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ARTICLE INFO ABSTRACT
Keywords: The development of batteries based on alternatives to lithium is essential to sustaining the increasing global
Al/Mg mixed metal batteries energy demand. Earth abundant, energy dense metal anodes with mixed multivalent ions (e.g., Mg/Al) are
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promising next-generation systems. A critical challenge, however, is the development of advanced electrolytes
that are compatible with them. To achieve this target, a deeper understanding of their properties and conduc-
tivity mechanisms is needed. Herein, in a family of Al/Mg mixed metal ionic liquid-based electrolytes for sec-
ondary batteries, the ion-speciation, thermal behavior and long-range charge-migration processes is studied. It is
revealed that the chemical compositions and temperature modulate the distribution of AICl4~ and AlxCl;~
species in the anionic nanoaggregates of materials. These modifications are responsible of the mobility of ions,
which is studied in detail by means of broadband electrical spectroscopy and pulse-field-gradient NMR. Results
yield a clear picture of the role of ion aggregates in the long-range charge-migration processes occurring in these
electrolytes.
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1. Introduction

Ionic liquids (ILs) have attracted the attention of scientists due to
their unique and tunable physicochemical properties originated by the
intricate interplay of hydrogen bonding, coulombic and van-der-Waals
interactions. Such unique properties include: (i) melting point; (ii) vis-
cosity; (iii) density; (iv) solubility; and (v) hydrophobicity. An infinite
number of different ILs can be synthesized by combining appropriate
cations and anions, as well as by modulating the nature and the length of
the alkyl functionalities bonded either to the cation or to the anion.
Owing to these tunable properties, ILs find their application in a wide
range of chemical fields, such as: (i) catalysis [1,2]; (ii) chemical sepa-
rations [3]; (iii) organic synthesis [2]; (iv) metal extraction processes
[4]; and (v) synthesis of inorganic nanomaterials [5]. More recently, ILs
have been used as solvents or plasticizers in electrolytes for lithium
[6-9], magnesium [10-15] and aluminum [16,17] secondary batteries.
Indeed, ILs are preferred over conventional organic solvents due to their
high thermal and electrochemical stability, high ionic conductivity, and
efficient solvating power. Interestingly, when different metal salts are
dissolved in conventional organic solvents (e.g., diglyme and tetra-
glyme) thus obtaining binary or ternary M;*"/MyY*/Ms*" electrolytes
(with M;, = Li, Mg, Al) [18,19], the only metal which is plated is mag-
nesium. Indeed, it is demonstrated that the co-metal ions, i.e., Li* and
AI*" in this case, are not electrodeposited. On the contrary, when un-
conventional IL-based electrolytes are exploited, it is possible to
concurrently electrochemically deposit the two metals (i.e., Mg and Al or
Ti), as widely experimentally demonstrated [10,11,13,20]. Having an
electrolyte able to co-deposit Mg?™ and AI3*, for example, at the same
potential, unlocks the possibility to obtain a hybrid Al/Mg battery
endowed with an exceptional specific energy, given by both the high
specific capacity of the three- and two-electron exchange of the two
multivalent metals (i.e., AI** and Mg2+) and the low reduction potential
set by magnesium (i.e., —2.37 V vs. SHE).

Despite significant efforts on revealing the structure and interactions
of species composing IL-based electrolytes, only relatively few works in
the literature investigate the complex dynamics occurring in these sys-
tems, particularly over multiple time scales [21-23]. In this concern, the
combination of Broadband Electrical Spectroscopy (BES) and Nuclear
Magnetic Resonance spectroscopy (NMR) techniques is a powerful tool
to achieve a comprehensive understanding of the processes controlling
the long-range ion transport in electrolytes. Indeed, the electric response
of IL-based materials, evaluated by BES studies, can give information on
the ion conductivity mechanism in terms of polarization phenomena and
dielectric relaxation events [24-31]. On the other hand,
temperature-dependent single-pulse NMR and pulsed-field-gradient
(PFG) NMR can reveal the dynamics and ion diffusivity mechanisms
occurring in ion-conducting systems [32-36]. The obtained information
is critical for the development of advanced materials for the energy
storage technology field. In addition, there is still a controversial attri-
bution of the equilibria existing between the different ionic species
composing the IL-based systems, whose understanding is fundamental
for the elucidation of the conductivity mechanism [37-39].

Herein, ion dynamics occurring in an Al/Mg hybrid multivalent
metal conducting IL-based family of electrolytes for battery applications
is deeply analyzed combining BES and NMR techniques. The materials
consist of AlClz, 1-butyl-1-methylpyrrolidinium chloride (Pyr;4Cl) and
8-MgCly in a molar ratio 1.5:1:x, with x = 0, 0.056, 0.091 and 0.146.
Studies are gauged as a function of temperature and Mg concentration,
demonstrating how the ionic composition and conductivity mechanism
are modulated by these two variables. This work for the first time pro-
vides the tools to better understand ion speciation and long-range ion
diffusion processes in this class of materials, thus opening the door to the
development of high performing electrolytes for advanced Mg/Al mixed
metal batteries.
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2. Materials and methods
2.1. Materials preparation

1-Butyl-1-methylpyrrolidinium chloride (IoLiTec), Pyri4Cl, was
dried under vacuum at 105 °C for 7 days before use. Aluminum tri-
chloride, magnesium (50 mesh), and 1-chlorobutane were Sigma
Aldrich reagents. 1-chlorobutane was kept under Argon on molecular
sieves. All the manipulations and reactions were performed under a
strictly inert atmosphere (Ar or N), by means of a Schlenk line setup, or
a glovebox. 5-MgCly was prepared following a direct reaction between
magnesium and 1-chlorobutane [40]. Pyr;4Cl/(AlCl3); 5 (IL sample) was
obtained by reacting AlCl3 with Pyr;4Cl in a molar ratio of 1.5:1 [20].
8-MgCly was dissolved in the IL sample up to a composition of [Pyr;4.
Cl/(AlCl3)1.51/(8-MgCly)g.146, and this solution was stirred for 2 h. Two
intermediate [Pyr;4Cl/(AlCl3); 51/(8-MgCly)x samples (x = 0.056,
0.091) were prepared by dilution of [Pyr;4Cl/(AlCl3); 51/(8-MgCl3)o.146
electrolyte with appropriate amounts of IL.

2.2. Electrochemical studies

Electrochemical deposition and stripping processes obtained with
[Pyr14Cl/(AlICl3)1 51/(8-MgCl2)p 0s6 sample were demonstrated by
means of cyclic voltammetry (CV) experiments, collected using a VSP
Bio-Logic potentiostat/galvanostat. Measurements were acquired at
room temperature, using a three-electrodes electrochemical cell (Pt
working electrode (WE), Mg counter electrode (CE) and Mg reference
electrode (RE)).

2.3. NMR measurements

Solution-state 2Al NMR spectra were acquired on a Varian Unity-
500 spectrometer with a 11.7 T magnet operating at 130.318 MHz for
27Al. A single-pulse sequence was employed with a 90° pulse of 11.6 ps
and a recycle delay of 1 s. All samples were sealed in standard NMR 5-
mm tube within an argon-filled glovebox (<1 ppm of H20 and O).
NMR experiments were conducted at 20, 40 and 60 °C. A 1.0 M AlCl3 in
D20 (99.9 atom % D, Sigma-Aldrich) solution was used as reference for
27 Al nucleus. 2°Mg NMR spectra were obtained on a Bruker AVANCE
NEO 750 MHz (17.62 T) wide bore UltraStabilized spectrometer oper-
ating at 45.91 MHz. A Hahn echo short gap non rotor-synchronized
pulse sequence was employed in order to reduce the background
noise. 90° and 180° pulse-lengths of 8 and 16 ps, respectively, were used
for Mg NMR measurements with a recycle delay of 0.1 s. For solid-state
measurements, samples were packed in 4 mm zirconia rotors which
were hermetically sealed under Ar using Kel-F drive tips. An aqueous
solution of 11 M MgCl, was used as an external reference. A temperature
range between 0 and 80 °C was investigated with an interval of 20 °C.
The temperature was calibrated monitoring the chemical shift variation
of lead nitrate as standard. 'H PFG-NMR diffusion studies were acquired
on a 7.05 T (300 MHz) Varian-S Direct Drive Wide Bore spectrometer
equipped with a z-gradient probe (DOTY Scientific, Inc.) and using a
stimulated-echo PFG sequence. Sixteen field gradient values were line-
arly increased from 5 and up to 1000 G cm ™ *. Field gradient pulse du-
rations (8) of 2 ms and diffusion delays (A) of 0.1 s were used. The same
instrument was used to perform the 1D 'H NMR studies. 1D?’Al and
Z5Mg NMR curves were deconvoluted and quantitatively analyzed using
the DMfit software [41].

2.4. Thermal measurements

The modulated differential scanning calorimetry (MDSC) analyses
were carried out using a MDSC2920 (TA Instruments) furnished with a
liquid nitrogen cooling system (heating ramp of 10 °C min~! in the
temperature range from —120 to 100 °C). Samples were hermetically
sealed into aluminum pans to avoid moisture contamination.
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2.5. Electrical measurements

The electric response of the electrolytes was studied by means of
broadband electrical spectroscopy (BES) technique with a Novocontrol
Alpha-A Analyzer. Data were collected every 10 °C between —100 and
150 °C, with an accuracy greater than +0.2 °C, and in the frequency
range from 30 mHz to 10 MHz. Samples, sandwiched between two
platinum electrodes (13 mm diameter), were sealed into a home-made
Teflon cell [10,31]. An optical fiber (d = 0.126 mm) was inserted be-
tween the two electrodes in order to keep constant the thickness of the
samples and to prevent short circuits.

3. Results and discussion

The ability of these electrolytes to deposit and strip a Mg/Al alloy is
proved by means of cyclic voltammetry studies using [Pyr;4Cl/
(AlCl3)1.51/(8-MgCly).056 sample as representative material (see Fig. S1
in the Supporting Information). Further studies on the electrochemical
properties of these materials, such as battery tests, Coulombic efficiency,
long-term polarization and elemental composition of the electro-
deposited alloy can be found in our previously published paper [20].
Results and data from the literature demonstrate that this electrolyte is
able to deposit the Mg/Al alloy with a very low deposition overpotential
(ca. —50 mV vs. Mg/Mg?"), which is an outstanding value that ensures
low ohmic drops and a high theoretical energy density when used in a
real battery device. Moreover, in this experiment the aluminum elec-
trodeposition process appears at a lower potential than expected value
(i.e., —2.37 rather than —1.66 V vs. SHE). It has been demonstrated that
the downshift of the Al plating potential is the result of the presence of

b
[AICI,]
(m)  [AICI] (d)
5'M8C|2H
[AlCl, )
(m’)  [(5-MgCl,),AlCl,] (d")

[AlCl,]

5-MgCl, W [
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magnesium ions, which promotes the co-deposition process of this alloy
[20]. After the deposition, Al and Mg are then efficiently stripped during
the oxidation process, exhibiting a remarkable current density (i.e., ca. 7
mA cm?). No shoulders are observed in the CV curve, excluding the
presence of more than one independent redox event and thus indicating
that both Al and Mg are deposited and stripped simultaneously during
the same electrochemical event. Taking all together, these results indi-
cate that the proposed class of materials are suitable for the application
in hybrid Al/Mg multivalent metal batteries, where the two metals
concurrently work as active ions during the operation of the battery. In
this concern, a more detailed description of the ion speciation and
long-range ion diffusion processes occurring using these electrolytes is
necessary to comprehend and further improve their performance.

3.1. Ionic speciation

It is reported that, in “Lewis acidic” aluminum chloride-based ILs (i.e.,
when AlCI5:Cl is over 1.0) chloroaluminate anions form concatenated
anionic domains by connecting through Cl~ bridges two different
building blocks, i.e., the monomer AICl;~ and the dimer AlyCl;™ [10,38,
39]. When 3&-MgCly is dissolved into these systems, catenated
[AICl;~-MgCls],, and [AlxCl;-MgCly], anionic building blocks are also
formed, where magnesium chloride units are covalently bonded to
aluminum halide species [10,20]. Indeed, 5-MgCl, is a particular cova-
lent 1-D inorganic polymer endowed with a unique nature given by the
presence of a strong covalent character of the Mg-Cl bonds [42]. The
higher chemical reactivity of the “5” phase with respect to the “a” and
“f” phases finds its explanation by analyzing the short-range structural
peculiarities of this material. In more detail, the Mg-Cl units that
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Scheme 1. Structure of the square-planar geometry of covalent 8-MgCl, (a). Ionic species composing the [Pyr;4Cl/(AICl3); 51/(8-MgCly)y electrolytes (b). Color
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compose 8-MgCl, consist of a disordered array of a large number of
covalent [MgCls], polymeric chains (Scheme 1a), where rhombohedral
planar MgCly edge-sharing units are distributed along these nanoribbons
[42-44]. Pyrrolidinium cations (ie., Pyr14+) complete this picture.
Summarizing, the possible ionic species present in the proposed
[Pyr14Cl/(AICl3); 51/(8-MgCly), electrolytes are: Pyri4*, AlCly,
AlyCl;, [AICl,~-MgCly], and [AlyCl;-MgClyl, (Scheme 1b).

Within anionic catenated domains, a dynamic circular equilibrium
exists between the monomeric (m) and dimeric (d) aluminum chloride,
which can be modulated by varying: (i) the AlCl3:Pyr;4Cl molar ratio;
(i) the magnesium concentration; and (iii) the temperature. In this
work, (ii) and (iii) conditions are explored, since (i) has been extensively
investigated in the literature, albeit without §-MgCl; [38,39,45,46]. This
basic chemical equilibrium which triggers the dynamicity expressed by
Scheme 1 can be summarized shortly by the following Equation (1):

AlLCl;™ + CI” «2 AICl, ™ (@))

In this case Cl™ is not free but involved in the neutralization of
cationic domains aggregates (see Scheme 1). Several techniques have
been proposed to investigate this equilibrium, of which the most accu-
rate and quantitative are vibrational spectroscopies (i.e., Raman and FT-
IR) and solution-state 2’Al NMR. While the majority of the papers
published in the literature agrees on which of the vibrational modes
correspond specifically to the monomer or to the dimer [10,47-49],
scientists are in disagreement in the NMR field [37-39,45,46]. In this
work we try to shed light in this controversy, analyzing in high details
the obtained results and offering a suitable explanation for the observed
outcomes.

The results of solution-state 27 Al single-pulse NMR measurements are
shown in Fig. 1. The two ?’Al signals are associated with the chlor-
oaluminate anions, i.e., the monomer AlCl;~ (m) and the dimer Al>Cl;~
(d) building blocks. In accordance with the literature, the signal at ca.
103.2 ppm is attributed to the monomer AICl;~, while the signal
centered at ca. 97.0 ppm is attributed to the dimer Al;Cl;~ [37-39,45,
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46]. As the MgCl, concentration is increased, the linewidths of these
signals increased significantly. Interestingly, the chemical shifts of both
the signals do not change significantly upon addition of 5-MgCly, indi-
cating that their average molecular-environments are not changing
appreciably over this range of investigated 5-MgCl, concentrations. To
quantify these observations, the NMR signals were deconvoluted using
DMFit to observe how the linewidth and relative areas of the two signals
change as a function of temperature and Mg?* concentration (Fig. 2, and
Table S1 in the Supporting Information).

Quantitative analyses of deconvolutions of the 2’Al NMR spectra
reveal that line broadening of the chloroaluminate species increases as a
function of magnesium concentration in the electrolyte (x). In details,
the linewidth associated with AICl4™ increases to a greater degree than
that of AlyCl; . The increase in linewidths is due to greater electric
quadrupolar relaxation rates, which dominate 2”Al NMR relaxation and
are caused by stochastic fluctuations of the local Al electric field
gradients due to molecular motions. Two factors that could account for
this increase are: (i) enhanced chemical exchange among the chlor-
oaluminates and among the magnesium-chloroaluminate complexes; (ii)
changes in molecular-level motions (e.g., as manifested macroscopically
by changes in viscosity) [39]. Regarding (i), faster rates of chemical
exchange should result in faster relaxation and consequently larger
linewidths upon Fourier transform of the NMR free induction decay.
Regarding (ii), line broadening is expected to increase with increase in
viscosity, since the electric quadrupolar relaxation rate depends upon
fluctuations of molecular motions, such as reorientational correlation
times that are correlated with the viscosity [39], and samples become
more viscous as the concentration of 8-MgCl, is raised. As observed here,
and consistent with similar systems reported in literature [38,39,45,48],
AICl4~ experiences significantly higher line broadening, with increase in
8-MgCly concentration, ranging from 3931 Hz (x = 0) to 11382 Hz (x =
0.146). The broadening for Al;Cl; ™ ions increases to a lesser extent, from
765 Hz to only 2650 Hz. Ferrara et al. observed a similar increase in
linewidth for AICl4~ upon increasing AlCl3 concentration in AlCls:

T =20°C T = 40°C T = 60°C Fig. 1. Solution-state 2’Al single-pulse NMR spectra
X of [Pyr14Cl/(AlCl3); 51/(5-MgCly)x samples as a
function of magnesium concentration (x), lines, and
temperature, columns. Black lines represent exper-
= imental data, while the fitted spectra are repre-
sented by red lines. The Al signals associated with
N the monomer AlCl,~ and dimer Al,Cl;” are high-
e r""l'""”TT"""T""”']{n'"T""”T"""Tn f'""rﬂ'ﬂ'rl'"'"rf"""'ll'r"ﬁTrm'r""'"rﬂ lighted in blue and green, respectively. (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the Web version of
ﬁ this article.)
<
=
A
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Fig. 2. Quantitative analyses of solution-state 2’Al single-pulse NMR spectra acquired as a function of temperature and 5-MgCl, content. Linewidths (full-width-half-
max) for the monomer AlCl,~ (a) and dimer Al,Cl;~ (b). Relative populations for the monomer AlICl4~ (c) and dimer Al,Cl,~ (d).

[EMIm][CI] electrolytes [38], indicating that the molecular environ-
ments and dynamics of AlCl4 ™ anions are more affected upon addition of
AlCl3, compared to AlyCl;~ [38]. Here, we hypothesize that the 3-MgCl,
interacts to a greater extent with AICl; ", compared to Al;Cl;, resulting
in the rapid formation and disassociation of catenated AlCl; /56-MgCl,
complexes, as well as affecting the AICl4~ molecular mobility in anionic
aggregates, giving rise to a faster relaxation and thus larger linewidths.
Thus, it can be inferred from the 2’Al NMR measurements that the dy-
namics of AICl4;  units into the catenated supramolecular anionic
nanodomains are strongly affected by the addition of §-MgCly.
Another important observation from Fig. 2 and Table S1 is that the
relative area of the dimer Al,Cl;™ at 97.0 ppm increases from 2.11% to
10.55% for x = 0 and 0.146, respectively. The value for x = 0 (i.e., no
8-MgCl, inside) is shortly different to what it is observed for the AlCl3/
EMImCI system (ie., 9.1%) [38], indicating that the nature of the

cation-cation interactions in cationic aggregates influences the
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Equilibrium (1). Moreover, the trend in the relative populations for the
dimer as a function of 8-MgCl, concentration is in contrast to the Raman
studies [20], where Al,Cl;~ decreases with Mg-concentration. The in-
tegrated area for each chloroaluminate species depends upon the con-
centrations associated with Equilibrium (1) over the time scale of the
NMR experiments. The rapid bond breaking between Al-Cl during
chemical exchange within anionic catenated domains occurs on a
timescale much faster than the timescale of NMR observations. Thus, the
“equilibrium” concentrations measured by NMR spectroscopy may be
different than that of Raman spectroscopy, due to: (i) rapid chemical
exchange of the chloroaluminates; and (ii) the different time scales
probed by the two techniques (i.e., 102 ys. 103 s for Raman and NMR,
respectively) [45]. As discussed above, addition of 8-MgCl, concentra-
tion further increases the intermolecular interactions between the
8-MgCl, and the monomer AICl4"; this correlates with the reduced
relative area for the monomer with increased Mg concentration. To
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Fig. 3. Solution-state 25Mg single-pulse NMR spectra of [Pyr;4Cl/(AlCl3); 51/(8-MgCl,), samples as a function of temperature. Results for x = 0.056 (a), 0.091 (b) and
0.146 (c). Results of peak fitting to one component (Lorentzian line shape) as a function of temperature for the three samples (d).
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summarize, from the solution-state 2A1 NMR measurements on [Pyria4.
Cl/(AlCl3)1 51/(8-MgCly)y samples, we see the following observations: (i)
linewidth of both chloroaluminates increases with increased Mg con-
centration, where the increase in linewidth is more significant for AlCl~
than the Al,Cl;~; and (ii) the relative area of AlICl,~ decreases with in-
crease in Mg concentration. These two results further establish that
8-MgCl; interacts preferentially with the AICl,~ anions.

Insights on magnesium species solvatation are given by 2>Mg NMR
studies as a function of x and temperature. Results are shown in Fig. 3.

A single ?®Mg signal is detected, indicating that it is not possible to
distinguish Mg-based species which are coordinated by the monomer
AICl4~ or by the dimer Al>Cl;~, probably due to the fast chemical ex-
change between the two components. An alternative explanation is that,
above the melting transition (see DSC analyses below), anionic nano-
domains are composed by a random dispersion of the two chlor-
oaluminate species. The 2°Mg chemical shift is between —1.0 and —2.5
ppm, indicating a very high solvating power for the proposed systems,
foretelling a promising electrochemical activity. The 2°Mg linewidth
(Fig. 3d) follows the same trend observed for 271 linewidths. Indeed,
25Mg signals become modestly broader with increasing §-MgCl,, which
is mainly attributed to the increasing in viscosity of the samples. This
can be associated to the increase of the density of dynamic crosslinks
inside the anionic catenated domains. In this case, slower molecular
reorientation times (i.e. slower rotational dynamics), are expected,
which are correlated to a decrease in the macroscopic viscosity of the
material. In addition, narrow peaks are obtained when the temperature
is increased, which indicates a corresponding increase in the mobility of
Mg-based species and a decrease of the density of dynamic crosslinks
inside the anionic aggregates.

Details on pyrrolidinium interactions established in the investigated
materials are given by 1D I NMR studies on x (see Fig. S2) and on
temperature (see Fig. S3). In agreement with the literature [50,51], 1D
'H NMR spectra of 1-butyl-1-methylpyrrolidinium ionic liquids show
the presence of seven peaks attributed to the equivalent protons present
in Pyr14" cations, which are subjected to seven different chemical en-
vironments. An initial chemical shift decrease is observed on x (see
Fig. S2), finally raising at high magnesium concentrations and showing a
minimum for x = 0.091. The initial upfield shift reveals that the protons
in Pyri4* become more shielded on x, and their chemical shift value
decreases as a consequence. This result can be explained considering
that the additions of 8-MgCl, induce a tendency of a cluster-like struc-
tural evolution, resulting in a tighter structure in the complex network
system and in the increase in the electron density around the 'H nuclei of
pyrrolidinium cations [52]. The final downfield shift can be attributed to
the raise in viscosity at high magnesium concentrations. On T, all the
electrolytes show a slight downfield shift of ca. 0.0026 ppm K! (see
Fig. S3). These variable-temperature 'H shifts are indicative of a
decrease in electron density around the H nuclei of Pyry47, as the raise
in temperature induces an increase of the distance between cation and
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anion domains [52]. Indeed, larger domains are expected when the
temperature increases (see the Broadband Electrical Spectroscopy re-
sults discussed below). In addition, the extended size of cation aggre-
gates induces a high electron delocalization, thus resulting in a
deshielding effect on 'H nuclei of Pyr;4™.

3.2. Thermal properties

The thermal behavior of this family of IL-based electrolytes is further
studied by differential scanning calorimetry (DSC) measurements
(Fig. 4a).

DSC profiles reveal the presence of: (i) a glass transition (Tg) in a
temperature range from —90 to —80 °C; (ii) three solid-solid endo-
thermic transitions (T3, Tso, and Tg1) at ca. —78, —76, and —50 °C; and
(iii) a broad melting event (Tp,) between —20 and 30 °C. Ty is attributed
to an order-disorder event occurring into cationic aggregate domains.
Indeed, in accordance with other studies [10,53,54], Pyry4" cations tend
to interact each other forming stacks interfaced with anion chlor-
oaluminate catenated domains. This event on magnesium content
gradually shifts toward higher temperatures (Fig. 4b). This effect is
attributed to the ability of 5-MgCl, to modulate the interactions within
the anion network domains influencing the equilibrium (1) between the
different anionic repeat units, as previously discussed. Thus, the addi-
tion of 8-MgCl results in a structural evolution (phase I — II, Fig. 4b) of
anionic chloroaluminate catenated nanodomains, which perturbates the
reorganization of the Pyr;4" cation stacks into cationic aggregate do-
mains. These solid-solid transitions reveal that the proposed electrolytes
at mesoscale are heterogeneous and consist of nanodomains character-
ized by a different conformational order [55-57]. It should be noticed
that the T transitions characterizing these domains are detected at the
same temperature regardless of x, thus demonstrating that these events
depend only on the cationic aggregate domains and are not affected by
the variations occurring in the anionic chloroaluminate catenated
nanodomains. Finally, Ty, is assigned to the melting transition of the IL
(phase IV — V, Fig. 4b), which, as expected, depends on the concen-
tration of magnesium species. Indeed, both the viscosity and the melting
temperature are known to depend on the AlCl4  /AlyCl;” composition
[39]. On x, it is observed that T, reaches a plateau when x > 0.091. This
phenomenon can be explained considering that the increasing concen-
tration of 3-MgCly acts to extend the coordination network formed
within the anion nanodomains. Reasonably, at x = 0.091 a maximum
extension of the 3D network is achieved, thus limiting further increases
in the melting temperature.

3.3. Electric response
[Pyr14Cl/(AlCl3)1 51/(8-MgCly)x samples were extensively charac-
terized by Broadband Electrical Spectroscopy (BES) [58-60] with the

aim of: (i) studying the conductivity mechanisms responsible for the

Fig. 4. DSC curves on §-MgCl, concentra-

tion: x = 0 (black), 0.056 (red), 0.091 (blue),
and 0.146 (green) (a). Thermal transitions
are shown in the Figure: glass transition (Ty),

solid-solid transitions (Tsy, with k = 1, 2,
and 3), and melting transition (T,,). Phase
diagram of [Pyr;4Cl/(AlCl3); 5]1/(8-MgCly)x
electrolytes (b). Dependence of transition
temperatures vs. x (nyg/ny). Each transition
is identified by a different color: T (red

circles), Ts3 (blue squares), Ty (black tri-
angles), Ts; (violet revers triangles), and Ty,
(green diamonds). The different phases are

0 0.060 | 0.120

indicated with roman numeral from “I” to
“V”. (For interpretation of the references to
color in this figure legend, the reader is
referred to the Web version of this article.)

xX= nMg/nIL
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long-range charge migration process; and (ii) highlighting the effects of
the §-MgCl, doping on the overall conductivity of the IL-based electro-
lytes. The obtained 3D tan 6 spectra of the four investigated samples and
the real conductivity results for the compound with x = 0.091 are
shown, as an example, in Fig. 5a and Fig. 5b, respectively. The 2D BES
curves for the four samples at all the temperatures and in terms of real
and imaginary permittivity, conductivity and tan delta are reported in
Figs. S4-S8 of the Supporting Information.

The electric response, in terms of both the imaginary and real com-
ponents of the conductivity and permittivity, are analyzed with a suit-
able model, described by the following Equation (2) [58,61]:

o (ioty)™
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accounts for material conductivity at zero frequency (6p). N is the
exponential factor of the direct current and ¢ is is the absolute dielectric
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is the permittivity of the material at infinite frequency. The second term
is related to the interdomain and the electrode polarizations, where oy
and 7y are the conductivity and the relaxation times, respectively,
associated with the k™ event. yx accounts for the broadening of the Kkt
polarization peak. The third term describes the dielectric relaxation
phenomena in terms of generalized Havriliak-Negami functions [58,62].

7j, A¢, aj, and f;j are the relaxation time, dielectric strength symmetric
and antisymmetric shape parameters of the ] relaxation event,
respectively.

The conductivity values of all the polarization events, obtained by
fitting the BES data in terms of real and imaginary components of
complex permittivity, conductivity, and tan & (see Figs. S4-S8 in the
Supporting Information) using Equation (2), are plotted vs. T™! in
Fig. 6a.

Four different temperature regions are detected, which are delimited
by the thermal transitions revealed by DSC measurements (Tp, Ts1, Tg).
At temperatures higher than the glass transition temperature, five po-
larization phenomena can be observed (see Figs. 5b and 6a): (i) one
electrode polarization (ogp), arising from the accumulation of charge at

Fig. 5. 3D tan § spectra as a function of frequency and temperature for the [Pyr;4Cl/(AlCl3); 51/(8-MgCly)x samples (a). 3D conductivity spectra as a function of
frequency and temperature for the [Pyr;4Cl/(AlCl3); 51/(8-MgCly)0.001 sSample (b). Representative schematic of the dielectric relaxation events detected in the cation

nanodomains for these materials (c).
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Fig. 6. Log o) vs. T~! curves of each polarization for every sample (a). Log fivs. T~! curves of each dielectric relaxation event for every sample (b). Temperature
regions (I to IV) are identified considering the transition temperatures of each sample detected by MDSC measurements.

the interfaces between the sample and the electrode of the measuring
cell [58]; and (ii) four different interdomain polarizations (opx, with 1 <
k < 4), attributed to the charge accumulation at the interfaces between
nanodomains in bulk electrolyte with different permittivity [58]. The
presence of these latter events, which are in agreement with NMR and
DSC studies, allows to confirm that the proposed materials are hetero-
geneous at the mesoscale, and that they consist of pyrrolidinium-based
cation nanoaggregates interacting with segregated chloroaluminate
anion catenated nanodomains. At T > T, the conductivity values
determined by the polarization events reveal a VTF-like behavior,
demonstrating that the long-range charge migration processes occurring
along these conductivity pathways is assisted by the host-medium re-
laxations of the IL aggregates. At T < Tg, ogp is the only detectable po-
larization phenomenon, contributing to the overall conductivity with a

~

4
very low magnitude (61 = 6gp + > 01pi = ogp <107 S em™). This is

i=0
in accordance with the limited mobility of ions expected at these tem-
peratures. Actually, in this latter region, the Arrhenius behavior
exhibited by ogp vs. T~! profile witnesses that the charge migration oc-
curs through hopping events between neighboring coordination sites
present within catenated anionic domains.

The dielectric relaxation frequency (f;) values, obtained from the
fitting of the 3D surfaces of the electric response of the electrolytes, are
plotted as a function of temperature (T~!) in Fig. 6b. At T < T, three
dielectric relaxation events (f;, with 1 < j < 3) are detected: a-, f1-and fo-
modes. The a relaxation is attributed to the diffusion of conformational

states along the axis of staked interacting pyrrolidinium rings in cationic
aggregated domains, while B; and P2 are associated with the local
rotational motion of Pyry4" rod-like cations around the short and the
long axis, respectively. A representative sketch of the dielectric relaxa-
tion events here detected for [Pyr;4Cl/(AlCl3)1.51/(5-MgCly)y electro-
lytes is displayed in Fig. 5c. By is revealed at a lower frequency with
respect to By due to the steric hindrance of the ordered butyl chains. At
Ty < T < Tp, the a relaxation exhibits a Vogel Tammann Fulcher Hesse
(VTFH) behavior, thus demonstrating that it is able to modulate effi-
ciently the long-range charge migration processes within the studied
electrolytes. It is interesting to notice that « and f3;/f2 modes show on x
the following behavior: (i) a dielectric relaxation shifts towards lower
frequencies as the concentration of 5-MgCl, is raised. This means that
the electrolytes with anionic domains richer in the AlCl;” monomer
species present an inhibited dynamic, thus raising the strength of in-
teractions in the cation aggregate domains; (ii) on the other side, f;-and
B2-modes are shifted on x at higher frequencies, thus demonstrating that
the local anion-cation interactions are significantly influenced by the
composition of the ionic segregated domains in the electrolytes. Indeed,
the presence in catenated anionic domains of a higher concentration of
AICl;~ monomers, which is the species with the larger “charge density”,
act to strength the interactions with and between Pyr14" units in cationic
aggregates, thus modulating the dynamics of each single Pyr;4,™ mole-
cule composing the cation aggregate.

To reveal how the host medium dynamics of cation and anion cate-
nated domains influence the long-range charge migration events
responsible of the conductivity pathways previously discussed, the
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values of pseudo activation energies (E,), determined by means of po-
larization phenomena, are correlated with the values of activation en-
ergies of the dielectric relaxations. This is carried out by fitting the
curves reported in Fig. 6 by Arrhenius [58] or VTF/VTFH [63] equa-
tions. Results summarized in Fig. S9 of the Supporting Information are
shown in the correlation map of Fig. 7a.

This map is useful in order to disclose the effect on conductivity
phenomena (i.e., ox) of the dielectric relaxation events (i.e., f;). Actually,
conductivity pathways and dielectric relaxations are correlated when
the relative marker lays on the dashed line in Fig. 7a, which indicate that
the activation energy of the polarization phenomenon is consistent with
that of the dielectric relaxation event. It can be observed that, for x > 0,
B1, detected in the low temperature regions (I and II), shows: i) the
highest activation energy values (27 < Ep; < 34 kJ mol_l); and ii) is
decoupled from the conductivity mechanism. On the other hand, in [ and
at x > 0.056, po reveals an activation energy value which is correlated to
that of ogp, thus indicating that in these conditions the relaxation mode
of the long side chain of piled cations plays a crucial role in modulating
the overall conductivity of materials. At T > Tg, in regions II - IV, the
activation energy of ogp is perfectly correlated to the E, of a-mode (i.e.
ca. 9 kJ mol’l). Therefore, at T > Tg, the diffusion of conformational
states of Pyri4 ™ units along the stacking axis stimulates extended fluc-
tuation waves of the cationic aggregates which effectively modulates
and activates the long-range charge transfer mechanisms into anionic
domains. In region IV, and at high magnesium concentrations, i.e., at x
> 0.091, a correlation between o and o1p; is also revealed. Moreover, on
8-MgCl, concentration, a decrease in the activation energy of ogp, and
thus of the efficiency with which ionic species are exchanged at long-
range distances within segregated anionic domains, is detected.

To achieve a better understanding of the conductivity mechanism,
the dependence on temperature of the average charge migration dis-
tance (<ri>) for the different percolation pathways is analyzed. <ry> is
determined by means of the Einstein-Smoluchowski Equation (3) [60]:

6RT,'61{T;;
<rg> (7‘;):\/61),;,(‘[/(:1/% (3)

where D,y is the diffusion coefficient characterizing the k™ polarization,
R the gas constant, T; the temperature at which <r,> is calculated, o)
and 7y are the conductivity and the relaxation time of the k™ polariza-
tion, respectively. Zyx and Cy are the charge and concentration, respec-
tively, of the k™ species exchanged during the oy polarization. F is the
Faraday constant. Results are shown in Fig. S10 of the Supporting In-
formation. Generally, <ri> increases on T, suggesting that larger clus-
ters of segregated cation and anion domains are formed as the thermal
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energy is raised, owing to the increase of the strength and the density of
the cation-cation and anion-anion interactions in the electrolytes.
Therefore, <r,> grows with x, indicating that the delocalization bodies
(DBs) formed by aggregates of anions with different morphologies are
increasing in size as the monomers AlCl, ™ raise in concentration. This
evidence corroborates the hypotheses above discussed in the 1D 'H NMR
studies. In this way, charge carriers are delocalized and can reach longer
distances. In details, a delocalization body is a volume of the bulk
electrolyte [64-67] where the active species are exchanged so fast be-
tween interacting species along the percolation pathways to be consid-
ered, in the time scale typical of macroscopic conductivity, delocalized.
It is to be noted that <ry> after doping of the electrolyte with 8-MgCl,
slightly increases, thus witnessing that interactions between §-MgCly
and chloroaluminate species act to improve the 3D network in both
anion and cation segregated domains rising the size of the DBs. In
addition, in correspondence of Ty, a drop of <ri> is revealed. This effect,
which is mitigated in 5-MgCl,-doped samples, confirms that an extended
and strengthen coordination network is present in anionic domains after
their doping with §-MgCly.

3.4. Correlation between BES and PFG-NMR results

Despite the excellent level of accuracy in the BES studies, a complete
understanding of the above described events can be achieved by clarify
which of the elementary molecular relaxations is responsible for the
detected BES phenomena. Indeed, BES is not element-specific since it
detects only the charge relaxations and/or dipoles fluctuating events of
host matrix. In this concern, PFG-NMR studies are employed to deter-
mine the local contribution of each ionic species to the overall charge
diffusion (D) in the investigated electrolytes. In particular, TH self-
diffusion coefficients are calculated to quantify the role of Pyry4" ions
in cationic domains and in the long-range charge migration process.
Note that 2°Mg and ?’Al self-diffusion coefficients are difficult to study
since the former has a low natural abundance and both nuclei experi-
ence significant quadrupole interactions leading to fast electric quad-
rupolar relaxation times. To determine the D values for all the samples at
every temperature, the integrated intensities (S) are calculated from
each experiment as a function of the applied gradient (g). Then, D co-
efficients are computed using a least-squares fitting of the Stejskal-
Tanner Equation (4) [68]:

S Soe—D(g§7)2 (&5/3) )

where & is the gradient pulse duration, A corresponds to the diffusion
delay, and v is the gyromagnetic ratio of the 'H nucleus. Results of 'H
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PFG-NMR studies on the different samples at various temperature are
shown in Fig. S11. The dependence on T of D values thus obtained
together with diffusion coefficients of the electrode polarization (i.e.,
ogp) determined from BES analyses using Equation (3), are shown in
Fig. 7b—c. Results are summarized in Table S2 of the Supporting
Information.

The diffusion coefficient determined by both BES and 'H PFG-NMR
techniques is on the order of 10~8 e¢m? s™! at low temperatures (i.e.,
0 °C) and rises up to 10® em?s! at high temperatures (i.e., 100 °C).
Moreover, higher values of both Dyyr and Dggg are obtained for samples
at low magnesium concentration, confirming that the ionic speciation
modulates the local mobilities of ions as indicated by solution-state 27Al
and 2Mg NMR linewidth analyses above. It is interesting to observe the
difference of the diffusion coefficients obtained from BES studies with
respect to those measured by 'H PFG-NMR technique. Differences are
easier to detect by calculating the diffusivity fraction, which is the ratio
between Dyyr and Dggs (Fig. 7¢). In general, this value is lower than 1,
since 'H PFG-NMR is detecting only the contribution of Pyr14" cations,
while BES evaluates the total diffusivity of all the ions. Two important
pieces of information are gained: (i) at T > Ty, both cation and anion
species undergo a significant thermal activation, thus ionic nano-
aggregates are dynamic and must not be considered as static agglom-
erates; and (ii) below 40 °C, the fraction value is lower than 0.5,
indicating that a lower correlation between dynamics of cation and
anion domains is present in these conditions. This signifies that the
dynamics of cation aggregates are influencing less that of anion coor-
dinated aggregates, thus confirming that long-range charge migration
events take place owing to the exchange of ionic species between DBs
formed by anion aggregate domains. A different thermal behavior is
detected for the diffusivity fraction below and above 40 °C. In particular,
at T <40 °C the value is decreasing, while, at T > 40 °C, it increases. This
can be easily explained considering the two effects of the temperature on
the cation and anion aggregate domains of studied materials: (i) at T <
40 °C, the mobility into catenated anion domains is greater with respect
to that of cation domains, since Pyr;4" cations are strongly interacting
along their stacking axis [10-13]; and (ii) at T > 40 °C, as the temper-
ature is raised, the relaxation of interacting Pyri4" units along the
stacking axis of cation aggregates, in accordance with f, vs. T~* curves of
Fig. 7c, are significantly enhanced, thus improving the coupling between
the dynamics of cation and anion aggregate domains [69]. Below 40 °C,
the former effect induces a stronger contribution, thus the diffusivity
fraction decreases with temperature. On the other hand, above 40 °C the
coupling between cation and anion domains starts to dominate and an
opposite trend is detected. Here, for the first time, these two comple-
mentary techniques (i.e., 'H PFG-NMR and BES spectroscopy) allowed to
elegantly clarify: (i) how the effect of local dynamics influences the
long-range charge migration mechanisms and thus the overall conduc-
tivity of very complex and heterogeneous (at a mesoscale level) systems
such as those here investigated; (ii) to understand how the correlation
effects between dynamics of cation and anion domains on temperature
and composition influences the long-range charge migration phenom-
ena; and (iii) that it is necessary to be very careful in complex electro-
lytes to assign the transference number on the basis of diffusion
coefficients determined by only 'H PFG-NMR. Indeed, in this case the
investigated materials are characterized by quite high values of
self-diffusion coefficient, both considering the solely Pyr 4" cation and
the whole ions composing the electrolytes. However, as previously dis-
cussed, the species responsible of the overall conductivity are present in
anion domains. Here the overall conductivity takes place owing to the
exchange of Al and Mg anion species between DBs which consist of 3D
catenated magnesium chloroaluminate complexes. Therefore, excellent
values of conductivity are achieved for the migration of Al and Mg
chloro-complexes, which reach their maximum at medium temperatures
(ca. 40 °C).

Concluding, the conductivity mechanism occurs by the long-range
charge migration of Mg-coordinated chloroaluminate anion species
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Journal of Power Sources 524 (2022) 231084

that are exchanged between different delocalization bodies, and this
mechanism is mainly assisted by the effect of the segmental motions of
Pyri4 " aggregates (a-mode). Both cations and anions, which compose
the delocalization bodies, form nanoaggregates which are characterized
by a high dynamicity. Indeed, charged species enter and exit these do-
mains while they are fluctuating within the electrolytes. At medium-low
temperatures (T < 40 °C) the conduction of Mg-coordinated chlor-
oaluminate anion species is the main contribution to the total ionic
current and it is weakly coordinated to the dynamics of Pyrj4* cation
aggregates. At higher temperatures (T > 40 °C) a strong correlation
effect between Pyry4t cation aggregate dynamics and relaxations in
catenated Al and Mg chloro-complexes domains is revealed, which en-
hances significantly the conductivity in materials. These effects are
promoted by doping the electrolytes with §-MgCl,. Taken all together,
these outcomes reveal the fundamental importance of understanding the
conductivity mechanism to evaluate and predict the electrochemical
performance of the electrolyte. Indeed, results here obtained clearly
indicate that the properties and dynamics of the cation nanodomains (i.
e., diffusion of conformational states along the Pyry4* rings) are essen-
tial in order to trigger the exchange and conduction of active species (i.
e., Mg2+/A13+). Furthermore, as the temperature is raised DBs increase
in size, thus magnifying the delocalization effect of magnesium-
chloroaluminate complexes in catenated supramolecular anionic do-
mains. On the microscopic scale, this is demonstrated by the downfield
shift of the peaks in the 1D 'H NMR spectra (see Fig. S3) and the
increasing average charge migration distance (see Fig. S10). The former
is the result of the high electron delocalization in Pyr;4 " domains as they
become larger with temperature. The latter arises from the infusion of
neighboring domains allowing charges to be exchanged more efficiently.
On the macroscopic scale, the larger DBs and coupling between cation
and anion dynamics are revealed by the increase in the diffusion coef-
ficient of active species, which is reflected by exceptional electro-
chemical activities (e.g., fast kinetics, high exchange current densities,
low ohmic drops and overpotentials) for these electrolytes [20].

4. Conclusion

In this report, the ion speciation, thermal properties, and conduc-
tivity mechanism of a novel family of IL-based electrolytes, with a
general formula [Pyr14Cl/(AlCl3)1 5]1/(8-MgCly)y, is studied for applica-
tion in Al/Mg secondary batteries. Solution-state 2”Al single-pulse NMR
measurements enable the chloroaluminate anionic species to be distin-
guished. Analysis of the 2”Al lineshapes as a function of temperature and
8-MgCly content establish that the 8-MgCl, preferentially interacts with
AlCl4™ anions, compared to the Al;,Cl;~ anions, which is consistent with
similar trends revealed in the solution-state Mg NMR measurements.
Calorimetry studies reveal the presence of several thermal transition
which arise from the structural reorganization of the cation and anion
nanodomains. Tg and Ty, transitions are modulated by the magnesium
concentration, indicating that the ionic speciation has a role in the
formation of the ionic nanoaggregates during these events. BES and 'H
PFG-NMR techniques are employed to shed light on the conductivity
mechanism occurring in the studied materials from two different points
of view. BES clearly confirm the presence of delocalization bodies which
are composed by cation and anion nanoaggregates. Within DBs, Mg-
chloroaluminate species (i.e., the redox active species in these electro-
lytes) are exchanged between the coordination sites with a high kinetic
and a low activation energy. Moreover, at T > Ty, the diffusion of
conformational states along the Pyr;4" rings (i.e., « relaxation) facili-
tates the overall fluctuation of the cationic aggregates which effectively
modulates and activates the charge transfer mechanism in anion do-
mains. 'H PFG-NMR allows to demonstrate that a coupling of dynamics
in cation (i.e., Pyr;4' aggregates) and anion domains (i.e., Mg and Al
chloro-complexes) is present in these conditions. The coupling between
these events contributes to enhance significantly the conductivity in
materials. Taken all together, results provide a clear picture of ion
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speciation, thermal behavior, and conductivity mechanism of this novel
mixed Al/Mg metals family of electrolytes for secondary batteries.
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