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a b s t r a c t

The diffusivity of ions and ionic conductivity of ethylammonium nitrate (EAN) mixed with lithium nitrate
(LiNO3) has been carried out as a function of Li-salt concentration and temperature. An unusual behavior
of ion diffusivities and ionic conductivities of the mixtures are observed over a range of Li-salt concen-
tration and temperature. The diffusivities of EA+ and Li+, as measured by pulsed-field gradient (PFG)
nuclear magnetic resonance (NMR) diffusometry, are found to be comparable in the lower temperature
range. An overall decrease in the ion diffusivity is observed with an increase in the concentration of
LiNO3. A lower degree of dissociation of ionic complexes in the presence lower concentration of the Li-
salt (less than 6 mol. %) resulted in lower ionic conductivity. In the higher concentration range of Li-
salt the Li+ diffusivity is monotonously decreased with an increase in the concentration. In the lower con-
centration range, the Li+ diffusivity exceeded the diffusivity of EA+ cation demonstrating the release of Li+

from the associates. Being enclosed between glass plates, the diffusivities of EA+ and Li+ showed peculiar-
ities similar to the earlier observed results for neat nitrate ILs: accelerated diffusivity of cations and rever-
sible alteration of diffusivities under the influence of strong static magnetic field.

� 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Ionic liquids (ILs) have been widely used in a range of applica-
tions due to their unique physicochemical and electrochemical
properties including high thermal and electrochemical stability,
non-flammability, negligible vapor pressure, high ionic conductiv-
ity and electrochemical stability window [1–5]. There is an excel-
lent opportunity to design and synthesize new ILs for any
specific application because of their structural designability [3].
Synthesis is just one of the approaches to produce new systems
with desirable properties, while another simpler and promising
way is to use ILs in a composite system. ILs can be used with the
addition of organic and inorganic chemical compounds or other
types ILs, allowing to change the interactions of anions and cations,
and ultimately obtaining the required set properties appropriate
for the task at hand [4]. In electrochemistry, the use of additives
in ILs have come to the forefront. In the case of pure ILs, there is
a significant ionic association or aggregation leading to high
viscosity and low ionic conductivity. The introduction of new sub-
stances into an IL might decrease the Coulomb interactions by
releasing the ions from associates and aggregates, which will lead
to a decrease in viscosity, an increase in ion diffusivity and ionic
conductivity [6].

Ethylammonium nitrate (EAN) is the first room-temperature IL,
which was identified and characterized by Walden in 1914 [7].
EAN has several useful properties making it a promising candidate
for various applications. It is an excellent solvent and has proven
itself well with proteins. The proteins treated with EAN were more
stable than the proteins treated with traditional organic solvents
[8]. In addition, it was shown that EAN can prevent aggregation
of denatured protein [9]. EAN is a transparent, colorless, odorless
liquid and can form micelles when surfactants are added to it
[10] and, like water, forms three-dimensional networks of hydro-
gen bonds [11,12]. Like other protic ILs, EAN has an electrochemi-
cal stability window of 3.45 V and can be used in a range of
electrochemical devices [13,14].

The structure of EAN was determined by its amphiphilic nat-
ure and the hydrogen bonding capability that leads to an
extended network across the polar region [12,15]. Using density
functional method, it was possible to obtain a three-
dimensional model of the structure of hydrogen bonds in an
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EAN [16]. Unlike water, the EAN bond system does not have a
tetrahedral character due to the presence of donor–acceptor
mechanisms of bond between the ions. The nitrate anion in
EAN has a planar configuration; it consists of three oxygen atoms
symmetrically located around the central nitrogen atom. Through
oxygen atoms, the NO3

� ion binds to the protons of amino group
NH3 due to the formation of hydrogen bonds and electrostatic
interaction, while adjacent cationic alkyl chains join through
hydrophobic interactions, resulting in a continuous (bicontinuos)
‘‘spongy” structure [17]. Thus, the formation of hydrogen bonds
occurs in the structure of the EAN, the order of which is preserved
up to distances exceeding 10 Å [18]. While studying of the struc-
ture of the EAN by computer simulation methods, it was found
that in most cases the amino group, having three donor protons,
forms bonds simultaneously with three anions [19]. In addition,
not all acceptor oxygens of the anion take part in hydrogen
bonds. In 30% of cases, one oxygen binds to two cations at once,
the other two oxygen of the anion may remain unpaired. It was
also shown that sometimes the formation of ‘‘ring” structures
occurs. Atkin and Warr have investigated nano-scale segregation
of short chain ILs, PAN nitrate and EAN, by SANS [20] and have
found the evidence of structural heterogeneity in these ILs, where
‘‘solvophobic interaction” is the most important factor. This result
provides an experimental evidence of nano-scale heterogeneity in
the ILs with alkyl chains shorter than C4. The calculated Bragg
spacings are approximately twice the ion pair dimensions of the
ILs, which suggests that the ILs are structured on the length scale
of the ions, with the alkyl groups associated together and segre-
gated from the H-bonded ionic moieties - ND3

+ and NO3
–.

It was demonstrated that dissolution of EAN in water at differ-
ent concentrations changes the transport and thermodynamic
characteristics of the solution [6]. The highest conductivity was
observed at the molar concentration of EAN less than 20%. Solva-
tion of EAN ions by water molecules weakens the Coulomb interac-
tions and hydrogen bonding interactions between the oppositely
charged ions, and as a result leading to a decrease in viscosity
and an increase in the ionic conductivity due to the increase in
charge carriers. Such aqueous solutions can be used as electrolytes
in supercapacitors and fuel cells. A similar effect was observed in
another study, where the addition of EAN to organic solvents such
as formamide and dimethyl carbonate showed a significant effect
on the characteristics of the solution [21]: at specific concentra-
tions of the constituent components, a decrease in viscosity and
an increase in ionic conductivity were observed. Several studies
were devoted to the dynamic properties of ILs with dissolved inor-
ganic salts. It was shown that the ionic conductivity of such solu-
tions changes with the salt contents and reaches a maximum at
a certain concentration [22–24]. This is due to the complexity of
interactions between the IL ions and the salt ions: the ordered
structure of the IL is destroyed, and the ions become more mobile
upon the addition of solvents.

The addition of LiNO3 salt to EAN has been of special interest to
various researchers [13,15,25,26]. The understanding of lithium
ion solvation and transport in ILs is important due to their promis-
ing applications in electrochemical devices. It was assumed that
the presence of salt should change the microstructure and various
characteristics including translational mobility and electrical con-
ductivity of the IL. At ambient conditions, LiNO3 is miscible in
EAN up to ~ 0.2 M fraction [15]. A study on Li+ solvation and diffu-
sion in EAN has been performed by ab initio molecular dynamics
calculations based on density functional theory [13]. The local
structure of EAN around the lithium cation has been analyzed that
showed that the lowest two free energy minima correspond to
conformations with the Li+ being solvated either by three or four
nitrate ions with a transition barrier of 0.2 eV between them
[13]. It was proposed that in such a system an associate of IL and
2

a lithium ion is formed [5,27]. The viscosity of such a system
increases and the electrical conductivity decreases in the presence
of a salt [27].

The effect of a LiNO3 salt on the morphology of EAN was studied
by X-ray diffraction and molecular dynamic simulations [15,28].
The results showed that the IL retains its structure upon addition
of salt, and the violation of the interactions between the ammo-
nium group of the cation and the nitrate anion turned out to be
insignificant [15]. The Li+ are distributed in the charged domains
where they undergo a further level of self-segregation. Small
amount of Li+ ion tends to segregate into EAN’s polar domains with
a tendency to create solid-like LiNO3 clusters with LiNO3 separa-
tion at higher salt content. The effect of the added LiNO3 to EAN
has been investigated by rheology and colloidal probe AFM [25].
The rheology has shown a complex viscosity dependence on Li+

concentration, while AFM force curve revealed a step that broad-
ened in the presence of Li+. Both these effects have been ascribed
to bulk nanostructures.

Recently, the so-called nanostructured solvation paradigm has
been formulated, according to which selective solvation takes
place in ILs with polar (apolar) solutes going to the polar (apo-
lar) nanoregions of the liquid [26]. Particularly, metal salts disso-
ciate in ILs and their polar constituents go to the polar regions of
the mixture forming ligand–metal complexes. NMR studies
demonstrated that the influence of the addition of salt on the
chemical shifts of the signals associated to hydrogen atoms in
the apolar regions of the protic IL is negligible [26]. Diffusion
coefficients of lithium cation support the conclusion that Li+ dif-
fusion takes place inside the anhydrous complexes [26]. In the
wet IL, the signal of the water protons (4.66 ppm) is slightly
shifted upfield (�d) relative to that of protons in pure water that
is present at 4.807 ppm [26] in H2O/D2O mixtures, while in the
dried sample the opposite is found. This reveals that the shield-
ing of the water protons in the IL environment is stronger than
that in pure water, which is associated to weaker hydrogen
bonding in the significantly micro-heterogeneous mixtures. How-
ever, as the number of water molecules decreases, the protons
are more strongly deshielded by the ionic species in the bulk.
It was shown experimentally [29] and by simulations [30] that
strong cation � anion interactions in a wide range of lithium-
salt/IL mixtures may result in a negative lithium transference
number. Despite the enormous efforts, the complexity of Li+ sol-
vation and its mobility in the viscous EAN structure has not been
yet fully unraveled.

The ILs inside different type of confinements, particularly
micrometer-scaled [31–37], have attracted the attentions of
researchers. The neat EAN and EAN-water mixtures were thor-
oughly investigated [32,35,38–40]. Magnetic field is an important
external factor, which is present in personal electronics and indus-
trial devices, influences the physical phase state and dynamic
properties of the confined EAN [38,40–42]. An enhanced diffusivity
of cations as well as an accelerated NMR relaxation of ANH3 pro-
tons have been observed for EAN confined in the layers with a
thickness of about 4 mm between glass plates [35,41]. One of the
main factors responsible for this effect is the hydrogen-bond net-
work [35,38,40]. An exposure to the strong static magnetic field
of an NMR spectrometer leads to a gradual decrease in diffusivity
of ions until it reaches an equilibrium value near that of the bulk
EAN [38].

The understanding the ion transport mechanisms and molecu-
lar associates is of great importance not only in Li-ion batteries
and fuel cells but also in many other systems. In this work, we
study the ion diffusivity as well as ionic conductivity LiNO3 dis-
solved in EAN. We further investigate the effects of a magnetic field
on the diffusivity of EAN as well Li+ ions in EAN/LiNO3 mixtures
enclosed between glass plates.
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2. Materials and methods

2.1. Sample preparation

Ethylammonium nitrate (EAN) was synthesized and character-
ized as reported previously [35]. The water content in the synthe-
sized EAN was less than 0.05 wt% as determined by Karl-Fisher
titration (Metrohm 917 Karl Fisher Coloumeter with HYDRANAL
reagent). LiNO3 (>99%) was purchased from Sigma-Aldrich and
used as received. The mixtures were prepared by weighting the
two compounds in an Eppendorf tube inside a glove box at dry
atmosphere followed by thorough mechanical mixing and sonica-
tion in the water bath. All the samples were additionally vacuum-
mated during 24 h.

Samples with enclosed EAN were prepared with thin borosili-
cate glass plates (0.1 � 2.5 � 14 mm), Thermo Scientific Menzel-
Gläser, Menzel GmbH, Germany. The glass plates were carefully
cleaned before use. A stack of glass plates containing EAN or mix-
ture EAN with LiNO3 was prepared in a glove box in a dry nitrogen
atmosphere. Samples were prepared by adding 1 lL of the liquid to
the first glass plate, placing a second glass plate on top, adding 1 lL
to this glass plate, etc. until the thickness of the stack reached
approximately 2.5 mm. Excess of the liquid from the sides of the
stack was removed by wiping. The sample consisted of a stack of
ca 22 glass plates with the liquid between them, placed in a rect-
angular, sealed glass tube. The mean spacing between glass plates
was estimated by weighing the introduced EAN, which yielded
d ~ 3.8–4.5 mm [35]. A detailed description of the sample prepara-
tion and characterization has been reported in our previous paper
[35]. To allow equilibration of ILs inside the samples, experiments
were performed within a time from a week but not later than one
and a half months after the sample preparation. The sample under
study is anisotropic. We studied diffusion along glass plates and
along the static magnetic field B0 of the NMR spectrometer when
the sample was placed in a proper way in the probe. The sample
was connected to the standard 5-mm NMR tube holder (spinner)
without rotation of the spinner.
2.2. Pulsed-field gradient NMR diffusometry

NMR self-diffusion measurements were performed using a Bru-
ker Ascend/Aeon WB 400 (Bruker BioSpin AG) NMR spectrometer
with a resonance frequency of 400.27 MHz for 1H, 155.56 MHz
for 7Li, and 40.56 MHz for 15N. Magnetic field strength was 9.4 T
using a Diff50 Pulsed-Field-Gradient (PFG) probe. The diffusional
decays (DDs) were recorded using the stimulated echo (StE) pulse
trains. For single-component diffusion, the form of the DD can be
described as [43,44]:
Aðs; s1; g; dÞ / exp �2s
T2

� s1
T1

� �
expð�c2d2g2DtdÞ ð1Þ
Here, A is the integral intensity of the NMR signal, s and s1 are the
time intervals in the pulse train; c is the gyromagnetic ratio for pro-
tons; g and d are the amplitude and the duration of the gradient
pulse; td = (D- d/ 3) is the diffusion time; D = (s + s1). D is the diffu-
sion coefficient. In the measurements, the duration of the 90� pulse
was 7 ls, d was in the range of (0.5 � 2) ms, s was in the range of
(3 � 5) ms, and g was varied from 0.06 up to 29.73 T∙m�1. Diffusion
time td was varied from 4 to 500 ms. The recycle delay during accu-
mulation of signal transients was 3.5 s. Data were processed using
Bruker Topspin 3.5 software. Non-linear least squares regression
was used to fit the experimental data with Eq. (1) to extract D
values.
3

2.3. Ionic conductivity

A Metrohm Autolab PGSTAT302N electrochemical workstation
with an FRA32M module was used for ionic conductivity measure-
ments using a Nova 2.02 software. The ionic conductivities were
measured in the frequency range from 1 Hz to 1 MHz using 10
mVrms AC voltage amplitude. A two-electrode set-up was used
with a 0.25 mm platinum wire as a working electrode and a
70 lL Pt cup as a sample container and as a counter electrode. Prior
to each experiment, both the electrodes were polished with a
Kemet diamond paste 0.25 lm. The cell constant was determined
by using a 100 lS cm�1 KCl standard solution from Metrohm
(Kcell = 18.5396 cm�1). The cell was thermally equilibrated for
10 min before each measurement.
3. Results and discussion

3.1. Bulk systems

1H NMR spectra of EAN and LiNO3 mixtures demonstrate three
peaks corresponding to the protons of ANH3, ACH2A and ACH3

chemical groups of the ethylammonium cation [26,35]. The addi-
tion of LiNO3 to EAN results in shifting of the 1H resonance line cor-
responding to ANH3 group to higher field and causes a slight
broadening of lines corresponding to all other groups, Figs. S1, S2
in the Electronic Supporting Information, (ESI), which is in accor-
dance with the previous observations [26]. This means that shield-
ing of the protons in ANH3 group at room temperature
progressively increases with an increase in the fraction of the
added salt. The line broadening corresponding to the ANH3 pro-
tons is related with a decrease in the reorientational mobility of
the cation. This can be related with an increase in the mean num-
ber of NO3

– anions near the ANH3 group. This agrees with the dis-
ruption effect of inorganic cations offering on polar region of an
IL, which leads to the formation of N-HN. . .O hydrogen bonds
between the cation and anion [26]. The monotonous change in
the ANH3 chemical shift reverses at concentrations of LiNO3

between 10 and 15 wt%. A similar effect has been observed previ-
ously in the mixture of [Pyr12O1][TFSI] with Li[TFSI] at low concen-
trations of the lithium salt [29]. This trend can be explained by a
variation of the side groups coordinating to the Li+ ion in different
Li concentration regimes. The 7Li NMR spectrum presents a single
resonance line corresponding to the Li+ ion (Fig. S3).
3.1.1. Diffusivity in bulk EAN/LiNO3 mixtures
1H and 7Li NMR diffusional decays are of single-component

form (Eq.(1)). Diffusion coefficients of ethylammonium cation
(EA+) as well as Li+ ion, calculated from slopes of the corresponding
diffusion decays are comparable to each other and decrease pro-
portionally with an increase in the concentration of the added salt
(Fig. 1). A comparable diffusion of EA+ and Li+ was also observed in
the previous study by Matveev et al. [26]. The phenomenon that
diffusivity of Li+ is comparable to that of organic cation is different
from that observed in aprotic ILs with added lithium salts, where
the diffusion coefficient of Li+ was significantly lower than those
of other organic and inorganic ions [45–49]. The effect of decreased
diffusivity of Li+ in the mixtures with aprotic and protic ILs was
also demonstrated by simulations [50]. This is also quite unusual
bearing in mind that D of the nitrate anion in neat EAN is a factor
of ~ 1.4 higher than that of EA+ cation. We additionally measured
diffusion of the 15N enriched nitrate anion in EAN/LiNO3 mixture
with 7.6 mol% of LiNO3. D of EA+ cation was ~ 3.2�10-11 m2/s and
D of anion was ~ 5.0�10-11 m2/s. Therefore, the ratio of diffusivities
of the nitrate anion to EA+ cation was almost the same as in the
neat EAN. It is known that the neat EAN exhibits an inherent



Fig. 1. Diffusion coefficients for EA+ cation and Li+ as a function of the LiNO3

concentration at 298 K.
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Fig. 3. Arrhenius plots of diffusivity of the Li+ in EAN/LiNO3 mixtures with different
concentrations of LiNO3 measured by 7Li NMR.
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amphiphilic nanostructure in the liquid state, as it was suggested
by small-angle neutron scattering and NMR diffusometry [20,35].
Molecular view of the dynamics in the system, which agrees with
NMR diffusion data [35] is as follows. Several EA+ cations are linked
because of the hydrophobic interactions in an associate, which also
contains anions electrostatically interacting with cations. The dif-
fusion of cations is determined by the size of the associate. How-
ever, the anions are individually exchanging between associates
during diffusion time of the NMR PFG experiment. Therefore, the
measured diffusion coefficients of the anions are higher than the
cations. From equality of the diffusion coefficients of Li+ and EA+,
it is suggested that the added Li+ ions are going in the existing asso-
ciates and decrease their diffusivity by increasing either of the
associate size or/and the lifetime of the cation in the associates.

The temperature dependences of the diffusion coefficients of
EA+ and Li+ are shown in Arrhenius plots in Figs. 2 and 3, respec-
tively. The dependences have a convex form that is typical for var-
ious ILs [45,51]. This was also observed previously for EA+ [35,52].
Usually, such type of dependences can be described well by a
Vogel-Fulcher-Tammann (VFT) equation in the form for diffusivity
[45,51]:
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 11.2 mol % LiNO3 in EAN
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Fig. 2. Arrhenius plots of diffusivity of the EA+ cation in EAN/LiNO3 mixtures with
different concentrations of LiNO3 measured by 1H NMR.
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D ¼ D0exp
�B

ðT � T0Þ
� �

ð2Þ
where D0, T0, B are adjustable parameters. T0 is the dynamic (ideal)
glass transition temperature, which is usually bellow the glass tran-
sition temperature determined by mechanical methods and
depends on the applied frequency in the used technique, particu-
larly NMR. Energy of activation for diffusion is related with B as ED =-
B�R. We described dependences D(T) for EA+ and Li+ in Figs. 2 and 3
by fitting Eq. (2) using appropriate fitting parameters D0, T0 and B.
The best results of these fittings are shown by solid lines in the fig-
ures. As it is seen, VFT approach fits most of the dependences very
well, except the diffusivities of Li+ in the mixtures with lower LiNO3

concentrations 2.9 and 5.8 mol%. For these concentrations, we used
only low-temperature range of the temperature dependences for
fitting due to several reasons, which will be explained later in the
paper. The parameters of the fitting and calculated activation ener-
gies of diffusion are presented in Table 1.

As it is clear from Figs. 2 and 3, an increase in the LiNO3 concen-
tration leads to a decrease in the diffusion coefficients of EA+ and
Li+ in the whole range of temperatures and not only at 298 K
(Fig. 1). The dynamic glass transition temperature T0 changes only
slightly. The increase in LiNO3 concentration leads to a monoto-
nous increase in the activation energy for EA+ diffusivity by a factor
of 1.17 in comparison with the neat EAN. ED of EA+ is slightly higher
than that of the Li+ at the same concentration of LiNO3. This might
be related with the free reorientation of the smaller Li+ ion, because
of the reorientation of molecules influencing mechanisms of their
diffusivities.

It is important to mention that the properties of EAN/LiNO3

mixtures at such low concentrations of LiNO3 (less 6 mol%) are
not investigated previously. For lower concentrations of LiNO3

(2.9 and 5.8 mol%), the diffusion coefficients of Li+ at higher part
of temperature range of the study are different from D of EA+ and
the corresponding temperature dependences deviate from the
common trends as observed for EA+ in neat EAN and mixtures with
higher concentrations of the salt (Fig. 3). The added Li+ ions built
up in the existing associates formed by EA+ cation at lower temper-
atures. Further, the addition of thermal energy with heating evi-
dently allows Li+ ions to separate from the associates and diffuse
independently.



Table 1
VFT equation parameters and apparent activation energies of ion diffusivity for EAN/LiNO3 mixtures with different concentrations of LiNO3.

LiNO3, mol% ion D0 � 10-9 m2/s B,K T0, K ED, kJ/(mol)

0 EA+ 6.59 ± 0.03 538 ± 3.9 194 ± 4 4.47 ± 0.03
2.9 EA+ 6.30 ± 0.04 555 ± 5.1 192 ± 4 4.61 ± 0.03

Li+ 5.00 ± 0.21 530 ± 28 192 ± 4 4.41 ± 0.23
5.8 EA+ 6.20 ± 0.04 570 ± 4.9 191 ± 4 4.74 ± 0.04

Li+ 5.00 ± 0.11 550 ± 15 191 ± 4 4.57 ± 0.12
11.2 EA+ 5.10 ± 0.03 570 ± 4.8 188 ± 4 4.74 ± 0.04

Li+ 4.70 ± 0.05 560 ± 7.1 188 ± 4 4.66 ± 0.06
16.6 EA+ 5.35 ± 0.04 596 ± 5.2 186 ± 4 4.96 ± 0.03

Li+ 5.21 ± 0.04 591 ± 5.7 186 ± 4 4.91 ± 0.05
21.6 EA+ 5.98 ± 0.05 631 ± 6.4 183 ± 4 5.25 ± 0.05

Li+ 5.93 ± 0.04 631 ± 6.4 183 ± 4 5.25 ± 0.05
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Fig. 5. Arrhenius plot of ionic conductivity for the neat EAN and the EAN/LiNO3

mixtures with different concentrations of LiNO3 (symbols), and their best fittings
using VFT equation (lines).
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3.1.2. Ionic conductivity of EAN/LiNO3 mixtures
Generally, the addition of lithium salt leads to a monotonous

decrease in ionic conductivity and ion diffusivity of the electrolytes
due to the stronger Coulomb interactions. On the contrary, we
observed two different types of temperature dependences depend-
ing on the concentration of the Li-salt in the EAN. (a) The mixtures
with lower concentration of LiNO3 (up to ~ 6 mol%) showed unu-
sual behaviour and (b) the neat EAN as well as the mixtures with
concentrations of the LiNO3 higher than 6 mol% The representative
Arrhenius plots of the experimental values of ionic conductivities
for the mixtures with lower (type a) and higher (type b) concentra-
tions of LiNO3 are shown by symbols in Figs. 4 and 5, respectively.
The temperature dependences for the mixtures with higher con-
centrations of LiNO3 shows a typical convex form (Fig. 5), similar
to the previously obtained ionic conductivity data for aprotic ILs
[45–49,51] and neat EAN [35,52]. The ionic conductivity values
obtained during heating and cooling cycles of these systems are
perfectly matching and overlapping.

The Vogel-Fulcher-Tammann (VFT) equation is used typically
for the convex form of ionic conductivity in Arrhenius coordinates:

r ¼ r0exp
�B

ðT � T0Þ
� �

ð3Þ

where r0, B, and T0 are the fitting parameters: pre-exponential fac-
tor, a factor related to the activation energy and the ideal glass tran-
sition temperature, respectively. The activation energy for ionic
conductivity is related with B as Er = B�R. The temperature depen-
dence of ionic conductivity for the neat EAN and the EAN/LiNO3

mixtures with higher concentrations of LiNO3 are fitted well to
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Fig. 4. Arrhenius plots of ionic conductivities of the neat EAN and the EAN/LiNO3

mixtures with different LiNO3 concentrations (symbols and connecting lines).
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the VFT model over the whole studied temperature range (Fig. 5,
lines). The VFT parameters for the ionic conductivity are summa-
rized in Table 2. As it is seen, the addition of LiNO3 slightly influ-
ences the T0, while Er increases by a factor ~ 1.1. the pre-
exponential factor r0 increases with the addition of LiNO3 (due to
an increase in the charge carriers) that should increase ionic con-
ductivity. However, the addition of LiNO3 lead to a decrease in the
ionic conductivity; evidently, this process is controlled by an
increase in the energy barrier (Er). An increase in Er as well as ED
was observed in most of studied IL with the addition of inorganic
salts that is conditioned by alteration of the inter-ion interactions.

The dependence of ionic conductivity on the molecular (ionic)
mobility of ions in a system has a complex mechanism. Therefore,
it is not surprising that the parameters obtained from the temper-
ature dependences of r(T) and D(T) are different. The range of T0 for
ionic conductivity is lower by ~ 50 K. The ion diffusivity is mea-
sured in equilibrium conditions while ionic conductivity measure-
ments are performed under the application of an external electrical
potential and frequency. This might decrease the energy barrier as
compared with the case of an equilibrium condition.

In case of the mixtures with lower concentrations of LiNO3, the
ionic conductivity data during the heating and cooling cycles do
not coincide demonstrating a type of hysteresis (Fig. 4). During
the heating process, the ionic conductivity at lower temperatures
is ~ 2 decimal order lower than for the neat EAN. An increase in
the temperature leads to an abrupt recovery of the ionic conductiv-
ity values to the ‘‘normal” form. The temperature of the transition
shifts to lower temperatures as the concentration of the LiNO3

increases. Generally, a decrease in ionic conductivity can be condi-



Table 2
VFT equation parameters and energies of activation for the ionic conductivity data for the neat EAN and the EAN/LiNO3 mixtures with higher concentrations of the LiNO3 salt.

LiNO3, mol% r0 S/cm B, K T0, K Er, kJ/(mol)

0 2.001 ± 0.003 680 ± 0.51 138 ± 5 5.65 ± 0.004
11.2 2.378 ± 0.007 725 ± 1.2 145 ± 5 5.99 ± 0.01
16.6 2.136 ± 0.048 720 ± 7.5 146 ± 5 5.99 ± 0.06
21.6 2.272 ± 0.005 750 ± 0.88 147 ± 5 6.24 ± 0.007
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Fig. 6. Evolution of diffusion coefficients of ethylammonium cation (solid circles)
and Li+ (open circles) in the mixture of EAN and LiNO3 containing 15 mol% of LiNO3

enclosed between glass plates in a magnetic field of 9.4 T/m. The time scale started
at the time moment of placing of the sample in the magnetic field. The temperature
of this experiment is constant at T = 295 K. Dashed line corresponds to the diffusion
of ions in the bulk mixture at the same conditions of measurements.
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tioned by a decrease in the number of charged particles (ions) or a
decrease in their mobility. A decrease in mobility of ions at lower
temperatures can be related with the sample solidification (vitrifi-
cation or crystallization). This is not the case of EAN/LiNO3 mix-
tures, which remains in liquid state in the whole range of LiNO3

concentrations and the studied temperatures, as it evident from
the diffusivity data (Figs. 1–3). On the other hand, a decrease in
the amount of charged particles can be conditioned by a decrease
in the degree of dissociation of EAN in the presence of LiNO3. Fur-
ther an increase in temperature to the higher-temperature range
leads to a partial ‘‘liberation” of the Li+ ions that recovers dissocia-
tion of EAN and the ‘‘normal” form of the temperature dependence
of r(T), as shown in Fig. 3. Keeping this suggestion in mind, stoi-
chiometry of the low-dissociating complex is nearly (EA+):(Li+):
(NO3

–) ~ 0.485:0.015:0.5. Therefore, the formation of complexes
(associates) in the EAN/LiNO3 mixture is in accordance with the
previous studies [15,26,29]. A change in the dynamics and the
associated structure of EAN induced by Li+ ions is previously
observed by electrophoretic NMR [29], where the Li+ remained in
a negatively charged complexes.

Therefore, the increase in the concentration of LiNO3 in EAN
effects the ion diffusivity and the ionic conductivity differently
and depends on the Li-salt concentration and the temperature
range. An increase in the Li-salt concentration leads to a decrease
in the diffusivity and ionic conductivity of EA+ and Li+. In the case
of the neat EAN and the mixtures with Li-salt concentrations
higher than 6 mol %, there is a common form of temperature
dependences. As expected, an increase in the Li-salt concentration
leads to an increase in the activation energies for diffusion and
ionic conductivity. For the salt concentrations lower than 6 mol
%, there are anomalies in ion diffusivity of Li+ in the high-
temperature range and for ionic conductivity in the low-
temperature range. These anomalies can be explained by the for-
mation of low-dissociating complexes at lower temperatures and
liberation of Li+ leading to recovery of the charge at higher
temperatures.

3.2. EAN/LiNO3 mixture enclosed between glass plates

Fig. 6 shows the diffusion coefficients of EA+ cation and Li+ ion
in the EAN/LiNO3 mixture enclosed between glass plates as a func-
tion of time exposed to a magnetic field of the NMR spectrometer.
The diffusion coefficient of EA+ just after placement of the sample
in the magnetic field (solid circles) is higher by a factor of ~ 2.5 as
compared with the bulk diffusion coefficient (dotted line). A simi-
lar trend is previously observed for neat EAN enclosed between
glass plates [35]. The diffusivity of Li+ (open circles) follows the
same trend as the EA+ cation and demonstrating higher diffusivity
than in the bulk. This was recently explained by weakening of the
hydrogen bonding network in the neat EAN, as evident by an
upfield shift of the chemical shifts of ANH3 protons [52].

A long time exposure of the sample to magnetic field leads to a
gradual decrease in the diffusivities of both EA+ and Li+ until they
reach equilibrium values, which are comparable to the bulk diffu-
sivities. A similar process was observed earlier for enclosed neat
EAN [38], propylammonium [41] and 1-ethyl-3-methyl imida-
zolium [40] having nitrate as an anion. This process is reversible
6

and follows the equation of Avramís kinetics [41]; the fact which
was used to propose a phase transformation occurring in the
enclosed nitrate-based ILs under the influence of magnetic field
[41].

This observation shows that the dynamics of Li+ ion and trans-
formation occurring in the enclosed EAN/LiNO3 system is similar to
those of enclosed neat EAN and other nitrate-based ILs with differ-
ent organic cations. Therefore, such peculiarities of this and other
similar ILs are conditioned mainly by the presence of the nitrate
anion.
4. Conclusions

The diffusivity of ions and ionic conductivity in EAN/LiNO3 mix-
tures as a function of concentration of lithium salt and temperature
are measured. The diffusion decays obtained for EA+ cation and Li+

ion are single-component in form. It is revealed that there are two
ranges of concentrations and temperatures where the diffusivity of
ions and the ionic conductivities behave in an unusual manner. In
the low-temperature range, the diffusivities of EA+ and Li+ coincide,
and demonstrate a gradual decrease in ion diffusivity as the con-
centration of LiNO3 increases. This is very different from most of
the studied protic and aprotic ILs, where diffusivity of Li+ is much
lower than the organic ions. An analysis of the NMR spectra
showed that the mean number of anions near the amino group
of the cation increases, and ions of lithium build up in the structure
of the associates formed by hydrophobic chains of the EA+ cations.
At lower concentration of the LiNO3 salt (less than 6 mol. %), the
ionic conductivity of the system is significantly lower than the
expected values, due to the lower degree of dissociation of the
associates formed by ions. Hysteresis for the ionic conductivity in
the heating–cooling cycles is observed in this concentration range.
For the system with the lithium salt concentration higher than
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6 mol % no such anomalies are observed, and an expected trend is
observed with increasing Li-salt concentration.

In the higher temperature range, the ionic conductivities and
diffusion of EA+ over the whole concentrations range, and the dif-
fusion of Li+ at the higher concentrations range demonstrate a
monotonous decrease with an increase in the concentration of
Li+. However, for the lower concentration range, the diffusivity
Li+ exceeded the diffusivity of the EA+ cation that demonstrates
the release of Li+ from the associates. The diffusivities of EA+ and
Li+ for the system enclosed between glass plates showed peculiar-
ities similar to the earlier observed in other neat nitrate-based ILs:
accelerated diffusivity of cations and reversible alteration of the
diffusivities under the influence of strong static magnetic field.
Keeping in mind the potential applications of ILs including EAN
in electrochemical devices, this study can find interest among
researchers working in this field.
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