells. There are a few examples based on
poly(methyl) methacrylate (PMMA)**** or poly(vinylidene
fluoride-co-hexafluoropropylene)  (PVdF-HFP)**”'  polymer-
based iongels. For instance, Zhao and co-workers®' developed
by UV an iongel containing 1-ethyl-3-methylimidazolium tetra-
fluoroborate IL (EMIm-BF4), dimethyl sulfoxide (DMSO) and
LiTFSI, encapsulated in a polymer matrix formed by PMMA and
a triacrylate. Lithium symmetrical cells containing this iongel
presented overpotentials <0.1V for 130 h when cycled at
0.3 mAh™". Lately, [DEME][TFSI] was selected to form a quasi-
solid-state electrolyte by the gelation of this IL when mixed
with multi-wall carbon nanotubes or solidification when mixed
with LigolasZrisTas0q, (LLZTO) ceramic nanoparticles via
non-covalent interactions.”® Regarding salt concentration in
ionic liquid based electrolytes, recent studies have shown that
superconcentrated IL electrolytes (>1:1 molar ratio, IL:salt) are
able to provide an efficient protection to lithium-metal®-? or
sodium-metal anodes.®¥ Interestingly, effect of salt concentra-
tion is deeply studied in IL-based liquid electrolytes for Li—O,
applications®% but it is not largely evaluated when these are
use in solid electrolytes. To the best of our knowledge, only
one example could be found for iongels at high salt
concentrations or all-solid-state sodium cells.”?"” In this research,
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an iongel containing 50 mol% of NaFSI in a pyrrolidinium-
based IL (N-propyl-N-methylpyrrolidinium
bis(fluorosulfonyl)imide, C3mpyrFSI) is used as electrolyte.
When used in sodium symmetrical cells, this highly-concen-
trated iongel was able to support higher current density cycling
than an iongel containing 20 mol % of NaFSI.

In this work, we present a full study to obtain optimized
solid polymer electrolytes for Li—O, batteries based on a low
polarization ionic liquid ([DEME][TFSI]). Effects of salt concen-
tration on a polymer-based electrolyte will be studied for the
first time for Li—O, applications. By combining promising results
of recent works, we present a simple but effective way of
preparing iongels suitable for Li—O, cells that show mechanical
and thermal stability, high ionic conductivity and battery
performance, demonstrating equal or superior properties to
the liquid-counterpart ionic liquid battery cells.

Results and Discussion

longels containing a liquid electrolyte based on [DEME][TFSI]
ionic liquid and LiTFSI salt (ILE) were prepared by UV-photo-
polymerisation as previously shown for Li-ion and sodium-ion
batteries.”’*’*® As shown in Scheme 1, poly(ethylene glycol)
dimethacrylate (PEGDM) was directly mixed with the liquid
electrolyte at different weight ratios (from 50 to 90 wt%,
Table S1) in the presence of 2-hydroxy-2-methylpropiophene as
the photoinitiator. After UV-irradiating for less than 2 min on
the drop-casted solution, self-standing and transparent mem-
branes were obtained. Samples with concentrations of ILE
higher than 90 wt% were too soft (not self-standing) and
difficult to handle. In all cases, the degree of cross-linking was
monitored via Fourier transform infrared spectroscopy (FTIR)
spectra, and conversions of >95% were reached (Figure S1).
The C=C stretching vibration of the acrylic groups (1640-
1635 cm™") of the PEGDM dimethacrylate monomer signifi-
cantly decreased/disappeared after the UV-irradiation, confirm-
ing high monomer conversion.®

First, the impact of LiTFSI salt concentration on the physico-
thermal properties of the iongels was assessed. Up to four
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different molar concentrations of salt within the iongel were
studied, including 13 mol %, 20 mol%, 32 mol% and 52 mol %
of LiTFSI in [DEME][TFSI]. It is worth noting that only ILE in
which the molar ratio of the salt is 52 mol%, is a super-
concentrated one. Thus, an iongel with a 20 mol% of LiTFSI
and 80% of ILE will be named as longel-20 mol%-80. All
combinations are described in Table S1.

The thermal stability of these iongels was evaluated
through thermal gravimetrical analysis, TGA. longels containing
up to 90 wt% of ionic liquid electrolyte ILE were studied. As
shown in Figure 1(a), all membranes did not present any
thermal degradation until 315°C due to the remarkable high
thermal stability of [DEME][TFSI] ionic liquid (~325°C decom-
position temperature).“” Furthermore, the presence of higher
LiTFSI concentrations did not significantly impact the results.
On the other hand, their mechanical strength was evaluated
through dynamic mechanical thermal analysis (DMTA), Fig-
ure 1(b). Results showed that the modulus and the membranes
are stable from room temperature to high temperature (100 °C)
due to its crosslinked nature whatever the ILE content. Larger
content of polymer in the formulation provoked an increase of
the membrane modulus (e.g., from 2x10° Pa to 4x10° Pa for
longel-20 mol%-90 and longel-20 mol %-80, respectively). Ac-
cording to the Tand derivative, T, decreased from —226 to
—43.2°C for longel-TFSI-80 and longel-TFSI-90, respectively.
Hence, iongels with higher ILE content showed a lower glass
transition value. Overall, the low T, of these iongels and their
mechanical robustness, even at very high ILE contents, together
with their very high thermal stability, make these polymer
electrolytes interesting materials for battery testing.

To down-select the most promising iongel compositions,
their ionic conductivity (o) at different temperatures was
evaluated. As a baseline, [DEME][TFSI] based iongels with
different ILE weight ratios but at fixed salt concentrations were
assessed. Then, the most promising formulation (fixed ILE:
polymer weight rate) was used to evaluate the impact of salt
concentration. Accordingly, iongels at increasing ILE weight
ratios (50 wt%, 75 wt%, 80 wt%, 85 wt% and 90 wt%) were
prepared at a fixed molar concentration of 13 mol% of LiTFSI in
[DEME][TFSI] (Table S1). As shown in Figure 2(a), increasing

Scheme 1. Schematic representation of the rapid UV-photopolymerisation process undertaken to obtain the cross-linked iongel electrolytes.
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Figure 1. a) TGA analysis under nitrogen atmosphere at 10°Cmin~"' of iongel
membranes containing 90 wt% liquid electrolyte; and b) DMTA analysis at
compression from 0 to 100 °C of longel-20 mol % membranes containing 80
and 90 wt % of liquid electrolyte with same salt concentration (20 mol %).

weight ratios of the ILE leads to higher o values. There was a
difference of one order of magnitude between longel-
13 mol%-50 and longel-13 mol%-90, achieving for the last
composition a conductivity as high as 1.19x1073Scm™" at
25°C, very close to the value of the liquid-counterpart at the
same temperature (1.96x1072Scm™'). The same trend was
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found in iongels at 20 mol% LiTFSI molar concentration
containing 80 wt%, 85wt% and 90wt% of LE (Figure S2),
where longel-20 mol %-90 had the highest ¢ (9.99%10*Scm™'
at 25°C). Hence, iongels containing 90 wt% of ILE was the
chosen composition for further characterization.

Then, iongels with different LiTFSI concentrations were
prepared (Figure 2b). As only iongels containing 90 wt% of ILE
are studied from this point, only the molar ratio will be
indicated in the nomenclature of the samples for simplicity
(i.e., longel-52 mol%). As shown in Figure 2(b), iongels with
lower salt concentrations lead to ionic conductivities two
orders of magnitude higher than superconcentrated longel-
52mol% (~1.19x 107> Scm™' versus 6.35x107° Scm ™' at 25°C
for longel-13 mol % and longel-52 mol %, respectively). Relevant
values at 25°C and 60 °C are shown in Table S2.

In opposition to intuitive results, in which a higher
concentration of ions would drive to higher ionic conductiv-
ities, the much higher viscosity of the superconcentrated ILE
played a dominant role, leading to a higher resistance and
slower ion transport.**" Similar conclusions were found in
literature, where the increase in the [DEME][TFSI]-LiTFSI liquid
electrolyte conductivity was directly related to a decrease in
viscosity as per the Vogel-Fulcher-Tammann (VFT) model.""
Overall, iongels with 90 wt% of ILE and intermediate salt
concentrations (13 or 20 mol%) showed the highest ionic
conductivities, directly comparable to their liquid counterparts.
Additionally, the pseudo-activation energy values for the ionic
conduction process of these iongels were calculated following
the Arrhenius-model for thermally activated processes™®? (Fig-
ure S3). The calculated pseudo-energy values increased with
higher salt concentration, and they were 0.31, 0.31, 0.33 and
0.48 eV for longel-13 mol%, longel-20 mol%, longel-32 mol%
and longel-52 mol%, respectively (Figure S4). Hence, more
diluted electrolytes (e.g., longel-13 mol% or longel-20 mol %)
favored the decrease of E,, facilitating ion transport. Further-
more, the fraction of current carried exclusively by the Li ions,
was also evaluated through the calculation of the lithium
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Figure 2. a) lonic conductivity versus temperature of Liquid-13 mol % electrolyte and longel-13 mol % membranes containing increasing amounts of liquid
electrolyte, from 50 to 90 wt%; and b) ionic conductivity versus temperature of iongel membranes containing 90 wt% of liquid electrolyte at increasing LiTFSI
molar concentrations, from 13 mol % to 52 mol %. Inset: image of lonogel-20 mol % membrane at 90 wt % liquid electrolyte.
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transference number (t;+) on lithium symmetrical cells at
60°C. This was done following the well-known Evans-Vincent-
Bruce method,””? where the cell is polarized by a small DC
during a chronoamperometry (Figure S5). The results showed
t;. ranging between 0.10 and 0.14 (Figure 3a), increasing with
increasing LiTFSI molar concentration. This same tendency was
reported in other studies,®"*? in which the t;+ improved from
0.1 to 0.2 using highly-concentrated electrolytes suggesting
different lithium-ion transport mechanisms for high concen-
trated systems.”" In lower concentrated ILE the ion pairs
formed (Li - [TFSI7],), do not favour Li transport and lowers t,;;
however, in higher concentrated electrolytes, f,;,. would be
favoured via the Li—O atoms coordination formed between
these TFSI-based aggregates.®

To determine the stability of these iongels against lithium
metal, stripping/plating cycles at increasing current densities
were performed on lithium symmetrical cells at 60°C after 3 h
conditioning at OCV.

This testing temperature was selected following the
optimization work done by other research group with liquid
cells using an ILE based on [DEMEI[TFSIL.'" Current densities
were increased from 0.01 to 1 mAcm™2, cycled 3 times at each
current with 1h dwell. The average potential (in absolute
value) achieved at each rate for each iongel cell is plotted in
Figure 3(b). Cells with lower salt-concentrated iongel (i.e,
longel-13 mol %, longel-20 mol % and longel-32 mol % cells) led
to lower overpotentials, withstanding a critical current density
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Figure 3. Tests on lithium symmetrical cells: a) lonic conductivities at 60 °C

against lithium transference number; and b) average potentials achieved at

increasing current densities. Current densities were increased from 0.01 to
1 mAcm 2 at 60°C, cycled 3 times at each current with 1 h dwell.
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(CCD, chosen when potential exceeds 1V) of 0.5mAcm™2

Unexpectedly, the superconcentrated longel-52 mol % cell had
the lowest CCD (0.2 mAcm™?). Highly-concentrated ILE are
usually explored to improve the stability against lithium metal,
mitigating dendrites growth and improving stability of the solid
electrolyte interface layer (SEI).2"* The limited performance of
the superconcentrated longel-52 mol% cell compared to
literature could be related to the use of polymeric structures in
this study, which might impact the SEI interfacial structure
formed in pure superconcentrated liquid electrolyte cells,>*
baseline of the good performance of these systems. Cells were
further cycled (1 h platting, 1h stripping) in galvanostatic
mode at their CCD (Figure S6a). longel-13 mol% and longel-
20 mol% cells behaved very similarly, with ~0.7 V overpoten-
tials after 27 and 18 h, respectively. Then, they suffered from a
“soft” short-circuit, showed off by voltage drops caused by
lithium dendrites growth.**¥ Higher concentrated longel-
32 mol% cells had lower overpotential (~0.2V) for 14 h, and
then showed a sharp polarization increase until cell death.
Same test was also done on liquid equivalent cells (Figure S6b).
They had a constant overpotential of ~0.2V over cycling.
Liquid-20 mol% cell was stable for 22 h, Liquid-32 mol% cell
for 45 h and Liquid-13 mol% cells, the best out of the liquid
cells, for 154 h; being in accordance with similar reported
results.l"”

Before testing in Li—O, cells, the stability window for upper
potentials of the iongels were investigated in Li%longels/
Stainless steel cells by cyclic voltammetry at a scan rate of
0.2 mVs™' at 60°C (Figure S7). No significant differences were
observed between longel-13 mol%, longel-20 mol% and lon-
gel-32 mol % cells, in which no oxidation currents occurred up
to 3.72-3.78V. The «cell containing superconcentrated
ILE(longel-52 mol %) showed a higher anodic stability, up to
3,98V, in agreement to other studies on superconcentrated
DEME-TFSI liquid cells.***" Following these results, cut-off
potentials of 2 and 3.6 V were established for Li—O, cycling.

Swagelok Li—O, batteries were assembled and discharged
in a dynamic mode at 60 °C to determine the maximum current
rate at which the cells can operate (Figure 4a and b). Increasing
current densities (from 5pAcm™ to 028 mAcm™) were
applied for 15 min per rate. Steady potentials achieved at each
rate are plotted in Figure 4a for all iongel cells (average of 3
cells per type). When the cells are discharged, the potential
reaches a plateau at 2.96 V vs. Li%Li" (E.), which is the redox
potential of the reaction:*

2Li+ 0, + 2 — Li,0,

This potential is usually ~0.3 V below and 0.5V above the
E., (at discharge and charge, respectively) due to energy loses.
Results showed that cells containing intermediate salt concen-
trations ILE could be cycled at higher current rates
(100 pAcm™ for longel-20 mol% and longel-32 mol% cells)
than longel-13 mol% and longel-52 mol % cells (~75 pAcm™).
Considering all cells, 50 pAcm™ was selected as the maximum
current density for further galvanostatic testing with an average
discharge potential of ~2.6 V. Within liquid cells (Figure 4b),

© 2022 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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Figure 4. Dynamic discharge of Li—O, cells at 60 °C (rate test): discharge potential against current density at increasing LE salt concentrations of a) iongel cells
and b) liquid cells; c) equilibrium polarization potential at OCV (E1,, E2., etc.) against cumulative discharge capacity of longel cells achieved after each
consecutive loops; and d) maximum current densities (i, imaxer €1C.) achieved at the end of each discharge loop for the longel cells.

intermediate salt concentrations cells had the highest values
(125 pAcm™ for Liquid-20 mol% and Liquid-32 mol% cells),
similarly to iongel-based cells. This test was also carried out at
25°C on cells with the lowest salt concentrations (13 mol% and
20 mol %, both liquid and polymeric cells) (Figure S8b). In these
conditions, 20 pAcm~? seemed to be the maximum acceptable
rate. Those rates were similar to the ones reported in literature
for [DEME][TFSI] liquid cells at room temperature.

As seen in previous works,®” when a dynamic discharge
loop is completed (Loop x1, Figure S9a), only a small portion of
the cell discharge capacity is used (Figure S9b). Subsequently,
as soon as the cell is no longer polarized (OCV), the potential
tends to reach equilibrium over time, with dE,/dt~0 (El.,
E2,, etc.). Once the potential is stable (usually closed to initial
cell potential at OCV), cells can be discharged again. This
operation (dynamic discharge) was repeated several times (i.e.,
Loopx2, Loopx3, ..., Loop x150), until no capacity was left
and E,,<2 V. In every loop, cells were able to discharge until a
specific current density, named as inay, imaxr €tC. These two sets
of data - e.g., E1qq and i, — were used to analyze further the
cells (Figures 4¢c, d and S9c, d). When the equilibrium polar-
ization potentials at OCV (El,, E2., etc.) were plotted against
the cumulative discharge capacities of the cell, the shape of the
curve mimic the one of a galvanostatic discharge (Figure 4c).
According to the results, cells with higher salt concentrations
ILE led to higher cumulative capacities (32 mol% cells
>20 mol% cells >13 mol% cells). This could be explained as
the equilibrium potentials are proportional to the amount of
mobile ions present in the electrolyte (higher polarization effect

Batteries & Supercaps 2022, 5, €202200049 (5 of 7)

for higher ion-concentrated ILE). This rule was no longer
applied on the superconcentrated ILE (52 mol %), in which the
viscosity kept being the dominant resistance force for ion
transport and ion mobility was then significantly reduced (low
polarization). Furthermore (Figure S9c), iongel-based cells pre-
sented lower polarizations than liquid cells (lower cumulative
capacities) and 0.1V difference in equilibrium potentials (2.7
and 2.8 V for iongel and liquid cells, respectively). On the other
hand, the maximum currents achieved on each 100pP (imax1s imaxar
etc) played an important role too in the final cumulative
discharge capacity. Figures 4(d) and S6(d) show how these
current rates were much higher during the full cell discharge
for longel-20 mol% and longel-32 mol% cells, with maximums
of 225 yAcm™ (~125 pAcm™2 for the rest of the cells), and
matching previous results.

Afterwards, Li—O, iongel cells were fully discharged/charged
in galvanostatic mode at the selected rate (50 uAcm™),
temperature (60°C), using 100 pL of catholyte (Figure S8a) and
after 3 h conditioning at OCV. Figure 5(a) shows that the
absolute discharge capacity of longel-13mol% cell
(3.3 mAhcm™?) was the highest of the group and three times
higher than superconcentrated longel-52 mol% cell. However,
longel-20 mol% cell has the highest Coulombic efficiency
(100%, 2.5 mAhcm™). This fully discharged/charged test was
also done at a higher rate (0.1 mAcm™), obtaining lower
capacities (~0.7 mAhcm™2, iongel cells) and confirming the
optimization results obtained on the dynamic discharge test
(Figure S10a, b). Due to their lack of performance, super-
concentrated cells were not tested further. Lastly, Li—O, cells

© 2022 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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were cycled with limited capacity (0.2 mAcm™) at 50 pAcm ™2
and 2-3.6V cut-off potentials. Figure 5(b) displays the dis-
charge capacity retention of the three iongel cells. The best
ones, longel-13 mol % and longel-20 mol % cells started to fade
after 25 cycles, although the fading of the 20 mol% one is
slightly smoother. In terms of Coulombic efficiency, CE, (Fig-
ure S10d), the longel-20 mol% cell had a 100% CE for a few
cycles more than longel-13 mol% cell. The cyclability of the
liquid cells was also undertaken for comparison (Figure S10c).
Liquid-13 mol% cell was the best one, keeping 100% of the
discharge capacity for 22 cycles. Thus, based on all these
electrochemical tests, we can conclude that in our case iongel-
based cells had higher cyclability than liquid cells.

Conclusion

In this work we present a step forward in the development of
safer electrolyte designs for Li—O, batteries by the use of soft
solid iongel electrolytes based on a low polarization ionic liquid
electrolyte. Taking the best of previous research works, iongel
polymeric electrolytes have been optimized by varying the
polymer: ionic liquid electrolyte ratios, and the salt concen-
tration, including superconcentrated electrolytes. The iongels
can be prepared in an easy but effective manner (fast UV-
polymerization) as flexible and self-standing membranes. The
ionic nature of the liquid electrolyte made these iongels
exceptionally thermally stable (no degradation until 315°C),
and sufficiently robust (~10° Pa) for battery cells operations.
Even further, the optimization of the formulation allowed
finding iongels with an ionic conductivity close to the liquid
counterpart (~12x1072Scm™" at 25°C). Intermediate salt-
concentrated iongels (20 mol%), showed excellent perform-
ance in lithium symmetrical cells, exceeding the liquid cells
results. Overall, longel-20 mol% Li—O, cells exhibited a com-
promising performance amongst the rest of the cells: one of
the maximum current rates, higher number of cycles and
highest Coulombic efficiency. The findings would also confirm
the capability and performance of the polymeric-based electro-
lytes in this type of batteries, which is directly comparable to

Batteries & Supercaps 2022, 5, €202200049 (6 of 7)

liquid cells. This optimized and fast preparation method of ionic
liquid solid electrolytes could be used as the baseline for future
works in which iongel properties could be tuned for application
in Li—O, technology.

Experimental Section

Comprehensive experimental details including synthesis and
characterizations can be found in the Supporting Information.
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