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ABSTRACT: Sodium-ion batteries (SIBs) are a more sustainable alternative to lithium-ion batteries (LIBs) considering the
abundance, global distribution, and low cost of sodium. However, their economic impact remains small compared to LIBs, owing in
part to the lag in materials development where significant improvements in energy density and safety remain to be realized. Deep
eutectic solvents (DESs) show promise as alternatives to conventional electrolytes in SIBs because of their nonflammable nature.
However, their practical application has thus far been hindered by their limited electrochemical stability window. In particular, DESs
based on N-methylacetamide have thus far been reported not to be stable with sodium metal. In contrast, this work reports a
superconcentration strategy where sodium-ion conducting DESs, based on the dissolution of NaFSI in N-methylacetamide, are
simultaneously stable with sodium metal and Prussian blue as state-of-the-art positive electrode material. At 60 °C, the
nonflammable DES outperforms a conventional liquid electrolyte in terms of rate performance and capacity retention. Therefore,
these novel DES compositions pave the way for the use of DESs in practical applications with an improved safety and sustainability.

1. INTRODUCTION NaPF; (~1 M) in a mixture of alkyl carbonate-based solvents,
such as dimethyl carbonate (DMC), diethyl carbonate, ethyl
carbonate (EC), or propylene carbonate (PC)."" An ideal
electrolyte should possess the following qualities: a high ionic
conductivity, a large thermal stability window, no undesired
reactivity toward the electrodes (in a wide temperature range),
and a wide electrochemical stability window. Finally, it should
be inherently safe and nontoxic. All of these properties are very
sensitive to the composition of salt and solvent(s), and to the
use of additives in the electrolyte."" Additives can also be used
to decrease the flammability of conventional electrolytes.'>"?

Since their initial commercialization in 1991, rechargeable
lithium-ion batteries (LIBs) have evolved into successful
energy storage systems. However, lithium is not considered
an abundant element because its relative global abundance is
only 0.01%." Furthermore, lithium is unevenly distributed
across the globe. Based on the larger abundance (2.83%) and
more even global distribution of sodium, along with its low
cost and low electrochemical potential (—2.71 V vs standard
hydrogen electrode (SHE)), close to that of lithium (—3.04 V
vs SHE), sodium-ion batteries (SIBs) are a promising
alternative to LIBs.””>
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reports on the electrolyte remain relatively scarce. The most
frequently used SIB electrolyte at the moment is a solution of
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Deep eutectic solvents (DESs) have emerged as a potential
electrolyte class in energy storage devices due to their low cost,
nontoxic nature, and low vapor pressure.M’15 DESs and ionic
liquids are similar in many ways, including their non-
flammability and low vapor pressure. Other benefits of DESs
include their low component costs and simplicity of the
synthesis process.'®'” Still, reports on the use of DES
electrolytes in SIBs remain scarce. Further, it is challenging
to find a DES electrolyte which is simultaneously compatible
with both sodium metal and high energy positive electrode
materials, such as polyanion comgounds, layered oxides, and
Prussian blue (PB) analogues." *° De Sloovere et al*'
reported a series of DESs consisting of sodium bis-
(trifluoromethanesulfonyl)imide (NaTFSI) in N-methylaceta-
mide (MAc). Although an increase in salt concentration
significantly increased their anodic stability up to ~4.65 V vs
Na*/Na, even the most concentrated formulations were not
compatible with sodium metal. In another report, Xiong et al. >
dissolved sodium bis(fluorosulfonyl)imide (NaFSI) in 1,2-
dimethylimidazole to obtain a DES with excellent compati-
bility toward sodium metal. However, its electrochemical
stability window remained limited to 3.2 V, as determined
from LSV measurements at 100 mV s™'. The DES reported by
Chen et al*® consists of NaClO,, 1,3,2-dioxathiolane-2,2-
dioxide (DTD) and succinonitrile, has a room temperature
conductivity of 2.86 mS cm ™" and has excellent stability toward
Na,V,(PO,);, hard carbon, and sodium metal. Here, the
formation of hydrogen bonds between DTD and succinonitrile
enables the latter’s compatibility with sodium metal. However,
the high cost of DTD may limit this DES’ commercial viability.
In a similar approach, the electrochemical stability window of
water was extended to 3.41 V by the dissolution of NaClO,
and succinonitrile, essentially creating a water-locked eutectic
electrolyte.”*

This work reports a new series of sodium-based DES
electrolytes, where a superconcentration strategy is used for the
dissolution of NaFSI in MAc. The coordination structure of
these DESs was studied by FTIR, Raman, and NMR
spectroscopy, revealing the importance of ionic interactions
on the functional properties of these DESs. In particular, the
coordination structure has a pronounced effect on the ionic
conductivity, anodic stability limit, and compatibility toward
sodium metal. In PB/sodium cells, the most concentrated DES
outperformed a conventional electrolyte in terms of rate
performance and electrochemical stability. Compared to
previously reported DESs, the compositions reported in this
work offer an improved electrochemical stability without the
need for expensive hydrogen bond donors/acceptors. As such,
this work brings the use of DESs in safe and sustainable
applications a step closer.

2. METHODS

2.1. Chemicals. Sodium bis(fluorosulfonyl)imide (NaFSI,
99.9%, Solvionic) was utilized as received. After purchasing N-
methylacetamide (MAc, > 99%, Sigma-Aldrich), it was dried
for 72 h at 45 °C using molecular sieves (3 A, 4—8 mesh,
Acros). The chemicals were stored in a glovebox filled with
argon (Sylatech, H,0 < 0.1 ppm, O, < 0.1 ppm).

2.2. Preparation of the DESs. Appropriate amounts of
NaFSI and MAc were mixed at 50 °C in an argon-filled
glovebox until a transparent mixture was obtained.

2.3. Physicochemical Characterization. Fourier trans-
form infrared spectroscopy (FTIR, PerkinElmer Frontier, 16

scans, 4000—400 cm™! scan range, 4 cm™! resolution) was used
to examine the DES coordination structure. The measurements
were carried out using the MIRacle single reflection ATR.
Thermogravimetric analysis (TGA, TA Instruments Q600)
was used to study the thermal decomposition of the
electrolytes by heating 2—8 mg of the samples (10 °C min™"
to 600 °C, N, flow). A differential scanning calorimeter (DSC,
TA Instruments Q200) was used for the calorimetric studies.
The samples were heated from —90 to 60 °C at 10 °C min™"
while being sealed in aluminum hermetic pans and subjected to
a 50 mL min~" nitrogen flow. Using an Anton Paar MCR102
rheometer, the viscosity of the DES was determined at a shear
rate of 100 s™'. On a Jeol ECZ400R spectrometer, NMR
spectra were obtained at 399.8, 376.2, and 105.7 MHz for 'H,
'F, and **Na spectra, respectively, using a 5 mm Royal HEX
probe at RT. Acquisition parameters used were (i) for 'H
NMR: a spectral width of 6 kHz (15 ppm), a 90° pulse length
of 6.8 us, an acquisition time of 2.2 s, a recycle delay time of 12
s and 64 accumulations; (ii) for '’F NMR: a spectral width of
151.5 kHz (400 ppm), a 90° pulse length of 7.9 us, an
acquisition time of 0.7 s, a recycle delay time of 10 s and 64
accumulations; and (iii) for *Na-NMR: a spectral width of
64.1 kHz (600 ppm), a 90° pulse length of 22 us, an
acquisition of 0.2 s, a recycle delay time of 10 s and 200
accumulations. Raman spectra were collected using a Renishaw
InVia Qontor Confocal Raman Microscope with a 10X
objective and a 785 nm excitation wavelength to give a laser
spot volume of approximately 400 pm®. The measurements
were performed at room temperature in continuous scan mode
(SynchroScan) with an exposure time of 10 s, 3 accumulations,
100% laser power, and a 1200 L/mm grating. The obtained
spectra were analyzed using Renishaw WIRE 5.6 software and
cosmic rays were removed when present.

2.4. Electrochemical Characterization. A Mettler
Toledo FiveEasy Plus conductometer was used to measure
the ionic conductivity of the DESs while the samples were
submerged in a thermostatic bath that ranged in temperature
from —10 to 60 °C. Using a three-electrode setup consisting of
a stainless steel working electrode, a sodium metal counter
electrode, and a sodium metal reference electrode, linear sweep
voltammetry (LSV, Bio-Logic, VMP3) was used to assess the
electrochemical stability window of the DESs. A glass fiber disk
(18 mm in diameter and 1.55 mm in thickness, EL-CELL)
soaked with the DES under investigation served as a separator
between the electrodes. The working electrode potential was
swept from the open-circuit potential (OCP) to § V vs Na*/
Na in the anodic scan, and to —1 V vs Na*/Na in the cathodic
scan, with a scan rate of 1 mV s\, The electrochemical
compatibility of the DESs with sodium metal was tested by
electrochemical impedance spectroscopy (EIS) in a symmetric
Na/DES/Na cell. To execute EIS (Bio—Logic, SP-300), the
OCP was perturbed using an alternating sinusoidal potential
with an amplitude of 10 mV over a frequency range of 10 kHz
to 100 mHz. The long-term stability between the DES
electrolyte and Na metal was assessed by a stripping/plating
test in a symmetric Na/DES/Na cell, where the DES was
impregnated in a glass fiber separator (19 mm diameter, 0.26
mm thickness, purchased from EL-CELL). Here, a current of
0.05 mA cm™2 was applied in alternating directions (30 min
per half cycle, BioLogic SP-300).

Electrodes were formulated with 85 wt % PB (Na 4, Fe[Fe-
(CN)4loos NEI corporation), 10 wt % carbon black (C6S,
Imerys), and S5 wt % PVDF (1.35 wt % in N-methyl
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Table 1. Molality (molar Amount of NaFSI Divided by the Weight of MAc), Molar Ratio, Anodic Stability Limit, and Ionic

Conductivity at 0, 20, and 60 °C of the DESs”

sample molality NaFSI (m) [NaFSI]/[MAc] molar ratio anodic stability limit vs Na*/Na (V) ionic conductivity (mS cm™)
0°C 20 °C 60 °C
DES-1 13.7 1:1 ~4.0 0.00343 0.0561 3.65
DES-2 6.84 1:2 ~3.7 0.141 0.820 8.73
DES-3 4.56 1:3 0.319 3.35 15.6
DES-4 3.42 1:4 0.754 4.46 18.0
DES-§ 2.74 1:5 0.901 5.31 17.1
DES-6 1.95 1:7 1.23 6.50 18.0
DES-7 1.52 1:9 1.25 6.58 17.7

“The anodic stability limit of less concentrated DESs could not be measured due to their reactivity with Na metal (indicated by a dash).
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Figure 1. MAc—MAc hydrogen bonds are replaced by ionic interactions when the salt concentration increases. (a) FTIR and (b) Raman spectra

of the investigated set of DESs with normalized peak intensities.

pyrrolidone, Roth Chemicals), using a ball mill (Retsch Emax,
500 rpm, 30 min, S X 1 cm zirconia balls). Next, the resulting
slurry was tape casted on aluminum foil with a blade height of
100 pm, dried overnight in air at 60 °C, followed by drying
under vacuum in a Biichi glass oven B-585 at 110 °C for 15 h.
PB/Na cells were assembled in an argon-filled glovebox. A thin
glass fiber (EL-CELL, 19 mm diameter, 0.26 mm thickness)
soaked with the DES electrolyte (120 uL) was used as
separator. Prior to galvanostatic cycling (2.2—4 V vs Na*/Na),
all coin cells underwent a 16 h OCP period.

3. RESULTS AND DISCUSSION

Seven NaFSI/MAc-based DES electrolytes with different
NaFSI concentrations were prepared. Table 1 summarizes
their exact compositions, their ionic conductivity at 0, 20, and
60 °C, and their anodic stability limit. Further details are given
in Supporting Information. As both DES-1 and DES-2 contain
a higher mass of NaFSI than MAc, we consider these to be
superconcentrated DESs.

3.1. Coordination Structure. A previous study estab-
lished the importance of the solution coordination structure
for the electrochemical properties of DES electrolytes
consisting of NaTFSI and MAc.*' At high salt concentrations,
MAc—MAc hydrogen bonds are broken in favor of strong ionic
interactions between MAc, Na', and TFSI", giving rise to a
shift in the energy levels of the molecular orbitals, and
ultimately to an increased anodic stability. Given the critical
role of the solution coordination structure, the chemical
interactions in the NaFSI-based DESs presented in this paper
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were thoroughly characterized using FTIR, Raman, and NMR
spectroscopy.

The MAc coordination environment can be readily studied
using FTIR spectroscopy (Figure 1a). When its N—H moiety
is involved in hydrogen bonds, the amide A band is located
around 3312 cm™". The amide A band will shift toward higher
wave numbers as the hydrogen bonds are replaced by ionic
interactions. In our set of DESs, the amide A band at 3424
cm™! becomes more intense compared to the band at 3312
cm™ as the salt concentration increases. This suggests that in
highly concentrated DESs, ionic interactions replace MAc—
MAc hydrogen bonds.”” The complete FT-IR spectra are given
in Figure S1.>°7*® Further information on the solution
coordination structure was gathered with Raman spectroscopy
(Figures 1b, S2). This technique is particularly useful for
assessing the coordination environment of the FSI™ anion, as
the bands in the 700—770 cm™" range are characteristic for its
S—N stretching modes. The most relevant Raman peaks are
described in Table S2. In the Raman spectra of DES-7 (which
has the lowest salt content), the band at 731 cm™" corresponds
to uncoordinated FSI” anions. With increasing NaFSI
concentration, the FSI™ bands shift to higher Raman shifts,
indicating that the FSI™ anions experience more pronounced
ionic interactions.”’

The nature of the ionic interactions in the DESs was further
investigated with NMR spectroscopy (Figure 2). The '"H NMR
spectra (Figure 2a) indicate that as the concentration of NaFSI
increases, there is a significant upfield shift of the MAc NH
signal from 8.2 to 6.7 ppm. Additionally, there is an upfield
shift for both the MAc CH;—C=0 methyl group (from 3.1 to
2.9 ppm) and NH—CH; methyl group (from 2.3 to 2.15 ppm).

https://doi.org/10.1021/acsomega.4c02896
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https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c02896/suppl_file/ao4c02896_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c02896/suppl_file/ao4c02896_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c02896/suppl_file/ao4c02896_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c02896/suppl_file/ao4c02896_si_002.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02896?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02896?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02896?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02896?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02896?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
a —— DES-1 o
—— DES-2
—— DES-3 e
—— DES-4 )Lﬂ ‘
DES-5 CH,-C=0
DES6
DES-7 S
°
[
>
2 Increasing NaFS| concentration
—_—
UL
J\J
- T : T - T - T r T - T - T r
9 8 7 6 5 4 3 2 1
"H chemical shift (ppm)
b — C
" . 23
Increasing NaFS| concentration F Increasing NaF S| concentration Na
o
®
e 8 9
3 S ©
2 S o
S c
3 3 5
g < a
<
00 ——DES-1
Ferm N _F 60 58 56 54 52 50 48 46
PN '®F chemical shift (ppm)
g ND
T T T T T T T T
54 53 52 51 50 100 50 0 -50 -100

9F chemical shift (ppm)

23Na chemical shift (ppm)

Figure 2. (a) 'H, (b) "F, and (c) *Na NMR spectra of the set of DES electrolytes. Increasing the NaFSI concentration leads to upfield shifts of
the 'H and **Na NMR signals, and to a downfield shift of the '’F NMR signals. In the °F spectra, DES-1 is placed as a zoomed insert.
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Figure 3. Plot of the (a) ionic conductivity (b) viscosity of the DES electrolytes as a function of temperature. The dots represent the data points,
and the full lines represent the fits to the VTF equations. For DES-1 and DES-2, neither the ionic conductivity nor the viscosity could be reliably

fitted.

As intermolecular hydrogen bonding causes a downfield shift
of the NMR signal, the upfield shift of the signals indicates an
increase in ionic interaction. Moreover, a signiﬁcant increase in
signal broadening is observed for DES-2 and DES-1, indicating
a reduced freedom of MAc mobility. The signals in the '"F
NMR spectra (Figure 2b) show a downfield shift as the
concentration of NaFSI increases, suggesting that the FSI™ ions
take part in the ionic interactions. Also here, severe signal
broadening is observed for DES-2 and DES-1, indicating a
reduced freedom of mobility for the FSI™ ions. The **Na NMR
spectra (Figure 2c) show that an increased NaFSI concen-
tration leads to an upfield shift and signal broadening,
suggesting that the Na® ions are actively involved in the
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ionic interactions as well. The signal broadening indicates a
decreased degree of Na® ion mobility. Whereas the most
pronounced upfield shift is observed for DES-1, the signal is
significantly less broad than is the case for less concentrated
DESs. Whereas this may suggest an increased Na* ion mobility
in this sample (and therefore, an increased sodium ion
transference number), one should note that the line width is
also determined by the exchange rate between chemical sites.*
In any case, the narrow signal suggests that the Na'-TFSI"-
MAc complexes formed in this DES are significantly different
from those formed in less concentrated DESs. The presence of
such complexes may allow to achieve a combination of high
ionic conductivity and broad electrochemical stability which is

https://doi.org/10.1021/acsomega.4c02896
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not possible for less concentrated DESs, where there is always
a trade-off between both factors.

The spectroscopy results presented above indicate that an
increase in NaFSI concentration leads to the breakage of
MAc—MAc hydrogen bonds. Instead, strong ionic interactions
lead to the formation of Na*-TFSI"-MAc complexes. As shown
in our previous work,”" this may cause a significant shift in the
energy levels of the molecular orbitals, which ultimately affects
the electrochemical stability window of the DES electrolytes.
As such, an increase in salt concentration may allow to extend
the anodic stability to higher potentials, while simultaneously
allowing compatibility with sodium metal. This will be studied
in detail in the following sections.

3.2. lonic Conductivity and Viscosity. The ionic
conductivity and viscosity values of the investigated DESs
were measured in a broad temperature range (between —3 and
60 °C, Figure 3). Overall, the ionic conductivity decreases and
the viscosity increases with increasing salt concentration, in
line with the NMR spectroscopy results. For the less
concentrated DESs, ie. DES-3 to DES-7, the variation of
ionic conductivity and viscosity can be described by the
Vogel-Tammann—Fulcher (VTF) equations

—B/T-T,
0 = 0y B/ 0

1
2)

In eqs 1 and 2, the conductivity and viscosity at infinite
temperature are represented by the pre-exponential compo-
nents o, and 1, respectively. B, B’, and T, describe the
temperature dependence. For DES-3 to DES-7, these
parameters were fitted to the VIF eq (Table 2). However,

n=ne’ T
0

Table 2. Ionic Conductivity for the DES Electrolytes
Combined with VITF Model Parameters

sample conductivity

0y (mS Cm_l) B (K) Ty (K) 19 (Pas) B (K) T, (K)

viscosity

DES-1

DES-2

DES-3 278 127 230 0.0493 85 237
DES-4 460 167 213 0.0519 7 236
DES-5 270 137 217 0.0467 77 231
DES-6 185 113 22 0.0377 98 220
DES-7 81 65 237 0.0323 11 213

the ionic conductivity and viscosity of DES-1 and DES-2 could
not be reliably fitted to these equations, meaning that they
cannot be accurately described by the VTF equations in the
investigated temperature range. Particularly for DES-1, the
variation with temperature is more pronounced than for the
other DESs, which may be related to the decreased peak width
observed in **Na NMR (Figure 2c). At 20 °C, DES-1 has an
ionic conductivity of 0.0561 mS cm™’, which increases to 3.65
mS cm™! at 60 °C. Therefore, this DES is more suitable for
operation at higher temperatures. In contrast, DES-2 has an
ionic conductivity of 0.820 mS cm™" at 20 °C, implying that
this DES may be more suited for room temperature operation.

3.3. Thermal Stability. The thermal stability of the set of
DESs was studied with thermogravimetric analysis (TGA,
Figure S3). The onset temperature for DES degradation
increases with increasing NaFSI concentration, up to 2150 °C
for DES-1, as compared to 50 °C for DES-7, most probably

due to the stronger ionic interactions in more concentrated
DESs. As such, the thermal stability of the more concentrated
DESs (i.e, DES-1 to DES-4) exceeds that of a conventional
liquid electrolyte (i.e., 1 M NaClO, in EC/PC). After an initial
degradation step, the mass loss profiles of all DESs reach a
plateau. A comparison of the experimental residual masses with
the theoretical values reveals that this plateau corresponds to
the composition where all MAc has evaporated. At higher
temperatures, the salt is degraded, similarly to previously
investigated DES compositions.”"””' The glass transition
temperatures of the DESs were investigated with DSC (Figure
S4).

The flammability of the most concentrated DESs was
assessed by means of a combustion test where a drop of DES
was exposed to a torch. Neither DES-1 nor DES-2 could be
ignited after 5—6 s of flame contact, even after repeated flame
contact (Supporting Information). We presume that the strong
ionic interactions in these samples cause a low vapor pressure,
which implies that no combustible vapor can be formed. The
nonflammable nature of these DESs means that they facilitate
the safety of battery operation.

3.4. Compatibility with Sodium Metal. A wide electro-
chemical stability window is a crucial functional property of
any electrolyte. It was previously reported that sodium metal
reacts quickly with MAc, but that this reactivity diminishes as
more salt is dissolved into the DES.”" As such, the reactivity of
MAc molecules depends on their coordination environment:
when involved in an ionic bond, the reactivity is much lower
than when involved in a hydrogen bond. The spectroscopy
results in this paper also indicate a changing MAc coordination
environment with increasing salt concentration. Therefore, we
expect a similar behavior for the DESs reported in the paper at
hand. A piece of sodium (~20 mg) was added to each DES
composition (1 mL), and the sodium dissolution (and
corresponding formation of precipitates) was visually observed
throughout time (Figure SS). The sodium metal quickly
dissolved in the less concentrated DES compositions: after §
days, it was totally dissolved in DES-S, DES-6, and DES-7, and
partially dissolved in DES-4. The sodium metal was noticeably
less soluble in the more concentrated DESs (DES-1, DES-2,
and DES-3). Therefore, the stability of these DESs was more
thoroughly investigated in Na/DES/Na symmetrical cells at
room temperature, which were subjected to EIS over regular
time intervals (Figure S6). The Nyquist plots show a lower
charge transfer resistance (R.) with increasing NaFSI
concentration, implying that less resistive degradation layers
are formed on the sodium metal surface. As implied by the
stability of the R, over time, these layers are most robust for
DES-1 and DES-2. The continuously increasing R, of the Na/
DES-3/Na cells implies that this DES is continuously
degraded, indicating a poor compatibility between DES-3
and sodium metal. Therefore, this DES was discarded from
further investigation.

The previous results indicate that DES-1 and DES-2 are
compatible with sodium metal at room temperature. As DES-1
may be more suitable for operation at higher temperatures, the
stability of symmetrical Na/DES/Na cells was also investigated
at 60 °C by means of galvanostatic plating/stripping tests. In
these tests, a current of 0.05 mA cm™> was applied with a half
cycle capacity of 0.025 mA cm™ (i.e,, 30 min per half cycle).
This process was repeated for 450 h, with a stable voltage
profile without short circuit (Figure 4). A slight increase of
polarization is observed over time. EIS measurements before
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Figure 4. (a) Galvanostatic stripping/plating curves of Na/DES-1/Na cells at 60 °C. A current of 0.05 mA cm™> was applied for 30 min until the
polarity was reversed. (b) Corresponding Nyquist plot representation of the impedance spectra of the Na/DES-1/Na cells before and after the
stripping/plating test. (c) Galvanostatic stripping/plating curves of Na/DES-2/Na cells at 60 °C. A current of 0.05 mA cm™ was applied for 30
min until the polarity was reversed. (d) Corresponding Nyquist plot representation of the impedance spectra of the Na/DES-2/Na cells before and

after the stripping/plating test.

and after the stripping/plating tests show an increasing R,
indicating the formation of a resistive degradation film. Still,
these results indicate that these two DES electrolytes have a
promising compatibility with sodium metal, in contrast with
previously reported MAc-based DESs.”'

3.5. Anodic Stability. Using a three-electrode setup
consisting of a stainless steel working electrode, a sodium
metal counter electrode, and a sodium metal reference
electrode, the anodic stability limits of DES-1 and DES-2
were evaluated with linear sweep voltammetry (LSV). DES-1,
with its higher salt concentration, has a slightly higher anodic
stability limit than DES-2 (Figure S). This is in line with the
observation that increasing salt concentrations lead to the
replacement of MAc—MAc hydrogen bonds with strong ionic
interactions between Na*, FSI™ and MAc. The related shift in
molecular orbital energy levels shifts the anodic stability of the
electrolytes. Both DESs are potentially compatible with
positive electrode materials operating up to 4 V vs Na'/Na.
The cathodic LSVs of similar three-electrode cells indicate that
both DES-1 and DES-2 are reduced at low voltages (Figure
S7).

3.6. Application in Supercapacitors and in SIBs. The
functional characterization presented above suggests that the
set of DESs may be used as electrolyte for supercapacitors.
This is further elaborated on in the (Figures S8—S12).**7*"
Additionally, both DES-1 and DES-2 are electrochemically
compatible with both sodium metal and with positive electrode
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Figure S. With an increase in NaFSI concentration, the anodic
stability limit of the DES compositions increases. LSV of DES-1 and
DES-2 impregnated in a glass fiber separator and placed between a
stainless steel working electrode, a sodium metal reference electrode,
and sodium metal counter electrode in a three-electrode setup. The
potential at the working electrode was swept from the OCP to 5 V vs
Na*/Na at a scan rate of 1 mV s™! at room temperature.

materials operating at up to ~4 V vs Na*/Na. PB, a transition
metal hexacyanoferrate with an open framework structure, is an
excellent example of the latter. Operating between 2.2 and 4 V
vs Na*/Na, it has a theoretical capacity of ~170 mAh g™'.** As
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Figure 6. (a) Rate performance and (b) corresponding charge/discharge curves of PB/Na cells containing DES-1 or 1 M NaClO,, in EC/PC as
liquid electrolyte. (c) Cycle stability test of PB/Na cells performed at 0.2 C. All electrochemical tests were performed in the voltage window of 2.2—
4V vs Na*/Na and at 60 °C. The average active mass loading of the PB electrode was 1.2 mg cm™%, which corresponds to 0.204 mAh cm™
assuming a theoretical capacity of 170 mAh g™'. The shaded areas indicate the standard deviation according to three separate measurements.

stated above, the limited ionic conductivity of DES-1 at room
temperature renders it more suitable for use at higher
temperatures, whereas DES-2’s higher conductivity may enable
its use at room temperature. Therefore, both PB/DES-1/Na
and PB/DES-2/Na cells were constructed, where the former
were tested at 60 °C and the latter were tested at room
temperature. For comparison, similar cells with a conventional
electrolyte were also constructed.

At room temperature, the use of DES-2 as electrolyte does
not lead to an improved electrochemical performance
compared to the conventional electrolyte (Figure S13)."!
However, at 60 °C, PB/DES-1/Na cells perform significantly
better than conventional cells. At rates of 0.1 and 0.2 C, both
types of cell deliver a similar discharge capacity (Figure 6a).
The cells containing DES-1 deliver 112, 102, and 89 mAh g™!
at 0.5, 1, and 2 C, respectively. This is considerably higher than
the capacities of 89, 58, and 24 mAh g~ delivered by the
conventional cell at the same rates. The low polarization
during galvanostatic cycling is evident from the galvanostatic
charge/discharge curves (Figure 6b). After 100 cycles at 0.2 C,
the DES-based cells retain 72% of their initial capacity of 125
mAh g, as compared to 56% and 131 mAh g~' for the
conventional cells (Figure 6c). The improved capacity
retention of the DES-based cells is also related to an increased
Coulombic efficiency throughout the entire cycling process.
We attribute the superior electrochemical performance of
DES-1 at 60 °C to its combination of sufficient ionic
conductivity with high electrochemical stability. Using conven-
tional, carbonate-based electrolytes without additives leads to a
continuously increasing resistance during cell operation.*' This
is also evident from the low Coulombic efficiency observed for
1 M NaClO, in EC/PC in our case. We surmise that the use of
DES-1 as electrolyte leads to the formation of most robust,
conductive degradation layers during cell operation, thereby
allowing an improved electrochemical operation in terms of
rate performance and cycle stability. In lithium-based DESs,
higher temperatures during cell operation can lead to a higher
fluoride content in the SEL** A similar mechanism may be at
play in the case at hand. As such, this type of DES holds
promise as functional electrolyte, albeit only at higher
operating temperatures. This is relevant for large-scale energy
storage, where batteries can be subjected to high temperatures
because of the climate, and because of the heat generated
during high power operation.
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4. CONCLUSIONS

Nonflammable DESs are promising alternatives for highly
flammable conventional electrolytes in applications where the
primary consideration is safety, such as SIBs in stationary
applications. However, the number of reported DES electro-
lytes for SIBs has remained limited thus far, and the reported
compositions have limited stability or rely on the use of
expensive hydrogen bond donors/acceptors. In contrast, this
work reports a series of stable DESs, based on the dissolution
of NaFSI in MAc, with an electrochemical performance
exceeding that of a conventional carbonate-based electrolyte at
60 °C. PB/sodium cells containing a DES electrolyte deliver 89
mAh g™ at a rate of 2 C, whereas this value drops to 24 mAh
g~! for a conventional electrolyte. The former cells retain 72%
of their initial capacity of 125 mAh g™ after 100 cycles at 0.2 C
(as compared to 56% and 131 mAh ¢! for the conventional
electrolyte). The superior DES compatibility with both PB and
sodium metal is achieved by a superconcentration strategy,
where intermolecular hydrogen bonds are replaced by ionic
interactions. These strong interactions further result in an
improved thermal stability and lower flammability as compared
to conventional carbonate-based electrolytes. The improved
stability of this set of DESs is a step forward for the practical
use of DESs as electrolytes in safe and sustainable SIBs.
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