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HIGHLIGHTS

o Hydrogen bonding between MnO,, and an IL cation important for charge storage.

e A faradaic contribution from MnO, is observed with a protic IL, due to a redox reaction.

e Capacity explained by a densely packed layer of standing cations on the surface.

o For aprotic ILs only double layer charge storage is observed.

ARTICLE INFO ABSTRACT

Keywords: In this work we have investigated the charge storage mechanism of MnOj electrodes in ionic liquid electrolytes.
anz We show that by using an ionic liquid with a cation that has the ability to form hydrogen bonds with the active
Prof‘“ L material (MnO3) on the surface of the electrode, a clear faradaic contribution is obtained. This situation is found
:;;iigqmd for ionic liquids with cations that have a low pKa, i.e. protic ionic liquids. For a protic ionic liquid, the specific
Supercapacitor capacity at low scan rate rates can be explained by a densely packed layer of cations that are in a standing

geometry, with a proton directly interacting through a hydrogen bond with the surface of the active material in
the electrode. In contrast, for aprotic ionic liquids there is no interaction and only a double layer contribution to
the charge storage is observed. However, by adding an alkali salt to the aprotic ionic liquid, a faradaic contri-
bution is obtained from the insertion of Li* into the surface of the MnO, electrode. No effect can be observed
when Li" is added to the protic IL, suggesting that a densely packed cation layer in this case prevent Li-ions from
reaching the active material surface.

1. Introduction

There is a growing interest in the application of supercapacitors
(SCs) spurred by their power and cycle performance. However, to meet
the specifications of many emerging applications, an increase in the
energy content is required [1]. To increase the energy density, the
addition of redox active materials to the electrodes has been explored in
hybrid supercapacitor devices [2]. The redox active material adds a
faradaic contribution to the charge storage in the electrode that is in
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addition to the double layer capacitance of a traditional SC. A commonly
explored route is the addition of transition metal oxides to the electrode
[3-5], and among these MnO5 is considered one of the most promising
redox materials due to a high theoretical capacitance and high natural
abundance [5].

In MnO, based electrodes, for hybrid SCs, the mechanisms involved
in charge storage are a redox reaction (Mn(III) to Mn(IV)), and electrical
double-layers at the surface of the electrode [6-8]. Most commonly,
MnO, type electrodes are used in combination with aqueous
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electrolytes, where the faradaic process originates from the electro-
chemical reaction between protons in the electrolyte and the transition
metal oxide [9]. However, MnOs is not stable in acidic electrolytes as it
forms soluble MnOOH species [10]. To improve the stability, neutral
electrolytes containing alkali metal cations, e.g. Li*, are used, with a
faradaic charge storage mechanism based on electrochemical reactions
that utilize both protons and the alkali metal cation [7,11]. Even though
the use of aqueous based electrolytes can provide good cyclability,
dissolution of MnO, complexes can still occur at neutral conditions. In
addition, the voltage window of the device is limited to around 1-1.3 V
by the water splitting at 1.23 V vs SHE [9].

To address both the dissolution of active material and the limited
potential window, ionic liquids (ILs) are considered as promising al-
ternatives. ILs are salts with a melting point below 100 °C, often
considerably below room temperature [12,13]. By the proper selection
of the anion and cation several families of ionic liquids with high elec-
trochemical stability (up to 5 V), non-flammability, and low vapor
pressure have been developed. The wider potential window results in an
increased energy density and with respect to faradaic electrode mate-
rials the solubility of metal oxides is usually lower in ionic liquids [14],
which could improve cyclability.

In the case of protic ionic liquids (PILs), protons on the cation can be
available for electrochemical interactions with a faradaic material [15],
which could enable a similar mechanism as present with aqueous elec-
trolytes. There has been only a few studies using PILs in combination
with e.g. RuO2 or MnO; electrodes [16,17], showing that
redox-transitions took place with protons transferred from the electro-
lyte to the electrode. However, in these studies the electrolyte contained
an excess amount of acid, thus it was not a true ionic liquid, and the
proton activity could also be related to the acid. There is still an interest
to understand potential mechanisms of proton interaction with a fara-
daic material using true ionic liquid electrolytes. In addition, the role of
alkali metal cations in the electrochemical processes when using an ionic
liquid has not been investigated in hybrid SCs. Ionic liquids can readily
dissolve typical Li-metal salts and Li-ion containing ionic liquid elec-
trolytes have been explored for Li-battery applications [12,13].

In this work we target the mechanism of interaction between ionic
liquids and the faradaic material MnO,. Specifically, we target how the
proton availability influences the electrochemical response. To address
this issue, we use ionic liquid electrolytes with the same anion, but with
cations varying only in slight modifications of the side chain of the
cation, see Fig. 1, resulting in different proton donor ability. In addition,
we investigate the influence of the presence of alkali metal cations by
adding LiTFSI to the ionic liquids. The electrochemical response of
MnOs, electrodes previously studied in aqueous electrolytes [11], is here
investigated with these ionic liquid electrolytes and the mechanism
discussed in relation to the proton availability, interaction energies, and
geometry. We show that in the case where there is the possibility to form
a hydrogen bond, the proton on the cation can interact electrochemi-
cally with MnO,. At the same time this interaction efficiently blocks
interaction between Lit and the MnOs.
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Fig. 1. Structures of ions of the investigated ionic liquids a) 1-ethyl-3-methyl-
imidazolium TFSI, b) 1-ethanol-3-methylimidazolium TFSI, c¢) 1-ethylimidazo-
lium TFSIL
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2. Experimental
2.1. Electrolytes

1-ethyl-3-methylimidazolium bis(trifluoromethane)sulfonamide
(EMIM TFSI, 99.5%), 1-ethanol-3-methylimidazolium bis(trifluoro-
methane)sulfonamide (EtOHIM TFSI, 99%) and lithium bis(trifluoro-
methane)sulfonamide (LiTFSI, 99.9%) were purchased from Solvionic,
and 1-ethylimidazolium bis(trifluoromethane)sulfonamide (EIM TFSI,
98%) from Iolitec. All chemicals were used as received.

2.2. MnOy electrode preparation

a-MnOs, (cryptomelane phase) was obtained from ERACHEM (MnO,
HSSA). The structure and morphology of this material has been reported
previously from XRD [18] and SEM characterization [19]. The MnO,
electrodes were prepared following a previously reported procedure
[20], in brief, MnO5 (75 wt%), PTFE (5 wt%), and carbon black (20 wt
%) were mixed in ethanol. The slurry was pressed slightly and left to dry
to form a film. The film was pressed between two stainless steel meshes
at 9000 MPa for 60 min. The geometrical electrode area was about 0.25
cm? and the mass loading was 7 mg/cm?.

2.3. Electrochemical measurements

The electrochemical measurements were performed in 3-electrode T-
shaped polystyrene Swagelok cells with stainless steel rods as current
collectors and using a PalmSense3 potentiostat. Activated carbon was
used as counter electrode and glass fiber paper (Whatman, 0.26 mm)
was used as separator. Silver foil (Alfa Aesar, 99.9%) was used as quasi-
reference electrode (QRE). The silver foil was polished with an alumina
slurry (30 pm particles), ultrasonicated in MilliQ water, acetone and
finally ethanol for 10 min each, respectively. The potential of the Ag/
Ag*- QRE was determined by adding 0.02 M of ferrocene (FCE) to the
different electrolytes and cycling the cells at 20 mV s~'. The reduction
and oxidation potentials established for FCE in the different ILs can be
found in the supporting information, Table S1.

2.4. Electrolyte characterization

Ionic conductivities were determined with a Novocontrol dielectric
spectrometer using a coin cell with stainless steel electrodes and glass
fiber separator (0.26 mm). The viscosities were measured at 20 °C with
an Anton Paar LOVIS 2000 M micro-viscometer with the falling ball
method, using a stainless-steel ball with a density of 7.7 g cm™> and a
capillary with an inner diameter of 1.6 mm for low viscosity samples and
2.8 mm for high viscosity samples. The water content in the ionic liquids
and LiTFSI salt was determined by Karl-Fischer titration and is presented
in Table S3.

2.5. Calculations

Theoretical pKa-values of the different cations were calculated as if
they were alone in water. The protons used in the calculations are
indicated in Fig. 2. The calculations were performed using the
Conductor-like Screening Model for Real Solvents (COSMO-RS), a
computational method that integrates concepts of quantum chemistry,
dielectric continuum models, electrostatic surface interactions, and
statistical thermodynamics to predict thermodynamic quantities and
equilibria of fluids and liquid mixtures [21,22]. The molecular struc-
tures of the imidazolium compounds and their corresponding deproto-
nated zwitter-ion for the initial quantum chemical step were built in the
graphical user interface TmolX 4.2, and the calculations were performed
with the TURBOMOLE V7.1 [23,24] program package. Geometries were
optimized using the BP86-functional [25,26] and TZVP basis set [27] in
the gaseous phase and for the perfect conductor (COSMO: &€ = o).
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Fig. 2. The protons on the cations used in the COSMO-RS calculations (red) for a) EMIM, b) EtOHIM, and c) EIM. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

Additionally, a single point calculation at BP86/TZVPD//BP86/TZVP
level of theory was performed for the gaseous and the COSMO phase in
order to generate a fine grid cavity (FINE) for the molecules. The
COSMO-RS calculations were performed with the COSMOthermX pro-
gram [28], using the BP_TZVPD _FINE_C30_1701 parameterization at
298.15 K. The pKa module was used to compute the pKa values with the
“parameters for -acid- in solvent” settings for water and acetonitrile
(ACN), and “parameters for -base- in solvent” settings for water and
ACN.

The interaction energy between a 110 MnO,, surface and the cations
of the ionic liquids were calculated using Density Functional Theory
(DFT). All DFT electronic structure calculations were performed using
Vienna ab-initio Simulation Package (VASP) [29], employing the PBE
exchange-correlation functional with Hubbard U corrections (Ugg =
3.90 eV) and projector augmented wave (PAW) potentials for all ele-
ments. An energy cut-off of 520 eV was imposed for the plane wave basis
set. The 110-surface of MnOy was constructed from the primitive cell
using double layers containing 6 x 4 manganese atoms, a
Gamma-centered 2 x 3 x 2 k-mesh was used as grid. Geometry and cell
parameter optimization were performed using a convergence criterion
set to 0.01 eV A~L. The cations (EIM, EtOHIM and EMIM) were added in
close proximity to the optimized surfaces in two different positions in
order to investigate geometries where the imidazole ring on the cations
is oriented parallel or perpendicular to the surface. Geometries were
reoptimized and the ones with the lowest energy are considered in this
study.

3. Results and discussion

To investigate the electrochemical response of MnO- in neat ionic
liquid electrolytes, cyclic voltammetry (CV) experiments were per-
formed in the potential window 0-1.1 V at increasing scan rates (1-20
mV s 1). Fig. 3 shows the results at the lowest and the highest scan rates.
For EMIM TFS], the typical rectangular profiles and low specific currents
indicate a double layer capacitance type of charge storage [30], without
any faradaic contribution from the MnO; in the electrode. A similar
response is observed for EtOHIM, however with a slight tilt of the CV
curve reflecting an increased resistance in the electrolyte, related to the
higher viscosity and lower conductivity compared to EMIM TFSI, see
Table S2 in supplementary information. In contrast, for the protic ionic
liquid EIM TFSI, a clear faradaic peak centered at 0.6 V vs Ag/Ag™ is
observed in the CV during oxidation at a low scan rate (1 mV s~ 1. This
peak’s counterpart during reduction has an onset around 0.6 V and
extends down to 0 V vs Ag/Ag". At 20 mV s~ ! there is still an indication
of a peak around 0.8 V in the oxidation scan. The less pronounced peak
and the shift in position indicates that the kinetics are rather slow and
that the relative contribution from capacitive charge storage has
increased [31]. The pronounced tilt of the CV curve at 20 mV s ! can
also here be ascribed to a low conductivity.

To explain the differences in the CVs for the three ionic liquids we
can consider both their physical properties and their possibilities to
interact with the active material, MnO,, in the electrode. In the absence
of any other cation the possibility of an available proton on the cation
could induce a redox reaction similar to [9]:

Mn(IV)O, + H* + ¢~ = Mn(Ill)OOH €}
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Fig. 3. Cyclic voltammograms of MnO; electrodes in neat EIM TFSI, EMIM
TFSI, and EtOHIM TFSI at a) 1 mV s~ %, and b) 20 mV s L.

Mn(IINOOH = Mn(IV)O, + H" + ¢~ )

Here the ability to donate protons would allow reduction/oxidation
of the Mn-ion. EIM TFSI is a protic IL, according to the definition that it
is formed through the reaction and proton transfer between a Brgnsted
acid and Brgnsted base [32]. The transferred proton can potentially be
donated or form a hydrogen bond [33]. EtOHIM TFSI is not a protic IL
but rather a Brgnsted acidic IL with an OH-group on the cation, which
could potentially interact with the surface. EMIM TFSI is considered as
an aprotic IL, with no ability to donate protons. Table 1 shows
pKa-values from COMSO-RS calculations for the three cations. A small
pKa-value indicates that a cation is more prone to create hydrogen bonds
and donate protons, even though some proton interaction still can occur
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Table 1
PKa-values from COSMO-RS calculations for the different cations in water.
EIM EtOHIM EMIM
Water 8.1 13.7 28.2

at higher pKa-values [34]. These results show that the EMIM and EtO-
HIM cations are much weaker proton donors, compared to EIM, and are
thus not prone to interact with MnOs. Thus, the faradaic contribution to
the CV when using EIM TFSI as the electrolyte can be assigned to an
interaction between the proton on the cation and MnO,. Potentially,
there is the formation of MnOOH-type species, according to the re-
actions in (1) and (2), without the proton actually detaching from the
cation. Support for this scenario is provided by the small kink in the CV
at 0.2 V during reduction which as previously been assigned to the
dissolution of MnOOH complexes [10].

To further understand the interaction of the cations with the MnO,
material and the CV response, Fig. 3, adsorption energies for the cations
on a MnO»-110 surface were calculated by DFT. Two different geome-
tries, flat and standing with respect to the plane of the imidazole ring,
were investigated, as shown in Fig. 4. For each cation the flat configu-
ration provides the strongest interaction, a result which is in line with
previous theoretical work for other surfaces and the EMIM cation [35,
36]. For the flat geometry EIM shows the highest interaction energy, as
expected from the pKa values, as a result of the interaction between the
-NH group and oxygens on the MnOs surface. This interaction induces in
a tilt of the ion with respect to the surface, indicating the formation of a
hydrogen bond which increases the adsorption energy. For the other two
ions this effect is not observed. EtOHIM shows the lowest adsorption
energy, which can be explained by the lower charge of the aromatic ring.
The -OH group is not able to form a hydrogen bond in this configuration,
and in that way increase the interaction energy.

The flat geometry is quite a dilute configuration and in an ionic
liquid electrolyte the ion-ion interaction might favor other geometries. A
standing geometry would allow a more efficient packing of the ions on
the surface and could thus be favored. The results from the DFT calcu-
lations show that also in this geometry the EIM ion has the highest
adsorption energy, and that there is a direct interaction between the
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proton on the -NH group and the oxygen on the surface. This configu-
ration allows hydrogen bonding and, in this way, a path for electron
transfer when lowering the potential. EEOHIM has the second highest
interaction energy in the standing geometry, but there is still no direct
hydrogen bonding interaction between the -OH group and the surface,
since the OH-group is not pointing towards the surface for the optimized
geometry. These results show that the interaction energy depends on the
geometry and that the pKa-values from the COSMO RS calculations
cannot be directly translated to an interaction with the surface if the
hydrogen-bonding is too weak.

With the addition of Li* to the electrolyte a second mechanism for a
faradaic contribution is possible according to:

Mn(II1OOLi = Mn(IV)0, + Li* + ¢~ (3a)

Mn(IV)O, + Li* + ¢~ = Mn(IlI)OOLi (3b)

Fig. 5 shows the effect on the CVs when adding LiTFSI to the ionic
liquid electrolytes. In the case of EMIM TFSI the non-faradaic response
in the neat IL turns into a faradaic response with a broad oxidation peak,
from 0.1 to 0.9 V, and an increased current during reduction at a low
scan rate. Similarly, the addition of LiTFSI to EtOHIM TFSI also leads to a
faradaic contribution, with an oxidation peak centered around 0.5 V,
and the onset of a faradaic current around 0.5 V at reduction. The in-
crease in the peak current caused by the addition of LiTFSI is much
smaller in the case of EtOHIM compared to EMIM TFSI, and is probably a
result of the much higher viscosity (lower conductivity) of EtOHIM, see
Table S2. Thus, for these two electrolytes there is clearly a contribution
from an interaction between Li" and MnOs, as proposed by the reaction
schemes 3a-b.

In the case of the protic ionic liquid EIM TFSI the faradaic contri-
bution observed in the CV of the neat IL electrolytes is in fact reduced by
the addition of LiTFSL One could envisage having both Li" and the EIM
cation interacting with MnOs in the electrode according to [7].
Mn(IV)O, + xLi* + yH* + (x + y)e"=> xMn(IIl)OOLi -+ yMn(III)OOH

)

However, the shape of the CV curve, with a slight decrease in the
oxidation peak at 0.6 V and the absence of the peak around 0.5 V,
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Fig. 4. Optimized geometries from DFT calculations for flat (a-c) and standing (d-f) configurations, respectively. Calculated adsorption energy (eV) for each

configuration is shown in the figure.
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Fig. 5. Cyclic voltammograms of MnO, electrodes with a) EIM TFSI b) EtOHIM TFSI ¢) EMIM TFSI at 1 mV s~ '(left) and 20 mV s~* (right) with and without the

addition of 0.5 M LiTFSI.

corresponding to LiT insertion, suggests that it is still mainly protons
that provide the faradaic contribution in the case of the EIM TFSI/LiTFSI
electrolyte. The overall lower current response can be explained by a
lower conductivity with the addition of LiTFSI, see Table S2.

At a high scan rate, 20 mV s1, the CVs for the EIM TFSI/LiTFSI and
EtOHIM TFSI/LiTFSI electrolytes are very similar to what is found for
the neat ionic liquid electrolytes. In contrast, a very large increase in the
current response, as well as tilt of the CV curve, is found for EMIM TFSI/
LiTFSI. This change can be ascribed to the fact that the faradaic
contribution is still dominating, but that there is an increased resistance.
This increased resistance can be ascribed to a change in the charge
storage mechanism, as it changes from double layer capacitance to a
slower faradaic contribution as well as a decrease in the conductivity of
the electrolyte with the addition of LiTFSI.

In order to compare the contribution of MnOs, to the capacity for the
different electrolytes at different scan speeds, the specific capacity (mAh

g~ 1) was calculated by integrating the reduction current of the cyclic
voltammograms according to:

Va
ivdv

Vi

Specific capacity (mAh g’]) = l/vW 5)

Here v is the scan speed (V s’l), W mass of active material (g) and V;
and V; define the potential region of the reduction current [11]. Fig. 6a
shows the calculated specific capacities for the MnO, electrodes when
used together with the three different ionic liquids, without and with the
addition of LiTFSI. The theoretical capacity for a single electron process
in MnO is 308 mA h g~!. However, due to the low electronic conduc-
tivity of MnO; only a fraction of the theoretical capacity is achieved in
practice. For EIM TFSI the calculated capacity is about 12% of the
theoretical value, suggesting that only a thin surface layer on the MnO,
particles in the electrode is involved in the charge storage process. For
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Fig. 6. a) Specific capacity and b) relative voltammetric charge of MnO; electrodes with the different ionic liquids, with and without LiTFSI. Lines are guides to

the eye.

neat EMIM TFSI and EtOHIM TFSI the capacity is only 3-4% of the
theoretical capacity of MnOs. This capacity translates into an average
capacitance of 43 F g1 or 36 uF cm ™2, according to the specific surface
area of the MnO, material (130 m? g’l) [37]. Although it is not strictly
correct to calculate a capacitance which is not quite constant over the
whole potential window, it still provides an estimate [38], and the ob-
tained result is in good agreement with a double layer capacitance for
oxide or metal electrodes [3,39], and is also consistent with the absence
of faradaic signatures in the CV. It can be noted that when LiTFSI is
added to EMIM TFSI the capacity is again found to be around 12% of the
theoretical one and we can envisage insertion of Li* in a thin surface
layer on MnO; particles, as in the case of proton interaction with the
protic IL.

To link the calculated capacity to possible geometries of the ions on
the MnO,, surface, we can evaluate how densely the EIM cations need to
be packed to deliver the stored charge as a result of a faradaic surface
process. We can here consider the flat and standing geometries inves-
tigated in the DFT calculations. From the projected areas of the EIM ion
on the surface in the optimized configurations from DFT calculations
(0.18 nm? and 0.32 nm? for the standing and flat configurations
respectively), and by the specific surface area of the MnO, material (130
m?2/g) a specific capacity of 18 mA h/g (with respect to the weight of
MnOy) is obtained for the flat geometry, and 31 mA h/g (10% of the
theoretical capacity) for the standing geometry, assuming 1 e /cation.
Thus, a faradaic contribution from a reaction between protons and
MnO, with cations in the standing geometry together with a double
layer contribution accounts well for the experimentally observed total
capacity, 37 mA h/g at low scan rate.

In Fig. 6b the relative voltammetric charge is shown as a function of
scan speed [20]. For all ionic liquid electrolytes there is capacity fade
with increased scan speed, as can be expected from their relatively high
viscosities (low conductivities). However, the capacity retention for
EMIM TFSI is significantly better and the capacity increases consider-
ably when LiTFSI is added. At high scan speeds it shows the highest
capacity among all the tested electrolytes. The difference in capacity and
capacity retention can be sought in the interaction of the ions with the
MnO,, and the physical properties of the ILs. For neat EMIM TFSI the
totally dominant contribution to the capacity comes from the formation
of a double layer capacitance, which can be seen from the rectangular
CV profiles, Fig. 4c,f. This is also underlined by the good capacity
retention, which is often the case for double layer capacitance. Adding
Li* to EMIM TFSI enables a faradaic contribution to the capacity from
the MnOs, at slower scan speeds. Consequently, the capacity retention is
reduced as a result of the faradaic contribution being dominant. In the
case of EIM TFSI the availability of protons leads to a preferential
interaction of the cation with the MnO,, surface. This interaction blocks a
potential interaction of Li™ with MnO, that could increase the capacity

as well as to the formation a dense double layer that would contribute to
the capacity at high scan rates.

4. Conclusions

We have investigated the interaction between ionic liquid cations
and the faradaic material MnOs to understand the possibility to exploit
redox contributions to the total capacity in hybrid supercapacitors with
ionic liquid electrolytes. We show that a faradaic contribution when
using neat ionic liquid electrolytes and MnOy, electrodes is determined
by the chemical groups that are attached to the cations. When the cation
has the possibility to form a hydrogen bond with the active material on
the surface of the electrode there can be a direct interaction. This is
evident when comparing the electrochemical response in cyclic vol-
tammetry for protic and aprotic ionic liquids. The cation in the protic
ionic liquid EIM TFSI has a lower pKa-value and a stronger adsorption
energy at the MnO, surface, compared to the aprotic ionic liquid, which
enables it to be electrochemically active. There is a direct interaction
with the MnOj surface through the formation of a hydrogen bond.

The specific capacity at low scan rates is well explained by a
configuration where cations adsorb to the MnO; surface in a standing
geometry, with the -NH group on the cation participating in the redox
process. For a neat aprotic ionic liquid there is no faradaic contribution,
and only an electrical double layer mechanism for charge storage is
observed. However, by the addition of Li* to the aprotic ionic liquid a
faradaic contribution is triggered and can be explained by the insertion
of Li* in MnO,. No synergistic effect of protons and Li* can be found for
the protic ionic liquid, suggesting that the cations efficiently block the
access to the surface for the alkali ions. Overall our results show that a
faradaic contribution can be exploited also at high scan rates when using
ionic liquids, but that the relatively low conductivity of the electrolyte
limits the high-power performance. Thus, to take ionic liquid-based
electrolytes towards application, new systems with high conductivity
(low viscosity) need to be developed. Alternatively, one can consider the
addition of a small fraction of organic solvents in order to improve the
conductivity. It has previously been shown for Li-batteries that the
addition of a small amount of organic solvent improves the performance
without sacrificing the unique properties of ionic liquids in terms of
electrochemical and thermal stability [40], and this might also be a
viable way forward in hybrid supercapacitor applications.
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Supplementary information

Oxidation and reduction potentials of ferrocene (FCE) in the ILs.

Table S1

Oxidation and reduction potentials of ferrocene in the ionic liquid electrolytes.

Oxidation and reduction potentials of FCE (mV)

EMIM TFSI

EIM TFSI

EtOHIM TFSI

Ox/Red —429/+785

—258/+179 —334/+605

Viscosity and conductivity

The viscosities and conductivities of the neat ILs and with 0.5 M LiTFSI are reported in Table S2.

Table S2
Measured viscosities (mPa s) and conductivities (mS cm’l) of the neat ILs and when adding 0.5 M LiTFSI,
at R.T.
Viscosity (mPa s)
EMIM TFSI EIM TFSI EtOHIM TFSI
Neat 24.1 42.1 829
+ 0.5M LiTFSI 39.8 75.0 207
Conductivity (mS cm™!)
Neat 7.3 2.5 1.8
+ 0.5M LiTFSI 3.1 2.3 0.9
Water content.
Table S3
Water content (ppm) the ILs and LiTFSI.
Water content (ppm)
EMIM TFSI EIM TFSI EtOHIM TFSI LiTFSI
Water content 320 538 6
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