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The effect of salt addition on the protic ionic liquid (IL) ethylimidazolium nitrate is analysed in this work in terms
of structural changes measured by NMR, thermal behaviour and ionic conductivity. Additionally, the effect of the
immobilization of these mixtures in nano-silica structures on the same properties is also studied. Results show
that the influence of salt on the chemical shifts of the signals associated to hydrogen atoms in the apolar regions
of the ionic liquid is almost negligible, both in liquid and gel states. The salt accommodates in the polar region of
the IL, according to the nanostructured solvation paradigm. The liquid range increases with salt concentration in
both states, being this effect especially interesting for high and low temperature applications. The ionic con-
ductivity takes appropriate values to use these compounds as electrolytes in electrochemical devices; pure IL
presents 6.9 mS-cm™! at 298 K rising to 17.38 mS-cm™! at 323 K and this property decreases with salt con-
centration in the liquid state, as can be expected. Although gel samples present lower ionic conductivity than
liquid samples, an anomalous behaviour can be observed in the ionogel samples upon the salt concentration,
characterized by an absolute maximum, 13.26 mS-cm ! at 323 K, at the lowest salt concentration (0.5 mcol~kg’1
of Li* salt addition), which represents the 12 % higher than the corresponding values of pure ionogel at this

temperature.

1. Introduction

Currently, one of the main challenges for the quality of human life
future years is the widespread availability of clean, viable and cheap
energy. Renewable energy plays a clear and fundamental role in this
challenge, although due to its intermittency in production, efficient
systems of energy storage are a smart add-on to consider. Consequently,
the academy and industry are currently focused on improving perfor-
mance, safety and cost of battery technology. To achieve these im-
provements, replacing the currently used flammable electrolytes with
non-flammable compounds, as for example ionic liquids (ILs) doped
with inorganic salts containing relevant metals for this electrochemical
application, is an essential line under continuous study and imple-
mentation [1-4].

ILs are nanostructured compounds considered as a new class of green
solvents; besides non-flammability, ILs have important properties such
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as high thermal and chemical stabilities, high ionic conductivity, wide
electrochemical window, negligible vapour pressure and, the most
relevant, the possibility of tuning their properties by choosing the
appropriate combination of cation and anion. All these features have
attracted the attention of researchers to be used in lots of applications
including electrochemistry [4-8].

The most traditional batteries used aqueous solution electrolytes,
although in the last two decades new nonaqueous electrolytes based on
organic liquid carbonates solvents with lithium salts are designed, as it is
reported by the Nobel Prize J. Goodenough [9] for the development of
lithium-ion battery. In addition, in this last decade the number of works
concluding the accomplishment of ILs and their mixtures as electrolytes
for batteries, supercapacitors, fuel cells, sensors, etc, has exponentially
increased [2,4,10-13]. Nevertheless, their liquid state can be a limita-
tion, such for example in packaging, leakage, and portability. The
confinement of ILs in nano-scaffolds is proposed as a clever strategy for
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overcoming this problem [14].

The incorporation of ILs into the pore of a porous material leads to
the constitution of a new class of hybrid materials, ionogels, with the
intrinsic properties of ILs and original functions of a solid matrix [15].
The confinement of a well-stabilized thin layer of IL in a porous matrix
may significantly reduce the quantity of IL necessary for a certain
application, and then reduces the cost [16].

The most used porous matrices for the confinement of ILs are made,
mainly, by silica, TiO3, SnO,, porous carbons, and carbon nanotubes
[15]. The behaviour and properties of the confined states are dependent
of both, IL and matrix precursors. Numerous studies indicate that the
confinement tends to reduce the melting temperature, and even suppress
phase transitions [2,17-19], although Chen et al. [20] found that the
confinement of IL in carbon nanotubes causes an increase of more than
200 °C in melting temperature. This indicates that the properties of the
ionogel, specifically thermal and transport properties, can be modified
significantly by tuning the structure of the confining network [14], but
for a detailed understanding of the influence of the network and the IL
on these properties, further studies delving into these aspects are
needed.

The noteworthy and well-known properties of ILs, particularly their
wide electrochemical window and high ionic conductivity, combined
with the thermally stable inorganic scaffold, make possible to think in
quasi-solid state electrolytes with good electrochemical performances.
The duality of the ionogels, created as solids while simultaneously
maintaining the macroscopic properties of ILs, leads to more and more
electrochemical studies introducing the use of solid-like electrolytes in
energy storage devices remarking the enhancement in safety and
manipulation [1,2,21]. However, key properties for this application, as
the ionic conductivity, after gelation are not yet deeply understood. For
instance, Garaga et al. [22] found an enhancement on ionic mobility of
different ILs (protic and aprotic) confined on nanoporous silica net-
works, nevertheless, Noor et al. [21] found that the conductivity of
[BMIm][BF4] in tetraethoxysilane (TEOS) network is always lower than
the bulk IL. These controversial observations suggest that the behaviour
of the ionogel can be highly dependent on its synthesis process. Zhang et
al. [15] highlight the importance of using vacuum in the gelation pro-
cess, removing the gas accumulated within the pores, so more space for
the IL is available inside the network, which affects the transport
properties, as Noor et al. [21] concluded in their study.

In previous studies [23,24], we reported the effect of monovalent
(LiNOg), divalent (Mg(NOs3)2 and Ca(NOs3)s), and trivalent (Al(NOs)3)
salts on several equilibrium and transport properties of mixtures of these
salts with protic IL ethylammonium nitrate (EAN). The results showed a
decrease in the degree of hydrogen bonding of the PIL with salt con-
centration and formation of long-lived anionic clusters in the polar re-
gions that act as stable kinetic entities. Additionally, in a recent paper
[25] we have found important differences on electrical conductivity of
the liquid and silica-gel states of ethylammonium nitrate and LiNOg
mixtures. While this magnitude decreases with salt concentration in
liquid samples, it increases at low concentrations of LiNO3 up to a
maximum in the gelled samples. This result seems to be associated with
the frustration of the formation of solvation complexes due to
nanoconfinement.

The initial aim of this work is to enhance the knowledge of these
hybrid materials, ILs and their mixtures with salts of electrochemical
interest confined in silica scaffolds as potential electrolytes for energy
storage devices. Then, changes in thermal behaviour, structural
configuration, and ionic conductivity of PIL 1-Ethylimidazolium nitrate
as a consequence of the addition of different concentrations of lithium
nitrate salt were firstly analysed. Additionally, the effect of the subse-
quent confinement of these IL + salt mixtures in a silica matrix in pre-
vious studied properties was also evaluated.
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2. Materials and methods
2.1. Chemicals

The IL used in this work, 1-Ethylimidazolium nitrate ([CoIm][NO3]),
was purchased from IOLITEC. Solutions of this IL with lithium nitrate
salt, provided by Merck, at different concentrations, with molality
ranging from 0.5 mol kg™! to 3 mol kg ™!, were prepared. Table 1 shows
the identification, chemical structure, molecular weight, purity and
provenance of chemicals used in this work.

[CoIm][NOg3] sample was purified via high vacuum for at least 48 h
in order to remove water and volatile contents. Values of water content
lower than 100 ppm were obtained from Karl Fischer titration after
purification. Mixtures were prepared by mixing both components, stir-
red in a round flask with an ultrasound bath during 24 to 48 h, and were
also purified with vacuum during 48 h. The mass of metal salt per 100 g
of pure IL for every mixture is indicated in Table 2.

2.2. Gelation route

A sol-gel procedure, adapted from the method described by Garaga
et al. [22], was carried out to prepare the ionogel samples. The meth-
odology was the following:

a) A mixture of ethanol, TEOS and IL in volume proportions of
3:0.428:1 of EtOH, TEOS and [C2Im][NOs] respectively were pre-
pared and stirred in a round flask during 60 min at room
temperature.

b) The mixture was transferred to a vial and stored in a furnace at 40 °C
until ethanol was completely evaporated (7-8 days) and the gelation
was finished.

c) Finally, high vacuum, up to 48 h, was used to eliminate the impu-
rities and complete the ionogel formation.

3. Experimental section
3.1. NMR spectra

Bruker NEO-750 spectrometer of 17.6 T (proton resonance 750 MHz)
or DRX-500 spectrometer of 11.7 T (proton resonance 500 MHz) were
utilized to obtain NMR spectra at 313.15 K. NEO-750 spectrometer was
equipped with a PA-TXI 1H/13C/15 N triple resonance probe, with
shielded PFGz-gradient capability. The DRX-500 spectrometer was
equipped with a BBI 1H/BB double resonance probe with shielded PFGz-
gradient.

NMR samples were prepared in 5 mm standard tubes. An external
capillary containing a 5 mM solution of 2,2,3,3-d4-3-(trimethylsilyl)pro-
pionic acid (TSP) in Dimethyl Sulfoxide-d6 (DMSO-dg) was inserted
coaxially in the 5 mm NMR tube containing the sample for deuterium
lock and external chemical shift reference. The peak of TSP appearing in
the 'H and '3C NMR spectra was referenced to ' = 0 ppm and 53¢ = 0
ppm, respectively [26].

The 1D 'H spectrum was obtained (NEO-750, pulse sequence “zg” of
Bruker library) under quantitative conditions using a low excitation tilt
pulse angle of only 5 degrees, 64 scans with an inter-scan delay (d1) of 4
s and an acquisition time (aq) of 2.88 s.

The 1D 3C spectrum was obtained (NEO-750 Bruker library) with
256 scans, a relaxation delay (d1) of 2 s and a fid acquisition time (aq) of
0.72 s. The '3C hard pulse was applied with a low tilt angle of 30 de-
grees. Broad-band 1H decoupling was applied during the relaxation and
fid acquisition time periods with a waltz-16 decoupling sequence
applied with field strength of 8.33 kHz. The fid was acquired with 64 k
complex data points and was processed with zero-filling and FT to obtain
a spectrum with 128 k data points.
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Table 1
Identification of chemicals used in this work.
Name Molecular weight (g-mol ') Structure CAS number Provenance Purity
Ethyl Imidazolium Nitrate 159.14 (o) [CoIm][NOs] ITolitec >0.98"
N + N _ 501693-38-5
HO” O
Lithium Nitrate 68.946 (o] LiNO3 Sigma Aldrich >0.999"
Lit I 7790-69-4
i - N
o~ o
Tetraethoxysilane 208.33 > TEOS Sigma Aldrich >0.98"
o 78-10-4
o
/\O/S{o ~

? Indicated by provider.

Table 2
Molality of the studied samples and mass of pure metal salts per 100 g of pure IL.

Molality /moltg,-kgic 21m)No3] Pure salt mass /g (100 g of IL) !

0.5 3.4486
1.0 6.8973
1.5 10.3459
2.0 13.7945
3.0 20.6918

Standard uncertainty is u (mass) = 0.0001 g and Relative Expanded Uncertainty
Ur (molality) = 0.001 (0.95 level of confidence (k = 2)).

3.2. Liquid range

A differential scanning calorimeter (DSC Q1000 TA-Instruments)
with hermetically sealed aluminium pans was used to determine the
different state transitions experimented by pure IL and salt solutions, in
liquid and gel conditions, during heating and cooling cycles under ni-
trogen atmosphere. All samples were subjected, at least, to four thermal
ramps, two in cooling and two in heating mode, with an isothermal step
between them:

(a) heating from 25 to 120 °C at 20 °C min_l,

(b) isothermal step at 120 °C during 45 min to remove impurities,
free water content and to erase the thermal history of the sample
[24],

(c) cooling from 120 to —85 °C at 5 °C-min’1,

(d) isothermal step at —85 °C during 5 min,

(e) heating from —85 °C to 100 °C at 10 "C-min’l,

(f) cooling from 100 °C to —85 °C at 5 °C-min’1;

(g) heating from —85 °C to 100 °C at 5 °C-min~ L.

Transition temperatures were determined from the DSC curves, as
the onset points of the different peaks, during the reheating and
recooling steps following the methodology used in previous papers
[24,27]. Uncertainties in transition temperatures were estimated as 2 °C
at 95 % confidence.

A thermogravimetric analyser (TGA/DTA Mettler Toledo) with
simultaneous detection of instantaneous weight and heat flow signals
allows a better characterization of mass loss process that takes place in
the sample. Dynamic mode under nitrogen atmosphere was used to
study the thermal stability of the pure IL and the salt solutions in liquid
and gel forms. Samples ranged from 3 to 5 mg were placed in an open
platinum pan. Experiments were performed at temperatures from 100 to
800 °C, at 10 °C min ' and with a purge gas flow of 20 cm® min . Onset
temperatures were directly determined from the TGA curves using the
methodology described in previous papers [23,24], with the un-
certainties of 6 K for onset temperature and 2 % for the mass loss.

3.3. Electrical conductivity

Electrical conductivity (c) has been measured using a GLP31 CRISON
conductimeter, with a resolution better than 1 % of the measured value
(with a minimum resolution of 2 x 10~® mS ecm™1). All data were
measured at least twice in different samples to ensure reproducibility,
which was better than 5 % in absolute value. The measuring cells are
formed by two parallel plane plates covered with platinum oxide, and
were used to measure conductivities in both phases, liquid and solid.
The temperature of the samples was controlled using a Julabo thermo-
stat, which provided a precision better than 0.1 K in the temperature
range 243 to 323 K. It is important to note that all measurements were
done by means of a static isothermal method; thus, the sample was
allowed to spend about 15 min at constant temperature before any
measurement was performed, while at the phase transition that period
was increased to at least 30 min.

4. Results
4.1. NMR spectra

Fig. 1 shows the NMR proton spectra for [CoIm][NO3] + LiNO3 liquid
and gel mixtures analysed in this work; the proton signals of the cation,
printed in the inset, are labelled with numbers, 1 to 7, to facilitate the
analysis. Peaks shift, in ppm, and the fitted values of Full Width at Half
Maximum (FWHM), in Hz, can be found in Tables 3 and 4, respectively.
From these results it can be observed that protons 1, 2 and 4 are slightly
shifted up-field upon salt addition to liquid samples, especially proton 4,
due to its acid character in the imidazolium ring [15,28]. However, alkyl
chain protons do not show a significant shift with salt addition indi-
cating no chemical changes of the environment. This corresponds to
nanostructured solvation paradigm, according to which, salt ions are
accommodated in the polar nanoregions of the liquid [29,30].

At lower field region the peak assigned to the labile N-H proton
(hydrogen 5) in the imidazolium ring, at 14.48 ppm for pure IL, can be
recognized, indicating a very strong proton deshielding. This result
agrees with other authors that analysed imidazolium based ILs, as for
example Zhu et al [31] for the 1-methyl-3-imidazolium triflate and
Takao and Tsubomura [32] for 1-ethyl-3-methylimidazolium tetra-
fluoroborate. The upper-field shifting for this labile proton of the [CoIm]
[NOs] IL associated to the deshielded N-H proton indicates that the
[NOs]™ anion has a higher influence on the polar region of the imida-
zolium ring of the pure IL due to the formation of hydrogen bonds.

Since [C2Im][NOs] is considered a protic ionic liquid (PIL) due to the
N-H bond, this IL could be forming H-bonds due to his donor character in
the framework of Bronsted-Lowry acid/base theory, the most remark-
able change with regard to salt addition corresponds specifically to
proton signal of N-H, which is shifted upfield from 14.48 ppm for pure IL
to 13.66 ppm for the sample with the highest salt concentration due to
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Fig. 1. A) nmr'H spectra for liquid (samples 1 to 6) and gel (samples 7 to 12). Inset shows [CoIm] ™, with the corresponding numbered atomic bonds. Y axis is
measured with arbitrary units (A.U.). Peaks at 1.0 and 3.68 ppm in sample 12 correspond to protons in ethanol. b) The inset shows the peak corresponding to proton
5 (N-H).
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Table 3
Chemical shift (in ppm) of 'H spectra and '3C for liquid and gel mixtures [CoIm][NO3] + LiNOjs salt of the signals presented in Figs. 1 and 2.
Sample 7 (CH3) 6 (CH,) 1 (CH) 2 (CH) 4(CH) 5(NH)
H spectra
LIQUID Pure IL 1.4 (D) 4.35 (Q) 7.66 (S) 7.71 (S) 9.19 (S) 14.48 (S)
Mixture 0.5 m 1.4 (D 4.35 (Q) 7.64 (S) 7.7 (S) 9.16 (S) 14.11 (S)
Mixture 1 m 1.4 (D 4.34 (Q) 7.63 (S) 7.68 (S) 9.11 (S) 14.16 (S)
Mixture 1.5 m 1.4 (D) 4.34 (Q) 7.62 (S) 7.68 (S) 9.09 (S) 14.04 (S)
Mixture 2 m 1.4 (D 4.34 (Q) 7.61 (S) 7.67 (S) 9.07 (S) 13.93 (S)
Mixture 3 m 1.4 (D) 4.33 (Q) 7.6 (S) 7.66 (S) 9.03 (S) 13.66(S)
GEL Pure IL 1.4 (S) 4.34 (S) 7.64 (S) 7.69 (S) 9.16 (S) 14.47 (S)
Mixture 0.5 m 1.4 (S) 4.35 (S) 7.71 (S) 9.16 (S) 14.37 (S)
Mixture 1 m 1.4 (S) 4.34 (S) 7.64 (S) 7.69 (S) 9.11 (S) 14.19(S)
Mixture 1.5 m 1.4 (S) 4.33 (S) 7.60 (S) 7.65 (S) 9.06 (S) 13.98 (S)
Mixture 2 m 1.4 (S) 4.33 (S) 7.60 (S) 7.65 (S) 9.04 (S) 13.88(S)
Mixture 3 m 1.4 (T 4.30 (Q) 7.55 (S) 7.64 (S) 9.01 (S) UNDEFINED

13G spectra

LIQUID Pure IL 17.54 47.19 124.36 122.9 138.13 X
Mixture 0.5 m 17.54 47.27 124.39 122.91 137.97 X
Mixture 1 m 17.52 47.24 124.37 122.9 137.99 X
Mixture 1.5 m 17.52 47.38 124.49 122.96 137.96 X
Mixture 2 m 17.49 47.38 124.47 122.94 137.88 X
Mixture 3 m 17.47 47.33 124.39 122.88 137.76 X
GEL Pure IL 17.54 47.29 124.43 122.94 138.13 X
Mixture 0.5 m 17.54 47.23 124.32 122.76 137.84 X
Mixture 1 m 17.54 47.36 124.47 122.96 138.01 X
Mixture 1.5 m 17.54 47.38 124.45 122.96 137.92 X
Mixture 2 m 17.54 47.41 124.47 122.96 137.89 X
Mixture 3 m 17.54 47.32 124.46 122.88 137.70 X

S: singlet, T: triplet, Q: quadruplet. For carbon spectra, all detected signals were identified as a singlet.

Table 4
Fitted FWHM (in Hz) of 'H and *3C spectra for liquid and gel samples shown in Figs. 1 and 2. For triplet and quadruplet is presented each fitted FWHM of the peak
forming multiplet.

Liquid 7 6 1 (CH) 2 (CH) 4 5
(CHa3) (CH2) (CH) (NH)

H spectra

LIQUID Pure IL. 5.31; 7.06; 6.67 8.97; 5.69; 6.28; 4.80 6.87 6.88 6.87 122
Mixture 0.5 m 6.75; 9.02; 6.21 7.08; 7.25; 7.07; 6.86 7.55 7.67 7.81 356
Mixture 1 m 6.31; 9.02; 6.31 5.98; 8.42; 6.04; 9.73 8.09 8.09 9.16 143.68
Mixture 1.5 m 3.11; 4.75; 5.68 3.76; 2.54; 5.62; 5.45 7.53 8.26 7.56 50.02
Mixture 2 m 8.30; 7.97; 4.87 7.65; 7.37; 6.21; 4.68 7.62 7.15 6.8 42.98
Mixture 3 m 6.07; 4.34; 4.01 4.74; 4.20; 3.75; 3.53 7.32 7.36 7.4 325

GEL Pure IL. 58.89 58.87 45.31 32.57 32.79 117.76
Mixture 0.5 m 468 454 501 501 501
Mixture 1 m 77.79 78.15 74.75 55.48 72.27 114.36
Mixture 1.5 m 24.31 28.67 17.83 16.31 16.12 38.37
Mixture 2 m 24.5 29.38 15.25 17.33 14.2 343
Mixture 3 m 31.81 27.31 21.12 21.72 20.93 UNDEFINED

13C spectra

LIQUID Pure IL 7.8 19.89 7.3 6.7 10.39 X
Mixture 0.5 m 10.39 25.24 26.86 27.53 27.45 X
Mixture 1 m 8.4 8.5 7.4 6.8 9.9 X
Mixture 1.5 m 11.58 10.8 10.7 10.7 15.4 X
Mixture 3 m 5.87 6.78 11.55 7.08 7.83 X
GEL Pure IL. 14.79 15.96 16.03 16.45 16.45 X
Mixture 0.5 m 117 246.8 155.1 241.5 183.2 X
Mixture 1 m 22.7 26.7 24.5 24.5 25.1 X
Mixture 1.5 m 6.2 10.6 11.3 11.3 10.6 X
Mixture 2 m 6.5 11.1 14.1 13.8 12.4 X
Mixture 3 m 14.2 11.3 10.3 10.7 16.2 X
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hydrogen bond breaks in the presence of the lithium salt (Fig. 1b).

The FWHM of this N-H peak for all samples is more than 10 times
higher than the rest of the peaks of the spectra (except for IL 4 LiNOg at
1.5 and 2 m samples), as it can be seen in Fig. 1 and Table 4. This
broadening is typically observed in substances with ~OH groups due to
intermolecular exchange capacity of ~-OH protons with protons of the
protic solvents [33,34]. In our case, the broadening of this single peak
can be associated to the exchangeable character of the proton of
hydrogen 5, which provokes the generation and vanishing of different
species, with different signals, at a too high speed to be recognized
independently by the NMR, as other authors also pointed out previously
[31,35].

Additionally, with the aim to compare the signal intensity of this N-H
peak (hydrogen 5), the ratio between the intensities of this proton and
CHj3 proton (hydrogen 7, used as reference intensity) of every 'H spectra
are presented in Table 5. It can be seen that the IL + lithium salt at 1.5 m
and 2 m show the highest values of this ratio, and, interestingly, these
two mixtures show the smallest FWHM values of the N-H signal
(Table 4). This could be understood considering that Li* cations are
tetrahedrically coordinated by [NO3] ™ anions, as previously reported to
EAN solutions with LiNO3 [36]. Indeed, upon salt addition a competition
between Li* cation and [CoIm]™ cation to coordinate with [NO3]™ an-
ions takes place. To clarify this statement, the number of moles of
[NOs]™ per Li" mole in the studied mixtures of IL-LiNO3 was calculated
and presented in Table 6. The stoichiometric concentration of anions
corresponds to 2 m mixture, and an excess of [NO3]™ anions can be
observed for mixtures with lower salt concentration.

At the lowest salt concentration (LiNO3 0.5 m sample) the Li" cation
is strongly coordinated to the [NOs]™ anion from [C2Im][NOs], and
some quantity of the remaining [NO3]~ could be reacting with [CoIlm]™
to form HNOj3 exchanging the N-H proton at higher velocity than NMR
resolution spectra, widening this peak [31] and increasing the FWHM
(Table 4). Then, a FWHM reduction is observed with the increasing salt
concentration until the mixture IL + LiNO3s 2 m, which corresponds to
the tetrahedral coordination limit [36], the Li™ is surrounded by four
[NOs] ™, narrowing the peak and the minimum of the FWHM of this peak
is therefore achieved (Table 4). Conclusively, since the mixture IL +
LiNO3 3 m exceeds the stoichiometric concentration, the tetrahedral
coordination is no longer exclusive, and ordered phases are no longer
possible, disordered configurations are being registered again with the
consequent increase in the width of the peak.

Regarding the effect of confinement, it is important to indicate that
no reference capillary was used for gel samples due to their quasi-solid
state, CHs signal at 1.4 ppm, obtained in liquid state, was used as a
reference. As it can be seen in Fig. 1a) the peaks appear at the same
positions as those in liquid state. However, a significant broadening
occurs in all recorded signals, but they are defined enough to consider it
as an indicative of a liquid-like behaviour, as Le Bideau and

Table 5
Relative intensity of NH signal versus CHj signal proton spectra obtained from
Fig. 1.

Sample Inn/Icns
LIQUID Pure IL 0.028
Mixture 0.5 m 0.013
Mixture 1 m 0.034
Mixture 1.5 m 0.112
Mixture 2 m 0.141
Mixture 3 m 0.012
GEL Pure IL 0.119
Mixture 0.5 m 0.295
Mixture 1 m 0.208
Mixture 1.5 m 0.205
Mixture 2 m 0.202
Mixture 3 m UNDEFINED
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Table 6
Number of [NO3]~ mol per Li* mol in IL + Li salt samples.

LiNO3 Concentration [NO3]~ /mol (for each added Li* mol)

0.5m 13.4
1m 7.3
1.5m 5.2
2m 4.0
3m 2.1

collaborators suggested [2,14]. This broadening for all samples, except
for 0.5 m, indicates a slight slowing down on molecular dynamics, and
possibly a difference in molecular environment between IL molecules
that are in the pore centre and those near the polymer backbone [37].
For IL + LiNO3 3 m sample, two additional peaks are observed, probably
corresponding to ethanol that was not possible to evaporate despite the
purification process applied after gelation, as it is further corroborated
by NMR 13C (Fig. 2) spectrum.

The most interesting and unexpected signal corresponds to ionogel
0.5 m LiNO3 mixture, whose 'H and 3C spectra are the widest (Figs. 1
and 2). This behaviour is very close to a solid behaviour, although the
peaks are too defined to be those of a solid. This broadening is wide
enough to hide some details, such as the signals of peaks 1 and 2, which
have been overlapped and it is not possible to distinguish between the
two proton signals. So, in this case, molecular dynamics of [CoIm] ™ is
slowing down to a greater extent than the other samples.

4.2. Thermal behaviour

4.2.1. DSC results

Curves corresponding to DSC cooling and heating ramps at
5°C-min" ! in nitrogen atmosphere of [CoIm][NOs] pure liquid (a) and
pure ionogel (b) are shown in Fig. 3. Pure IL shows, upon heating, an
endothermic peak with onset at 35 °C and maximum at 40 °C related
with the melting process of the IL. Upon cooling, an exothermic peak
with onset temperature at —15 °C, associated with the freezing of the
sample, is observed. Similarly to other ILs, an important supercooling
effect has been observed [38,39]. This IL presents a strong tendency to
form crystals in these conditions, and no evidence of any amorphous
phase has been observed in the liquid state within the studied temper-
ature range. The scarce information of the thermal behaviour of this IL
includes the work of Ohno and Yoshizawa [40], who found the melting
of pure [C2Im][NOg3] at 31 °C with no evidence of glass transition in in
the temperature range —150 to 200 °C, in good concordance with our
results. Additionally, Abe et al. [41] found a crystallization at —3.8 °C
obtained by visual cloud-point determination with cooling rate of 1.5 °C
min~!. The apparent discrepancy with our results can be explained ac-
cording to the different methodology used and, in any case, is consistent
with the different cooling rates used by these authors and us.

One of the most remarkable effects reported in the limited literature
regarding to pure ILs confinement in the silica network is that the first-
order transitions are often suppressed, due to small available space for
the IL crystallization after gelation [2,42]. In our case, DSC curves of
ionogels (Fig. 3b) showed similar peaks to those of the liquid samples
[2], although melting and freezing peaks of ionogel samples are signif-
icantly shifted to lower temperatures (ATmelting = —35 °C and ATfreezing
= —34 °C) and peak signals are widened relative to those of the bulk
liquid samples. It is well known that the melting points of pure materials
are characterized by simple and sharp peak, while impure or polymeric
samples display more broader peaks. Impurities and some possible rests
of gelation have been removed firstly with a high vacuum process after
the gelation and additionally, before the thermal ramps with a previous
isothermal step at high temperature, as it was pointed out in material
and methods section. Therefore, the widening effect must be associated
to confinement, as it is also commented in the literature [2]. Addition-
ally, Kanakubo et al. [19] indicate that the peak widening and the
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Fig. 3. DSC curves (exo down) in heating and cooling ramps of pure [CoIm][NO3] in liquid form (a) and in gel form (b).

temperature depression of melting after nanoconfinement are both
proportional to the inverse of the pore diameter. These authors also
highlight that the melting temperature depression increases with the
hydrophilicity of the IL, in good agreement with our observations for
this highly hydrophilic IL.

Gel samples also show an additional small peak around —30 °C.
Other important effect of the confinement due to the high-density
charge inside the pore, also underlined in literature [15,19,43], is the
formation of different metastable solids inside the matrix, which present
different melting temperatures.

Fig. 4 shows the comparison between DSC curves corresponding to
heating and cooling ramps for liquid samples of [CoIm][NO3] + LiNO3
mixtures at the different concentrations. Although similar behaviour of
pure IL can be observed for the lowest concentration, the addition of salt
tends to reduce the supercooling effect, previously observed in pure IL.
Moreover, the concentration of salt in the mixture has two important
effects on the thermal behaviour. Firstly, a clear decrease of the melting
temperature as expected [24], together with a reduction of the intensity
and a broadening of the peak are observed. These remarks are indicative
of a reduction of the sample crystallinity with the increase of salt
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concentration, which is especially visible for the two highest concen-
trations, 2 and 3 m (Fig. 4c and d, respectively), where no crystallization
is observed upon cooling, and a glass transition at lower temperatures is
clearly visible for both mixtures. Particularly, IL + salt 2 m sample
achieves a cold-crystallization (exothermic peak) upon heating with the
consequent melting peak. Nevertheless, in case of 3 m mixture no evi-
dence of crystalline behaviour can be observed, presenting uniquely a
glass transition at —69 °C, that is representative of a completely amor-
phous behaviour, with the subsequent liquid range extension. This fact
would imply the important role that this mixture could have on refrig-
eration and storage at very low temperatures and other applications
requiring very low (or even very high) temperatures. These results agree
with previous observations (of NMR in this paper and computer simu-
lation in previous works of some of us [29,30,36]) that the addition of
lithium salt provokes the formation of nanocrystals in the polar region of
the IL, then these ordered structures melt at temperatures that decrease
with the salt concentration until the tetrahedral coordination concen-
tration (2 m) is achieved. For the highest salt concentration, the ordered
phases are frustrated, provoking the vanishing of the DSC peaks. It is
especially interesting the thermal behaviour of mixture of 2 m, that
corresponds to 4 mol of nitrate anion for every lithium cation (see
Table 6); the DSC signal does not show any transition upon cooling,
which indicates a completely amorphous behaviour of the systems, with
a low ordering degree of the ions in the polar nanoregion. In fact, a glass
transition is the first transition observed, when starting the next heating
ramp. However, this critical concentration leads to a tendency to crys-
tallize, and new crystals are formed upon heating, appearing the
exothermic peak of cold crystallization at —15 °C with the subsequent
melting process.

DSC curves corresponding to heating and cooling ramps of ionogel
samples of [CoIm][NOs] + LiNO3 mixtures at different concentrations
are shown in Fig. 5. Similarly to ionogel of pure IL, the confinement of
mixtures in the silica network shows important similarities to the cor-
responding liquid mixture, that is evidence of liquid state inside the
pores as it was noted in NMR results, although this confinement em-
phasizes the reduction of supercooling effect and loss of crystallinity
with the salt addition concentration. Consequently, only the DSC curves
of the lowest concentration of Li salt present freezing and melting peaks
in cooling and heating ramps respectively, which implies the existence
of ordered structures within the matrix, although this order is broken
earlier than in case of liquid sample, as its melting temperature
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decreases from 32 °C to 16 °C. The [CoIm][NO3] + LiNO3 1 m mixture
(Fig. 5b) shows a cold crystallization peak at —53 °C followed by a
broader melting peak upon heating, which is an indicative of crystalli-
zation failure upon cooling, although this clear ordering trend is main-
tained in heating ramp. The confinement of the most concentrated
mixtures (2 and 3 m) frustrates completely the crystallization (only glass
transition can be observed in DSC curves). Ordered phases are not
possible inside the cavities of the silica scaffold because of high lithium
salt concentrations.

4.2.2. Thermal stability

Thermogravimetric (TG) and Differential Thermal Analysis (DTA)
curves of pure [C2Im][NO3] under nitrogen atmosphere and with a
heating rate of 10 °C min~! are shown in Fig. 6. DTA and TG signals
exhibit a unique loss step (endothermic peak) at the same temperature
interval indicating that vaporization is the main mechanism of degra-
dation of the IL. A loss of 4 % of the initial mass takes place up to 110 °C,
corresponding to the release of water and some synthesis volatile sub-
stances. The highest mass loss step (85 % loss) appears between 160 and
226 °C with the maximum rate at 207 °C. Up to our knowledge no data
of thermal stability of this IL can be found in literature, although these
results are consistent with the idea that protic ILs frequently present
lower thermal stabilities than aprotic ILs, due to the proton transfer from
the salt form to precursor acid/base pairs [15]. Furthermore, as it is well
known, the thermal stability depends strongly on the anion of the IL;
being nitrate anion associated with low thermal stability [44]. [CoIm]
[NOgs] presents similar short-term stability temperatures, around 200 °C,
than other nitrate based ILs, as EAN [24]. It is important to note that the
long-term thermal stability of ILs is much lower than the decomposition
temperatures obtained by step-tangent TG analysis, and, although it is
not the aim of this work to analyse it deeply, a good way to estimate it
[44] is using the suggestion of Wooster et al. [45] and Baranyai et al
[46]. Following this criterion, a value of 130 °C was obtained for this
pure IL.

Fig. 7a shows the TG and DTA curves of [CoIm][NOs] + LiNOsg
saturated mixture (3 m) in liquid form obtained under nitrogen atmo-
sphere at 10 °C min™!, where two main steps in TG curve coincident
with two endothermic peaks in DTA thermogram at 223 and 338 °C can
be observed. The mass loss corresponding to the first step is almost 60 %
of the initial weight of the sample and it is slightly shifted to higher
temperatures comparing with pure IL, as it is shown in Fig. 7b, i. e.,

1
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Fig. 6. TG (blue line) and DTA (red line) curves (endo down) of pure [CoIm][NO3] under nitrogen atmosphere at 10 °C min~'. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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thermal stability of the mixture is slightly higher than that of the pure IL.
The lithium salt of the mixture and the secondary products of degra-
dation are the cause of the second peak in the TG and DTA curves of the
mixture.

Fig. 8a and b show the TG and DTA curves of pure ionogel, and the
comparison of TG traces corresponding to the liquid and gel forms,
respectively. As it can be observed, the gelation process has no signifi-
cant effects on the thermal stability.

4.3. Ionic conductivity

Fig. 9 shows the conductivity data obtained from heating and cooling
ramps for pure [CoIm][NOs], liquid (a) and gel (b) states, respectively.
Hysteresis is clearly visible in both, liquid and gel, characterized, upon
heating, by an almost vanishing ionic conductivity until 303 K, which is
concordant with the melting point observed from DSC analysis of liquid
and gel samples. Nevertheless, higher values of ionic conductivity can be

10

observed in cooling ramps at each temperature, according to the
supercooling effect, also observed in thermal behaviour of these sam-
ples. For this reason, ionic conductivity of all liquid and gel samples
(pure and lithium salt doped) were measured upon cooling. Results are
summarized in Fig. 10. As expected, this property increases with tem-
perature for all studied liquid and ionogel samples. For the same con-
centration of lithium salt, the lowest ionic conductivity corresponds to
the ionogel sample, except for the highest salt concentration, in which
practically no difference has been observed between liquid and gel
samples, probably, due to the small amount of ethanol remaining in the
sample despite the purification step, as it was remarked in the NMR
section. The most important observation with regards to ionic conduc-
tivity is that the trend observed with salt addition is different for liquid
and gel samples. While ionic conductivity decreases in liquid samples
with salt addition (Fig. 11a) as it can be expected and is widely reported
in literature due to higher viscosity because of strongly interacting
mixtures [23,29,47], for ionogels, this property reaches a maximum at
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the lowest salt concentration studied (0.5 mol/kgy) followed by the
expected decrease with salt addition (Fig. 11b). For example, at 323 K
and 0.5 m salt concentration the conductivity of this ionogel is 13.26
mS-cm ™}, which represents a 12 % higher than the ionogel of pure IL
(12.16 mS-cm™!) at the same temperature. The increase in this property
after gelation could be, initially, related with the presence of water in
the sample, but NMR characterization does not show significant water
quantities (or other cosolvents) present in the analysed sample, as it was
reported previously. We have also observed this behaviour in ionogels of
ethylammonium nitrate and lithium nitrate mixtures [25]. This effect
can be, then, associated to the confinement of liquid in the silica host
network. While clusters of ions can be formed in liquid mixtures with
zero net charge, implying that diffusive species do not contribute to
conductivity, the interactions with silica scaffold could decrease the
electrostatic force of attraction between ions. Thus, the tendency to form
ion clusters or aggregates diminishes, resulting in an increase in the
amount of ion carriers and subsequently enhancing ionic conductivity. It
is important to highlight again the width of the peaks of NMR of the

11

ionogel of the mixture IL + salt 0.5 m, associated to the slowing down
dynamics of the cation [CoIm]™; then, this ionic conductivity increase
seems to be related with the enhancement in mobility of free lithium
ions or other lithium complexes through the conductive paths inside the
ionogel. Interestingly, bAngelo and Panzer [48] found an increase in
lithium transference number after the confinement of lithium salt/pyr-
rolidinium IL solution 1 M in a cross-linked polymer gel attributed to
favourable interactions between the polymer network and ionic species
that cause an increase in ion separation that means a higher ion
mobility. Although studies on ionic conductivity after confinement can
be found in literature [1,3,14,19,21,49-53], the analysis of the depen-
dence of the combined effect of salt addition and confinement against
salt concentration is scarce and results seem indicate that this concen-
tration must have an important role in the performance of quasi-solid
electrolytes. To consolidate these results, further studies with different
ILs + salt mixtures nanoconfined in scaffolds of different natures are
necessary. It is important to note that large values of the Li* transference
number are desirable to avoid the accumulation of other mobile ions in
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the system (i.e., [CoIm]™ and [NOs] ™) at the surface of the electrodes,
increasing the thickness of the passivation films and preventing the
lithium ion from reaching the active surface of the electrode [48].

Experimental data of ionic conductivity upon cooling can be fitted
against temperature by Vogel-Fulcher-Tammann equation (VFT) (eq. (1)
in intervals where no phase transition is observed [54-56].

Ea
o—dwexp[kb(T_Tg)} (€8}
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Table 7 shows the obtained parameters from VFT fitting for liquid and
gel samples, where a decrease of 6, with salt concentration on liquid
samples is visible. This fact is in contrast with the behaviour of gel
samples, where an increase of this parameter with salt addition is
observed. The activation energy (E,) values seem to remain at a constant
value with salt addition for both liquid and gel samples. The ideal glass
transition temperature (Tg) ranges from 174 to 210 K in the studied
samples, that is in good agreement with thermal analysis results.

5. Conclusions

This work analyses the effect of the addition of lithium salt and the
subsequent confinement on a silica scaffold of the protic IL, ethyl-
imidazolium nitrate, in terms of the structural changes measured by
NMR spectroscopy, the thermal behaviour by DSC and TGA and the ionic
conductivity. The main results are the following:

NMR spectra provided evidence of nanostructural segregation of the
IL and a further solvation of salts in the highly ionic environment, and
also a broadening of the peaks as a consequence of the confinement
indicating a solid-like behaviour but preserving the liquid properties
inside the silica scaffold.

The addition of salt does not inhibit melting peak (upon heating) and
crystallization peak (upon cooling) for the two lowest concentrations,
but the melting temperature decreases with the salt addition. The
highest concentration of salt inhibits the crystalline phase, and a single
glass transition is visible in heating ramp. In contrast to other PILs, the
nanoconfinement of the pure IL does not inhibit neither the crystalli-
zation nor the melting observed in liquid samples. Only shifts towards
lower temperatures and a widening of the corresponding peaks were
observed, indicating a liquid behaviour inside the silica matrix, with
concordance of NMR results. The superposition of the salt addition and
the confinement tend to increase the disorder in the polar nanoregions,
but to a lesser extent than other PILs, since the crystallization is only
frustrated for the highest salt concentration (3 m) in liquid state and for
the two highest salt concentrations in ionogel state.

The ionic conductivity of the liquid samples follows the expected
behaviour, increasing with temperature and decreasing with salt con-
centration. Interestingly, the confinement does not significantly reduce
the ionic conductivity with regards to the liquid sample, and in all the
cases, values higher than the stablished limit of this parameter to be used
in electrochemical devices (1 mS-cm ') were obtained. Nevertheless,
the most important finding of this work was an unexpected behaviour
with the salt concentration in ionogel samples: this property shows a
maximum in confined sample of 0.5 m IL + LiNOs mixture, approxi-
mately 12 % higher than the pure ionogel. This effect is associated to an
increase in mobile charged species within an ordered background
defined in the polar nanoregions of the ionogel. Although further studies
must be performed to fully understand the mechanism behind these
observations.
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Table 7

Physical magnitudes and corresponding standard deviations obtained from the
fitting of experimental conductivity on cooling ramp of the pure and doped
liquid and gel samples to VFT equation (eq. (1).

Sample 64/mS cm™ ! E./ eV (x1073) Tg/K
Pure Liq. 1730 + 190 59+3 174 +3
LiNO3 0.5 m Liq. 1770 + 100 59.9+1.4 174+ 2
LiNO3 1 m Liq. 500 + 200 34+9 210+13
LiNO3 3 m Liq. 740 + 50 468+ 1.4 192 +2
Pure Gel 810 + 100 47 +3 191+3
LiNO3 0.5 m Gel 1000 =+ 200 51+5 185+6
LiNO3 1 m Gel 1500 + 300 60+ 4 180+5
LiNO3 3 m Gel 1300 =+ 200 55+3 189 + 4
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