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A B S T R A C T   

The effect of the addition of lithium nitrate on the liquid range and electrical conductivity of mixtures of a protic 
ionic liquid, ethylammonium nitrate (EAN) with LiNO3 is reported in this work. Moreover, changes in these 
properties upon confinement in silica-based matrices are also analysed and related to variations on the micro
structure of the mixtures. Our results show that gelation of the mixtures induces amorphous behaviour in all the 
samples, but no significant changes in the thermal stability are detected. However, important differences on the 
electrical conductivity of the liquid and gel states of the mixtures were observed. While this magnitude decreases 
with the addition of salt in the liquid samples for all the temperatures it increases at low concentrations of LiNO3 
up to a maximum in the gelled samples with the lowest concentration of added salt (0.1 mol of salt by kg of EAN). 
High resolution magic angle spinning (HRMAS) NMR shows that the addition of lithium nitrate increases the 
mobility (both rotational and translational motion) of the cation EA+ within the ionogel and the diffusion of the 
cation provides evidence of the presence of two different populations of the same molecules experiencing two 
distinct apparent diffusion coefficients (bi-exponential decay of magnetization in diffusion NMR experiments), 
while it is mono-exponential in the pure ionic liquid. The Li+ cation is shown to display a higher mobility (both 
rotational and translational motion) in the ionogel than in the neat ionic liquid. The frustration of the formation 
of solvation complexes due to the confinement is suspected to be behind this behaviour.   

1. Introduction 

Energy transition is one of the major topics in the current agenda of 
our societies. Then, currently electrochemical energy storage plays a 
crucial role towards the decarbonisation of the electricity sector by 
improving the integration and exploitation of renewable energy sources, 
with an outstanding role for the Li-ion batteries. 

The design of the novel electrolytes for commercially available en
ergy storage devices is a major scientific challenge nowadays, current 
lithium-ion batteries are mainly based on organic carbonates with added 
lithium salts [1], offering good electrical conductivities, despite as 
organic solvents are volatile and highly flammable, limiting the safety of 
these devices. During the last years smart new electrolytes and ionogels 

based on mixtures of ionic liquids (ILs) with inorganic salts have been 
proposed with regards to their good electrical properties, good thermal 
and chemical stabilities and low toxicity [2–4]. 

ILs are defined as salts formed by asymmetric ions with very low 
lattice energies that allow them to be liquid in a large temperature 
range, including room temperature. Their important properties include 
their extremely high electrochemical and thermal stabilities, their non- 
flammability and undetectable vapour pressure, moreover high ionic 
conductivity, which can be tuned by means of the addition of electro
chemically stable organic molecular cosolvents [5,6]. These character
istics make them optimal candidates for energy applications [7], as, for 
example, electrolytes for next generation high-voltage batteries, 
advanced supercapacitors or last generation ILs/fuel cells [8,9]. 
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Ethylammonium nitrate (EAN) is the first synthesized IL, therefore, 
one of the most studied, and is currently used in a wide number of ap
plications as electrically conductive solvent in electrochemistry [10] or 
as protein crystallization agent [11]. Mixtures of this IL with different 
solvents as water or other organic solvents have also been considered as 
electrolytes for energy storage devices (fuel cells or supercapacitors), 
both experimental [12,13] or theoretical and simulation studies 
[14,15], since the solvation of the ions of the EAN by the solvent leads to 
a reduction of electrostatic forces and H-bonds, increasing conductivity 
due to increased charge carriers [16]. Furthermore, EAN + nitrate salts 
(mainly lithium nitrate) mixtures are of particular interest in the elec
trochemical field. This system has been the subject of study in recent 
years and our group has contributed several reference works in the field. 
These works, that lead to the formulation of the nanostructured solva
tion paradigm, concluded that EAN essentially preserves its structure 
after salt addition, lithium cations are inserting in the charged domains, 
avoiding the apolar part of the structure and lithium is solvated forming 
tetrahedral complexes [2,17,18]. Other authors also reported important 
observations, for example Filippov et al [16] suggest that the mean 
number of anions near the cation amino group increases with the lithium 
salt concentration, and lithium ions accumulate in the structure of ag
gregates formed by hydrophobic chains of the IL cation. They also 
indicate that temperature and salt concentration play a fundamental 
role in the degree of dissociation of ion aggregates and thus in con
ductivity behaviour, finding that 6 mol % is a critical concentration. 

However, liquid electrolytes present important problems of safety 
and performance [7]. The development of 4th generation batteries 
strongly relies on the availability of solid-state (or semi-solid) electro
lytes of high enough electrical conductivity [19]. The design of safe and 
non-flammable novel electrolytes, compatible with different electrodes 
in electrochemical devices is currently one of the major topics of both 
fundamental and applied research in the field of electrochemical energy 
storage [20]. Recent studies suggest the possibility of micro or nano 
confining ILs and their mixtures with inorganic salts in gel matrices, 
achieving high mechanical stability while preserving liquid state ionic 
conductivities [21,22]. Specifically, mechanically rigid preparations 
made by nanoconfinement of ILs in a gel matrix (ionogels) have shown 

to provide optimal quasi-solid electrolytes [21], since they combine the 
mechanical rigidity expected from solid electrolytes, with liquid-state 
conductivities. Organosilica matrix forming materials have been used 
for the encapsulation of IL-based electrolytes in electrochemical devices, 
[23,24] although the behaviour of some key properties of the gel phase 
such as ionic conductivity are still scarcely known. ILs and their mix
tures with cosolvents encapsulated in a solid-like hybrid gel matrix 
emerge as optimal candidates for the replacement of currently employed 
organic electrolytes, since the effect of the confinement on the structure 
and transport properties of IL/metal salt mixtures must be properly 
assessed. 

Studies addressing the effects of EAN confinement are scarce. Li et al. 
[25] underlined improvements in both mechanical response and optical 
properties of EAN ionogels against hydrogels. Filippov et al. [26] found 
an increase in the diffusion of the ions of EAN after the confinement 
between thin glass plates separated a few microns with regards to the 
bulk IL, suggesting changes in the structure of the EAN before and after 
the confinement, that can be mainly attributed to the presence and 
modification of the hydrogen-bonding networks [27]. Up to our 
knowledge, studies about ionogels of mixtures of EAN and lithium salts 
have not been reported in the literature. 

In this work, we propose a complete study of the structure, thermal 
behaviour, electrical conductivity, and lithium transport of ionogels of 
the protic IL ethyl ammonium nitrate (EAN), doped with lithium nitrate 
salt. This study is an extension of previous works of our groups that 
collect results of several properties of liquid samples of EAN + nitrate 
salts mixtures [24,28]. 

The structure of the paper is as follows: after this introduction, the 
experimental details are reported and, in the following section, we 
include the discussion of our results. Finally, we summarize the con
clusions of the paper. 

2. Materials and methods 

2.1. Chemicals 

Ethylammonium nitrate (EAN) was purchased from IOLITEC. 

Table 1 
Chemical compounds used in this work.   

NameMolecular mass  
(g⋅mol− 1) 

Abbreviation Chemical structure Purity 
Supplier CAS number 

Ethylammonium Nitrate 
108.0965 

EAN 
22113–86-6 

>0.97a 

Iolitec 

Lithium Nitrate 
68.946 

LiNO3 

7790–69-4 
>0.999b 

Merck 

Tetraethyl orthosilicate 
208.33 

TEOS 
78–10-4 

>0.999b 

Sigma Aldrich 

Formic acid FA 
78–10-4 

>0.98 
Scharlau 

Ethanol EtOH 
78–10-4 

>0.99 
PanReac  

a Determined by NMR. 
b Indicated by provider. 
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Solutions of EAN with LiNO3 salt, provided by Merck, in three different 
concentrations, in the molality range from 0.1 mol⋅kg− 1 up to the 
saturation limit (2 mol⋅kg− 1) [28], were prepared. Table 1 shows the 
identification, chemical structure, purity and origin of the chemicals 
used for this work. Water content of EAN and LiNO3 salt have been 
checked by Karl-Fischer titration. 

The different solutions of the salts were prepared by mixing both 
components with the help of an ultrasound bath during 24 to 48 h. 
Before the mixture preparation, EAN sample was dried under vacuum 
for a minimum of 48 h. Residual amount of water was tested with a Karl 
Fischer titrator, and this content was shown to be less than 100 ppm. 

2.2. Gelation routes 

Two different routes have been used in this work to prepare the silica 
based gels of the mixtures of EAN with Li salt:  

1. Formic acid route: Gelation process has been performed by slightly 
modifying the methodology of Negre et al. [23]. A solid like ionogel- 
based electrolyte was synthetized using TEOS (TetraEthylOrthoSili
cate) under acidic conditions (Formic Acid, FA) in a volumetric ratio 
TEOS:FA 1:2. The reactants were mixed under moderate stirring 
(300 rpm) at 40 ◦C during 18 min. Finally, 4 ml of liquid mixture of 
IL + Li salt were added, previously prepared following the method
ology described in Ref. [28]. The resulting solution was stored in 
sealed containers and kept at room temperature until complete 
gelation achieved and aged for approximately one week. 

2. Ethanol route: This method is an adaptation of a methodology pre
viously reported [19,29]. A mixture of 3 ml of ethanol + 0.428 ml of 
TEOS + 1 ml of EAN-salt mixture was firstly prepared. These mix
tures were stirred for 1 h, and then and before gelation, transferred to 
appropriate vials for 1–2 h. The vials were maintained at 40 ◦C in an 
oven until full gelation (4 days) to evaporate the excess of ethanol. 

2.3. Experimental section 

2.3.1. IR spectroscopy 
ATR-FTIR spectra were recorded with a FTIR VARIAN model 670-IR 

equipped with a pike GladiATR with diamond crystal and single 
reflection in 400–4000 cm− 1 range. The spectra were obtained at a 
resolution of 4 cm− 1. 

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 the pure IL and salt solutions 
during heating and cooling cycles. All the samples (5–––8 mg) 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 10 ◦C min− 1,  
(b) isothermal step at 120 ◦C during 45 min to remove impurities 

[30] and to erase the thermal history of the sample,  
(c) cooling from 120 ◦C to − 85 ◦C at 5 ◦C min− 1, followed by an  
(d) isothermal step at − 85 ◦C during 5 min, and  
(e) heating from − 85 ◦C to 100 ◦C at 10 ◦C min− 1, and  
(f) cooling from 100 ◦C to − 85 ◦C at 5 ◦C min− 1. 

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 [31]. 

A thermogravimetric analyzer (TGA 7-Perkin Elmer) operating in 
dynamic and isothermal modes under nitrogen and air atmospheres was 
used to study the thermal stability of the pure IL and the salt solutions. 
Samples of (3 – 5) mg were placed in an open platinum pan as received, 
without further purification. Dynamic experiments were performed at 

temperatures from (100 to 800) ◦C, with different heating rates, between 
(1 and 20) ◦C min− 1 and with a purge gas flow of 20 cm3 min− 1. Each 
analysis was repeated three times. The determination procedure of the 
onset temperatures was reported elsewhere [32]. Furthermore, 
isothermal TG analysis at temperatures lower than tonset was used to 
determine the long-term thermal stability of ILs. Both nitrogen and dry 
air atmospheres were used to analyse their effect on the thermal stability 
of the selected samples. Curie points of alumel, nickel and perkalloy 
were used for temperature calibration. With the aim to obtain the purest 
sample possible of gel by formic acid route, three procedures with small 
differences in the gel preparation were followed: the first one was the 
one exposed above, second one performing the gelation under vacuum 
and later keeping the sample maintain at 80 ◦C in an oven during 120 
min, and the third way was performing the gelation under pressure (3 
atm). 

2.3.3. Electrical conductivity 
Electrical conductivity (σ) has been measured using a conductimeter 

from CRISON, model GLP31. The resolution of the conductimeter is 
better than 1 % of the measured value (with a minimum resolution of 2 
× 10− 6 mS cm− 1). Before the measurement, bulk IL and mixtures was 
dried under vacuum for a minimum of 48 h until less than 100 ppm of 
residual amount of water. All data were measured at least 3 times in 
different samples to ensure its 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 gel. The temperature of the 
samples was controlled using a Julabo F25 thermostat calibrated with an 
external sensor Crison T-637, which provided a precision better than 0.1 
K in the range of measured temperature. It is important to note that all 
measurements were performed by means of a static isothermal method; 
in which, the sample was allowed to spend about 15 min at constant 
temperature before any single measurement was performed, while at the 
phase transition that period was increased to at least 30 min. 

2.3.4. NMR 
High resolution magic angle spinning (HRMAS) NMR, which is a 

technique used to achieve liquid-like (i.e. high resolution) spectra from 
semi-solid samples, was used to acquire proton spectra of both liquid 
and gel samples of pure IL and gel and their mixtures with lithium salt 
0.1 m. All samples were transferred in a 4 mm ZrO2 rotor (12.5 μL) for 
HRMAS and a drop of D2O was added above the sealing screw for 
locking. HRMAS NMR spectra were recorded at 11.7 T (corresponding to 
a 1H operating frequency of 500.13 MHz) using a Bruker DRX 500 
spectrometer equipped with a HRMAS probehead and a variable- 
temperature unit. Spectra were acquired with a spinning rate of 4 kHz 
to eliminate the dipolar contribution. 

To obtain information of the Li nucleus, the mixtures IL + Li 0.1 m 
and gel + Li 0.1 m were also transferred in standard 5 mm glass tubes for 
liquid state, high resolution (here indicated as HR NMR to make clear 
the difference to HRMAS) measurements. HR NMR spectra were recor
ded in the temperature range 305–330 K at 11.7 T using a Bruker DRX 
500 spectrometer equipped with a BBI probehead and a variable- 
temperature unit. No sample spinning was used. The 7Li operating fre
quency at the reported magnetic field was 194.3 MHz. 

A summary of all samples studied so far is given in Table S1 in the 
ESI. 

1H and 7Li T1 relaxation times were measured on each sample using 
data matrices of 32,768 (t2) x 16 (t1) complex data points and 4 or 8 
transients per increment, with the inversion recovery (IR) pulse 
sequence. Spectra were acquired in the temperature range 305–330 K 
and 305–340 K for the liquid and gel samples, respectively. In all ex
periments, the relaxation delays were set equal or higher than 5 times 
the longest T1. The range of variation of the delay time τ was optimised 
for each experiment and varied in the range 0.005–15 s, 0.01–20 s or 
0.01–40 s. The baselines of all arrayed T1 spectra were corrected prior to 
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processing the data using an exponential filter in F2 dimension (with LB 
equal to 1.0 Hz). Relaxation times were computed using integrals from 
experimental raw data by means of the Bruker T1/T2 relaxation module 
using the manual integration option and applying the standard one- 
component fitting function. Linear fits to extract the rotational activa
tion energies from the relaxation rates were performed with OriginPro 
2018. 

1H and 7Li self-diffusion coefficients were measured on each sample 
in the temperature range 305–330 K using data matrices of 32,768 (t2) x 
32 (t1) complex data points and 8 transients per increment, with the 
bipolar pulse longitudinal eddy current delay (BPPLED) pulse sequence. 
A pulsed gradient unit producing magnetic field pulse gradients in the z- 
direction of 53 G cm− 1 was used. The pulse gradients were incremented 
from 2 to 95 % of the maximum gradient strength in a linear ramp. The 

duration of the magnetic field pulse gradients (δ) and the diffusion times 
(Δ) were optimized for each sample in order to obtain complete 
dephasing of the signals with the maximum gradient strength. Overall, δ 
was varied in the range 1.8–4.0 ms and Δ in the range 0.1–0.45 s. 

For 1H experiments, δ values were in the 1.8–4.0 ms range, while Δ 
values were 0.1–0.45 s long. For 7Li experiments, δ and Δ values were 
equal to 6.0 ms and 0.8 s, respectively. 

Diffusion coefficients were computed from experimental raw data 
using the Bruker T1/T2 relaxation module with the two-component 
fitting functions. 

3. Results 

As it is indicated in the introduction section, thermal behaviour of 
liquid samples doped with lithium salt was already reported by some of 
us [28], and, although the main objective of this paper is the charac
terization of the gel state, results of liquid samples will be used for a 
comparison and a better understanding. 

The two gelation routes summarized above were used for the prep
aration of the pure EAN gels although some bubbles can be observed in 
the formic acid route. Although some changes in the gelation process 
were tested to avoid these bubbles, as performing it under low pressure 
and 80 ◦C in an oven or with an extra-pressure of 3 atm. at room tem
perature. Nevertheless, in both cases, the bubbles could not be removed, 
probably due to the slow evaporation of formic acid. Hence, this work 
presents thermal analyses and FTIR results of gels obtained by both 
routes and the electrical conductivity was uniquely determined on the 
ethanol route gel. 

3.1. Infrared spectra 

Fig. 1 presents the FTIR spectra of pure EAN, where N–H stretching 

Fig. 1. FTIR spectra of pure EAN.  

Fig. 2. FTIR Spectra of TEOS (a) and formic acid (b).  

Fig. 3. Comparison between the FTIR spectra of a) ideal mixture approximation (yellow line) and Gel of EAN using the FA route (blue line) and b) ideal mixture 
approximation (yellow line) and EAN ionogel prepared using the ethanol route (blue line). 
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leads to the broad band at 3250–2800 cm− 1 which has contributions of 
the alkyl CH stretching vibrations producing bands with weaker in
tensities at 2923 cm− 1 and 2863 cm− 1 [33]. The absorption corre
sponding to N-O bond is observed at 1294 cm− 1, while NH3

+ presents an 
absorption band at 1619 cm− 1. Similarly, spectra of TEOS and formic 

acid are shown in Fig. 2. 
Fig. 3 shows a comparison of the three normalized spectra in Figs. 1 

and 2 providing superposition of the compounds of the mixture 
compared to the ideal mixture without chemical reaction between 
components (formic acid/ethanol, TEOS and pure EAN). No significant 
differences in the characteristic peaks of the IL have been observed be
tween the spectra for the different routes. Interestingly, both show a 
peak at 3600 cm− 1 attributing to –OH stretching of free water molecules, 
probably formed during the gelation process [34] or absorbed from the 
environment due to the highly hydrophilicity of the EAN, as it was 
widely reported previously [24,35]. This confirms that the characteristic 
properties of the liquid phase are preserved upon confinement in the 
silica gel matrix, which, as it will be seen in the following, is confirmed 
by other experimental techniques employed in this paper. 

3.2. Analysis of phase transitions of hydrogel of pure EAN and mixtures 

Fig. 4 shows the DSC curve on heating ramp of pure EAN and its silica 
based gels (two routes). Whereas an exothermic peak at − 44 ◦C, cor
responding to a cold crystallization, followed by a melting peak (endo
thermic) with onset at 12 ◦C and peak maximum at 17 ◦C is observed for 
pure IL, widely commented in previous paper of our group [28], the gel 
samples do not present any relevant transitions in the studied 

Fig. 4. DSC curves on heating ramp of pure liquid and gel EAN at 5 ◦C min− 1.  

Fig. 5. DSC curves on heating ramp at 10 ◦C/min of samples EAN + LiNO3 in gel form by ethanol route.  

Fig. 6. TG curves of pure liquid and gel EAN.  
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temperature interval. 
Likewise, no thermal transitions are observed neither upon heating 

nor upon cooling of confined saturated solutions of metal salts in EAN in 
the explored temperature range, as can be seen in Fig. 5, which shows 
the DSC profiles on heating ramp at 10 ◦C⋅min− 1 of these samples. The 
same behaviour is observed in the cooling ramps for the studied 
mixtures. 

These DSC results showed that the phase behaviour of the IL is 

notably altered upon confinement. Specifically, the crystallization upon 
cooling, the cold crystallization and the subsequent melting upon 
heating are suppressed for all the confined samples in the studied tem
perature interval. This response was also observed by Garaga et al. [19], 
who studied the ionic mobility of gels based on robust nanoporous silica 
micro-particles and two ILs namely one aprotic imidazolium, 1-methyl- 
3-hexylimidazolium bis(trifluoromethanesulfonyl)imide, and one protic 
ammonium, diethylmethylammonium methanesulfonate. The con
straints due to confinement prevent solid-state organization of the IL and 
liquid mixtures at low temperature [21]. The same behaviour is 
observed upon salt addition [28], which also frustrates crystallization by 
avoiding the formation of IL cation–anion complexes. This is probably 
due to the strongly electrostrictive metal cations in the polar regions, 
which give rise to the formation of [Li(NO3)4]3- complexes in the polar 
regions [18]. 

3.3. Thermal stability analysis 

Fig. 6 shows the comparison between the thermogravimetric curves 
(TG) of pure EAN in liquid and gel states without previous purification. 
An important mass loss until 150 ◦C took place due to evaporation of free 
water and volatile precursors of the gelation. TG curves are character
ized by a step starting at 175 ◦C and finishing at 275 ◦C with a single 
peak in the corresponding DTG curve. The onset temperature of gelled 
samples is slightly lower than that of the pure IL, suggesting that the 
confinement in the silica scaffold does not affect significantly the ther
mal stability of the IL. Table 2 summarizes the onset temperature, mass 
loss at 150 ◦C and 450 ◦C of all these samples. Additionally, no depen
dence of the IL thermal stability with the atmosphere (N2 and air) has 
been observed, suggesting that a common oxygen-independent mecha
nism (evaporation) is behind this process [28]. 

Fig. 7 shows the TG curves of EAN gel after these three different 
procedures; the results indicated that the onset temperature is not 
dependent on the way the gel is prepared and it is the same as that of the 
pure IL. Our results are in good agreement with those of previous re
searchers [19,29,36]. The only difference is that the first step dis
appeared with the gelation under vacuum and a subsequent heating at 
80 ◦C, as it can be expected because the most volatile substances are 
evaporated before the TG experiments. These gelled samples were later 
used for measurements of the electrical conductivity to avoid any rele
vant influence of spurious volatiles. 

Regarding the effect of the Li salt, Fig. 8 shows the corresponding TG 
curves and the onset temperature and the mass loss at 150 ◦C and 450 ◦C 
were also indicated in Table 2. The salt addition has no appreciable 
effect on the onset temperature, as it happened in the liquid mixtures 

Table 2 
Onset temperature (Tonset) and mass loss at 150 ◦C (Δm(150 ◦C)) and 450 ◦C (Δm 
(450 ◦C)) for the different samples of pure IL, mixtures IL + LiNO3 in the liquid 
and gel states. All the experiments were performed in nitrogen atmosphere.   

Tonset /◦C Δm(150 ◦C) /% Δm(450 ◦C) /% 

Liquid 
EAN without drying 246 9 99 
EAN dried 245 3 100 
Gel 
EAN without drying (Ethanol) 226 17 92 
EAN without drying (FA) 237 8 95 
EAN vacuum + heating(FA) 234 3 96 
EAN-extra pressure (FA) 235 26 95 
EAN + LiNO3 0.1 m (Ethanol) 231 12 91 
EAN + LiNO3 1.0 m (Ethanol) 230 15 90 
EAN + LiNO3 2.0 m (Ethanol) 230 16 87 

ΔU (Tonset) = 6 ◦C, ΔU (Δm) = 1 %. 

Fig. 7. TG curves of gels of EAN corresponding to the three different proced
ures of formic acid route. 

Fig. 8. TG curves of EAN gel doped with different concentrations of Li salt, prepared by the ethanol route.  
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reported in a previous work [28]. Only a reduction in mass loss (in %) at 
150 ◦C, due to the evaporation of water and ethanol is observed. An 
increase of mass loss at 450 ◦C due to salt residue at this temperature is 
visible, being also observed in liquid mixtures [28]. 

3.4. Ionic conductivity 

The effect of the addition of the lithium salt and that of the gelation 
on ionic conductivity study were analysed, and the results are summa
rized in this section. Results are presented in Table S2 (ESI). This 
property was studied as a function of the temperature and lithium salt 
concentration in both bulk liquid state and confined in a silica scaffold. 

Firstly, Fig. 9 shows a comparison between the electrical conductivity of 
pure EAN in liquid (a) and gel (ethanol) states (b) in the temperature 
interval (243.15 – 323.15) K, upon cooling down and heating up scan
ning. Up to our knowledge no values of EAN silica ionogels have been 
previously reported and values of pure liquid EAN are in good agree
ment with the literature [16,37,38]. Besides the highest values of con
ductivity in the gel state, a clearly visible hysteresis loop in liquid state, 
absent in the gel state in the studied temperature interval, is the most 
remarkable observation. This hysteresis is coherent, and even expected, 
with the supercooling effect observed in the DSC results of pure liquid 
EAN with a melting peak at 285 K determined within heating scans and a 
freezing peak at 246 K upon the cooling ramps [28]. In addition, the 
thermal behaviour of gel samples, without first order transitions in the 
entire temperature interval analysed, explains the results of this prop
erty obtained for the gelled samples. Current lithium salt solutions used 
in lithium-ion batteries show conductivity values ca. 10 mS/cm, similar 
to our results [39]. 

On the other hand, Fig. 10 shows the electrical conductivity of liquid 
mixtures at different concentrations of lithium salt in the IL. Besides the 
disappearance of the hysteresis loop found in the pure IL, salt addition 
decreases conductivity and, increases the viscosity, as it has been probed 
in recent literature [16,24,40]. This agrees well with the behaviour of 
classical electrolyte solutions and mixtures of others ILs with different 
metal salts, where the conductivity is proportional to the density of 
charge carriers and inversely proportional to viscosity, as it is widely 
reported in the literature [39,41–44]. 

On the other hand, Fig. 11 shows the ionic conductivity of gels of 
EAN and of its mixtures with lithium nitrate at the four studied con
centrations. As can be expected, and similarly to liquid samples, this 
parameter increases with temperature. Nevertheless, in what regards the 
dependence of conductivities in salt concentration, important differ
ences are observed: the highest values of conductivity correspond to the 
gel doped with the lowest salt concentration, intermediate concentra
tions of lithium salt present similar values to those of the pure EAN gel 
and the saturated gel shows the lowest values of conductivity. This fact 
could be explained as follows: at low concentration the salt is fully 
available for conductivity but increase in the salt concentration leads to 
complexation that makes the salt unavailable to conduction. This hy
pothesis will be evaluated in the next section of the paper. 

It is especially interesting that for all the salt concentration, the 
highest values of the ionic conductivity correspond to the gel samples for 
all the temperatures as can be seen in Figure S1 of supplementary ma
terial, which shows the Arrhenius plot for all the samples. This behav
iour is not unanimously reported in the literature, and some 
controversial results have been communicated. Noor et al. [29] estab
lished that the ionic conductivity of ionogels of 1-butyl-3-methyl imi
dazolium tetrafluoroborate with different amount of TEOS decreases as 
the amount of silica increases, being the hydrogen bond networks 

Fig. 9. Electrical conductivity against temperature of pure EAN in the liquid (a) and in gel (by ethanol) (b) states.  

Fig. 10. (a) Electrical conductivity versus temperature of liquid mixtures EAN 
+ Li NO3. 

Fig. 11. Electrical conductivity of gel mixtures of EAN and lithium nitrate at 
the four studied concentrations. 
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between BF4
− and the hydroxyl group in the silica the mechanism of IL 

immobilization suggested by these authors. On the contrary, Le Negre 
et al. [23] and Sajid et al. [45] found similar or even higher values of the 
ionic conductivity of ionogels of N, N, N triethyl octyl ammonium bro
mide relative to neat IL in the temperature interval between 253 K and 
333 K, which evidences the relatively small impact of the silica scaffold 
in this property, as it happens here, for the gel of lowest salt concen
tration. In addition, and taking into account the importance of impu
rities in ionic conductivity, an appropriate assessing the presence of 
traces of gel precursors or molecular compounds generated during the 
sol–gel synthesis, and the possible water absorption during preparation, 
is fundamental, as well as knowing how these traces affect the results. 
This is exposed in the next section of this work. 

The temperature dependence of conductivity is usually described by 
the Arrhenius law. Nevertheless, in many cases, particularly for ILs, a 
non-linear behaviour of ln σ against (l/T) shows that an Arrhenius 
behaviour is not followed in the studied temperature range, and a 
Vogel–Tammann–Fulcher equation (eq. (1) must be applied [45–48]. 

lnσ = A −
B

T − T0
(1)  

where A is the conductivity at infinite temperature, and it assumed to be 
proportional to the number of charge carriers. B is the fragility index or 
strength index, which is inversely proportional to the kinetic fragility of 
the liquid, and T0 is the vanishing mobility temperature, also known as 
the Vogel temperature (or ideal glass transition temperature). As it is 
well-known, these dense ionic systems exhibit, in general, a thermal 
activation of the VFT type [48], which is associated to the presence of 
several relaxation times in the underlying dynamics, characteristic of 
disordered systems. On the other hand, the Vogel temperature can be 
related with the glass transition temperature (Tg), verifying T0 < Tg [39], 
for slow processes, which is approximately the case in this work. Fitting 
parameters of our results to the VFT equation (eq. (1)) are presented in 
Table 3 for the liquid and gel samples. This behaviour is usually 
observed in bulk ILs, but it was also found by other authors in gel states, 
suggesting a common vehicular mechanism of charge transport [19]. 

As it can be seen, for the liquid samples the conductivity at infinite 
temperature remains nearly constant with the concentration of lithium 
salt until 1.0 m, and presents the lowest value for the highest salt con
centration. Despite the similar values obtained in fitted parameters (T0 
and B), T0 (the ideal glass transition temperature) tends to increase 
while increasing salt concentration in liquid samples. This could be 
explained by an increase of the fragility index with increasing salt 
concentration in the studied mixture due a “softening” in the internal 
structure of the sample. 

On the other hand, the conductivity at infinite temperature and the 
fragility index tend to decrease with the gelation for pure IL and mix
tures of 0.1 and 1 m, whereas both parameters increase after gelation for 
the sample with the highest concentration of salt. The T0 values tend to 
decrease because of gelation, as thermal analysis study also indicates. In 

this case, the fragility index is increasing with the salt concentration for 
gel samples, which is traduced in a decrease of the ideal glass transition 
temperature (T0). 

As it is well known, fragility index is related to molecular mobility, 
and latter to ionic conductivity [49]. This fact can be seen on B 
parameter summarized in Table 3. Gel samples present lower fragility 
index, which may be due to confinement confering higher resistance to 
structural rearrangements over temperature than that in liquids samples 
[47]. Guyomard-Lack et al. [49] also reported lower values on fragility 
index when the IL + Li salt is confined, and noticed that fragility is 
highly dependent on the pore size. This behaviour could be explained by 
the formation of nanosolids in the polar cavities of the IL at the highest 
salt concentration, as it was pointed out in previous works of our 
research group [18,24]. Results show that the confinement of the liquid 
mixtures allows maintaining the liquid properties and it seems that 
lithium salt addition changes the solvation, provoking that Li+ electro
striction capture NO3

– anions freeing IL cation. For a better under
standing of it, high resolution magic angle spinning NMR studies of these 
samples were performed and they are exposed in the next section of this 
work. 

3.5. NMR studies 

With the aim to clarify the effect of gelation and salt addition, NMR 
studies using high resolution magic angle spinning (HRMAS) technique 
were performed in liquid and gel samples (by ethanol route) of pure EAN 
and mixture of EAN + LiNO3 at 0.1 m concentration. This not so com
mon and special NMR technique makes it possible to achieve liquid-like 
(i.e. high resolution) spectra from gelled samples [50]. The dramatic 
increase in resolution that can be obtained with HRMAS NMR applied to 
gel of EAN can be appreciated in Fig. S2. 

Fig. 12 shows the 1H HRMAS NMR spectra at 305 K of gel of pure 

Table 3 
Fitting parameters of the VFT equation for pure EAN and its mixtures with 
lithium salt in liquid and gel states. Error values are determined by fitting 
procedure.   

A = ln(σ0) B / K T0 / K 

Liquid form 
Pure IL 7.1 ± 0.3 530 ± 70 163 ± 9 
0.1 m 7.4 ± 0.2 610 ± 50 155 ± 6 
1.0 m 7.7 ± 0.2 650 ± 30 161 ± 3 
2.0 m 6.8 ± 0.1 530 ± 30 164 ± 4 
Gel form 
Pure IL 6.94 ± 0.04 474 ± 10 157 ± 2 
0.1 m 6.70 ± 0.04 409 ± 9 160 ± 2 
1.0 m 7.11 ± 0.05 523 ± 13 149 ± 2 
2.0 m 7.22 ± 0.06 567 ± 17 151 ± 2  

Fig. 12. 1D 1H HRMAS NMR spectra of pure EAN (bottom, blue) and pure gel 
of EAN (top, red) measured at 305 K. Enlargement of the regions corresponding 
to the methylene and methyl protons are also shown for the pure gel. 
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EAN (by the ethanol route) and pure liquid EAN, which immediately 
reveal that in the gel sample, next to the three signals corresponding to 
the EA+ cation, there are also the signals of the methylene and methyl 
protons of the residual ethanol as well as a residual water peak. It can be 
estimated that the EtOH and water content in the ionogel are of ca. 3 wt 
% and 4 wt%, respectively. 

These non-negligible amounts of water and ethanol, residues of the 
sol–gel process, can be the cause of the high values of conductivity in gel 
samples, especially the water content as different authors have been 
previously reported, with increases of 50 % in this property with the 
addition of less than 4 % of water in liquid samples of butylme
thylpyrrolidinum bistrifluromethylsulfonylimide (BMPyrr TFSI) [51] 
and EAN [52]. To try to discern the effect of confinement from the effect 
of these impurities in gel samples, the conductivity of the liquid samples, 
pure IL and mixtures with Li salt, with 4 % water, and with both 4 % of 
water and 3 % of ethanol was determined at 20 ◦C. Results are enclosed 
in Fig. S3 of ESI, showing that the conductivity increases substantially 
(more than 50 %) with the water addition in all the cases, as can be 
expected, and the highest rise corresponds to the sample doped with the 
highest concentration of lithium nitrate, with a change from 13.4 to 23.9 
mS/cm after the addition of water. Also the ethanol provokes a slight 
increase in all the liquid samples. Nevertheless, the most important and 
interesting result is that the values of the ionic conductivities in gel 
samples are similar (or slightly lower) than the values of liquid samples 
of EAN with water and ethanol and, even, slightly higher than the cor
responding values of the liquid mixtures of IL + Li salt with water and 
ethanol. These findings corroborate the idea that ionogels preserve the 
liquid behaviour after the confinement. 

To get insights into the local mobility of the species, proton 
spin–lattice relaxation times, T1, were measured for the gel and liquid 
samples by HRMAS NMR (Table S3 and Fig. 13). To analyse the effect of 
lithium salt, T1 values for 7Li were also measured for the liquid and gel 
EAN mixtures with 0.1 m LiNO3 salt by conventional solution state NMR 
(Table S4 and Fig. 13). As expected, T1 values increase with increasing 
temperature for all curves. 

The effect of gelation on the overall dynamics of the components can 
be summarized as follows:  

- The gelation increases the T1 values for all proton and lithium sites in 
both samples (with and without the addition of LiNO3), but the effect 
is much greater in the mixture with the lithium salt (Fig. 13, orange 
vs light blue). 

- In the liquid mixture with the lithium salt, lithium shows T1 relax
ation times which are similar to the alkyl protons of EAN, while in 

the ionogel, the T1 values for lithium are the highest measured 
values. 

Even if a direct comparison between the relaxation times of protons 
and lithium is not possible due to the different dominating relaxation 
mechanism (dipolar versus quadrupolar), these observations point to
wards a major effect of the gelation on the local rotational motion of all 
species in the mixture. Notably, this strong effect passes through a direct 
involvement of the lithium cation whose rotational motion is strongly 
correlated to the EAN cation in the liquid system, while it diverges 
significantly in the ionogel. The dynamics of Li+ is then strongly linked 
to gelation, and this emerges indeed also considering more closely the 
effect of the addition of the lithium salt to the neat EAN and the ionogel: 
The presence of LiNO3 does not have any relevant effect on the liquid 
system (see Fig. 13, left panel where empty and filled symbols are 
clustered) but significantly increases the T1 values of all EAN protons in 
the ionogel (see the broad distribution of the filled symbols in Fig. 13, 
right panel) Overall, the combined effect of lithium salt and gelation 
results in the selective and broad enhancement of the relaxation process 
of lithium ions (orange filled circles in Fig. 13, right). 

Considering the linear behaviour of the T1 trends in the given tem
perature interval, the rotational activation energy was calculated using 
the Arrhenius approximation (extreme narrowing condition) [53,54]: 

T1 = T1,Aexp
(

Erot
a

RT

)

(2)  

where T1,A is a pre-exponential factor, R the gas constant, T the absolute 
temperature and Erot

a the apparent activation energy for the rotational 
motion. Erot

a are reported in Table 4, and Arrhenius plots are displayed in 
Fig. S4. 

In both the pure EAN and its mixture with LiNO3, the rotational 
activation energy for the EAN protons follows the order NH3

+ > CH2 >

CH3. After gelation all Erot
a basically level out: the incorporation into the 

Fig. 13. 1H and 7Li T1 relaxation times measured as a function of temperature for each sites (NH3, square; CH2, triangle; CH3, inverted triangle; Li, circle) of liquid 
(left) and gel (right) samples, with (filled symbols) and without (empty symbols) Li salt. 

Table 4 
1H and 7Li activation energy for the rotational motion.  

Species Erot
a (kJ mol− 1) Species Erot

a (kJ mol− 1) 

NH3
+ in pure EAN  11.7 NH3

+ in pure gel  12.3 
CH2 in pure EAN  9.3 CH2 in pure gel  11.5 
CH3 in pure EAN  8.0 CH3 in pure gel  11.5 
NH3

+ in EAN 0.1 m  13.5 NH3
+ in gel 0.1 m  12.8 

CH2 in EAN 0.1 m  11.3 CH2 in gel 0.1 m  12.1 
CH3 in EAN 0.1 m  10.0 CH3 in gel 0.1 m  12.7 
Li+ in EAN 0.1 m  8.2 Li+ in gel 0.1 m  15.3  
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gel structure makes the barrier for the rotational motion almost equal for 
all protons. 

As for the effect of the addition of lithium salt, it causes an overall 
increase of the rotational activation energy for all protons. 

Apparent self-diffusion coefficients were obtained for both protons 
and lithium by pulsed field gradient (PFG)-NMR experiments (Fig. S5 
and S6 and Fig. 14 and Fig. S5). 

Studying the diffusion behavior in such complex gel systems is 
challenging, as genuine molecular diffusion, exchange and confinement 
all contribute to the measured diffusion coefficient. Some important 
observations help in dissecting the different processes. 

The diffusion coefficient of the NH3
+ protons is slightly higher than 

that corresponding to the CH2 and CH3 protons in all samples, both 
liquid and gel system, with and without lithium salt. As diffusion is a 
molecular property, the difference in diffusion between the ammonium 
head and the alkyl chain of the cation EA+ indicates that exchange plays 
always a role, and this occurs not only among NH3

+ protons (which are 
the only exchangeable protons in the liquid system) but probably also 
includes EtOH and H2O labile protons (which are also present in the gel 
samples). 

Unlike liquid samples, where a mono-exponential decay was 
observed for all EAN protons (both with and without LiNO3), in the two 

gel samples (with and without LiNO3) the observed proton diffusion 
decays for both EAN cation and EtOH are not mono-component decays. 
The analysis of the multiexponential diffusion decays was then per
formed via the Bruker T1/T2 module using a two-component fitting 
function. In all cases, a bi-exponential model could reproduce the de
cays, as reported for instance in Fig. 15a for the ammonium and methyl 
protons of the cation in the pure gel at 305 K. Unlike protons, lithium is 
mono-exponential in both the liquid and gel mixture. 

Broadly speaking, the biexponential fit observed for the cation EA+ is 
compatible with heterogeneity within the gel matrix [55,56]. Only the 
apparent diffusion coefficients and the relative percentage obtained for 
the more abundant component are reported in Table S5 and Fig. 14. 
Given the large error associated to the less abundant component, the 
latter has been interpreted here not as a physically meaningful fraction 
of molecules, but as a symptom of a heterogeneous soft matrix. If one 
looks at the relative population (Fig. 15b), it can be observed that the 
relative amount of the more abundant component is more or less stable 
over the T interval for the pure gel sample, while it is reduced of about 
15 % from 305 K to 330 K for both NH3

+ and alkyl protons of Gel 0.1 m. 
Bearing in mind the effects of exchange and confinement, further 

considerations can be drawn looking again at data of Fig. 14, trying to 
separately evaluate the effect of gelation and Li-doping: 

Fig. 14. 1H and 7Li apparent self-diffusion coefficients measured as a function of temperature for the different species (NH3, square; CH2-CH3 triangle; Li, circle) in 
liquid (left) and gel (right) samples, with (filled symbols) and without (empty symbols) Li salt. For the gel samples, only the more reliable and abundant component 
is reported. 

Fig. 15. (a) Diffusion decays measured by PFG-NMR for protons NH3
+ and CH3 acquired in the pure gel of EAN at 305 K and corresponding fits using a mono- or a bi- 

exponential function, plotted as a function of the gradient strength; (b) Relative percentage of the more abundant components of the NH3
+ and alkyl (CH2 and CH3) 

protons of EAN, obtained for the pure gel and the mixture with LiNO3 0.1 m via a bi-exponential fit of the diffusion decays. 
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- The gelation decreases the diffusion coefficient of both NH3
+ and 

alkyl protons in the samples without lithium (blue vs red empty 
symbols). This is intuitively explained considering the formation of a 
more viscous interacting system. The same effect is observed for the 
CH2 and CH3 protons of EAN when the IL plus lithium salt mixture is 
gellified (light blue vs orange filled triangles).  

- Interestingly, the diffusion of NH3
+ protons of the EAN + LiNO3 

shows an increase in self-diffusion coefficient after formation of the 
gel (light blue vs orange filled squares). This may be related to a rise 
in the exchange process due to the presence of residual EtOH and 
H2O or some other additional process.  

- Lithium is the slowest diffusing species both in liquid and gel mixture 
(light blue vs orange filled circles). Its self-diffusivity increases after 
gelation, but it is anyway much lower than NH3

+ and alkyl protons of 
EAN.  

- The effect of Li-doping is almost null in the liquid system (left) but 
significant in the gel, as the apparent diffusivity of both proton 
species of the cation increases (right). In other words, the more 
abundant component of the NH3

+ and alkyl protons in the ionogel 
diffuses much faster in the presence of LiNO3. This confirms the 
observation of the thermal analysis, which lead to the conclusion 
that the presence of metal cations in low concentration frustrates the 
crystallization of EAN in the heterogeneous gel matrix, freezing the 
IL cations and lithium-anions complexes are formed. 

4. Conclusions 

This work analyses the effect of the confinement on a silica scaffold 
of the protic IL, EAN and its mixtures with lithium nitrate in terms of 
thermal behaviour, ionic conductivity and ion mobility from high res
olution magic angle spinning NMR analysis. 

Our main conclusions are:  

• Both, confinement and salt addition frustrate the crystallization of all 
the mixtures, inducing an amorphous behaviour in all the samples. 
No significant changes on the thermal stability of the mixtures were 
detected regarding the bulk EAN.  

• Ionic conductivity of liquid samples shows the expected behaviour, 
but this magnitude increases up to a maximum in the doped sample 
with the lowest concentration LiNO3 in gel samples, although this 
rise can moderately be attributed to the traces of sol–gel precursors. 
Nevertheless, the most important finding in this work is that the 
confinement does not reduce the ionic conductivity of the liquid 
encapsulated in the silica scaffold, and the liquid behaviour is 
maintained in the ionogel.  

• High resolution magic angle spinning NMR shows that the addition 
of lithium nitrate increases the mobility (both rotational and trans
lational motion) of the cation EA+ within the ionogel. The bi- 
exponential decay observed for the apparent diffusion of the cation 
gives evidence of the presence of two different populations, fact that 
can be interpreted as a signal of heterogeneity in the soft matrix, 
marking a substantial difference with the pure ionic liquid, where a 
mono-exponential behaviour is observed. The Li+ cation also dis
plays a higher mobility (both rotational and translational motion) in 
the ionogel than in the neat ionic liquid.  

• Results show that the confinement of the liquid mixtures allows 
maintaining the liquid properties and the lithium salt addition 
changes the solvation, provoking that Li+ electrostriction capture 
NO3

– anions freeing IL cation.  
• Our observations indicate that Li+ does not interact with the polymer 

matrix in these silica-based gels. 
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R. de la Fuente, E. López-Lago, J.R. Rodríguez, L.J. Gallego, J.J. Parajó, J. Salgado, 
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