Physico-chemical Characterization of AlCls-
[EMIm]CI lonic Liquid Electrolytes for Aluminum

Rechargeable Batteries

Chiara Ferrara®, Valentina Dall’Asta', Vittorio Berbenni®, Eliana Quartarone® Piercarlo

Mustarelli®.

(a) - Dipartimento di Chimica, Universita degli Studi di Pavia, and INSTM, via Taramelli

16, 27100 Pavia, Italy.

KEYWORDS [EMIm]CI, AICl3, aluminum batteries, aluminum electrolytes, ionic liquids, 2’Al

NMR.
ABSTRACT

Al-ion batteries technology is getting growing attention thanks to the high natural abundance of
aluminum and to the potentially high energy density that can be obtained through a 3-electrons
redox process. In this work, thanks to a multi-technique approach, the ionic liquid composed by
aluminum chloride and 1-ethyl-3-methyl-imidazolium chloride ([EMIm]CI) was systematically
investigated by varying the molar ratio [EMIm]CI - AICIs in the range 1.1 - 1.7, to obtain the best
composition to be employed in a rechargeable V20s-based cell. We showed that the 1.2 molar ratio

composition is the best compromise between high ionic conductivity and the use of low quantity



of the highly toxic AICIs. The combined use of multinuclear (*’Al, *C, *H) NMR, electrochemical
impedance spectroscopy (EIS), and thermal analysis allowed us to shed light on the structure-
properties relationships of this complex system, also resolving some controversial conclusions of

previous literature.
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INTRODUCTION

The major challenge in the field of Aluminum lon Batteries, AIBs, is the research for AI®*
conducting electrolytes with good transport properties at room temperature. lonic liquids, ILs,
based on organic components and aluminum salts represent the state of the art in this field since
the moment of their first introduction [1-4]. During the past decades, several different systems
were proposed as electrolytes for Al secondary batteries, ranging from aprotic polar organic
solvents previously used for Li and Na batteries [5-6], to molten salts eutectics [7], and dual
electrolytes based on combination of the just mentioned systems. The use of organic solvents is
limited by the very low solubility of Al(I1) salts, as well as by issues related to volatility and low
thermal stability. The introduction of additives does not eliminate completely this problem [5-6].
On the contrary, ionic liquids (ILs) present high thermal stability, ability to dissolve a wide range
of compounds thanks to their strong electrostatic interactions, low volatility and flammability, low
toxicity, and ability to remain liquid at the room temperature (room temperature ionic liquids,
RTILs) [8].

Different ILs compositions were proposed in the recent years [3,9,10]. The selection of AIClz as
aluminum (111) source was based on its better stability with respect to Br- and I-containing species
[11]. Regarding the organic component, several different molecules were investigated including
(1-butyl-1-methyl pyrrolidinium bis(trifluoromethylsulfonyl)imide, 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide, trihexyl-tetradecyl-phosphonium
bis(trifluoromethylsulfonyl)amide, dicyanamide and 4-propylpyridine [12-15], but the main and
most employed system is indeed the IL based on 1-ethyl-3-methylimidazolium chloride
([EMIm]CI), which provides very low vapor pressure, high electrical conductivity, wide stable

electrochemical window, and liquid state in a large composition range [9,16]. These



chloroaluminate electrolytes are classified as acidic, neutral and basic depending on the AIClI3
content. In particular, if the AICIs content is less than 50 mol% the electrolytes contain AICls and
CI" moieties and possess basic characteristics, whereas for content greater than 50 mol% the
electrolytes are based on the presence of AICIl4 and Al.Cl7 species, and have acidic properties.
Only the acidic compositions are active for Al plating and stripping at the anode, according to the
reversible reaction 4Al,Cl; + 3e~ < Al + 7AICl; [16,17]; in contrast, the basic compositions
do not show good electrochemical activity. Different studies demonstrated the good
electrochemical performances of these electrolytes in combination with different electrodes
[6,16,18]. At the same time, these ILs present also significant limitations related to their highly
corrosive nature, high viscosity and hygroscopicity, and significant toxicity chiefly due to the
aluminum salt. At some extent, these issues can be managed by tuning the composition, in order
to obtain a good compromise between transport properties and the abovementioned detrimental
aspects. Finally, although the chloroaluminate ILs are widely employed in the research for new
AlBs, to date scarce attention has been devoted to the investigation of their structure/properties
relationships, and many controversial aspects still need to be addressed, including careful

speciation of ionic moieties present at the different compositions.

In this work, we report a systematic investigation on the AICIs/([EMIm]CI system. The molar
composition AICIz:[EMIM]CI was explored in the acidic range 1.1-1.7. Our multi-techniques
approach, including multinuclear NMR, electrochemical impedance spectroscopy (EIS) and
thermal analysis allowed us to obtain a careful description on the system, including speciation of
ionic moieties. We were able to identify the best compositional range, and tested one of the optimal

mixtures in an electrochemical cell with aluminum as the anode and standard V20Os as the cathode.

EXPERIMENTAL



Synthesis of AICIs/[EMIm]CI lonic Liquids (ILs) - The ionic liquids were prepared by mixing AICl3
(anhydrous, powder, 99.99%, Sigma Aldrich) and 1-ethyl-3-methyl-imidazolium chloride
([EMIm]CI) (98%, Sigma Aldrich), in various AICIs/[EMIm]CI molar ratios, namely: 1.1, 1.2, 1.3,
1.4,1.5and 1.7. In detail, AICl3 was added to [EMIm]CI very slowly to prevent heating due to the
strongly exothermic reaction (temperature always under 50°C) and under vigorous magnetic
stirring, inside an argon-filled glove-box (MBraun, O and H,O levels < 1 ppm). 4A-molecular
sieves were added to the ILs to keep them dry. In the following the samples will be named as “1.n

ILs” (e.g. “1.1 IL” means the AICIs/[EMIm]CI 1.1 molar composition).

Thermal Analysis - Differential Scanning Calorimetry (DSC) measurements were carried out on
all the ILs and on the pure [EMIm]CI, using DSC Q2000 (TA Instruments). For each composition,
~6-7 mg were weighed inside the glove-box and sealed into Al pans, to perform the thermal
treatment. For the ILs the treatment was made of 3 steps: 1) cooling from room temperature to -
70°C with a cooling ramp of 5°C/min, 2) waiting at -70°C for 1 min, 3) heating up to +90°C with
a heating ramp of 10°C/min. For the pure [EMIm]CI, which is solid at r.t., the treatment consisted
in heating the compound up to 180°C using a heating ramp of 10°C/min. The enthalpies associated
to melting and crystallization processes were obtained by integration of the area of the DSC peaks,

with the TA Universal Analysis Software.

Conductivity measurements - The ionic conductivity data for all the ILs were obtained by
performing Electrochemical Impedance Spectroscopy (EIS) measurements by means of a
Frequency Response Analyzer (FRA - Solartron 1255) connected to an Electrochemical Interface
(Solartron 1287) over the frequency range 0.1 Hz - 10° Hz, with a voltage of 100 mV. EIS
measurements were performed in the range from -10°C to +90°C. The samples were let to

equilibrate at each selected temperature in an oil bath for at least 1 hour before starting the EIS



measurement. An exception was done for the IL with 1.1 molar ratio, that was tested from 0°C to
90°C, because of its crystallization temperature near -10°C. The EIS data were recorded using a
home-made cell, composed by a sealed brown glass vial with two inner planar platinum electrodes.
Before carrying out the measurements directly on the ILs, the cell was calibrated by performing

an EIS measurement at 25°C with KCI 0.1 M solution, (¢ kcio.1m @s°c) = 0.01288 S cm™2).

The Vogel-Tamman-Fulcher (VTF) equation was applied to fit the experimental data sets of ionic
conductivity in the temperature range from -10°C to +90°C, for all the different electrolyte

compositions ranging from 1.2 to 1.7:

B
o(T)= gy e TTo Equation 1

o(T) is the ionic conductivity, g, is the pre-exponential factor, B is a pseudo-activation energy, T
is the current temperature, and To is a parameter which can be interpreted as the ideal glass
transition temperature, and lies 20-50 K below the glass-transition temperature, Tg, as determined
by standard DSC measurements. From the fitting of the data, the values of B and of To were

extracted.

For the 1.1 composition, the experimental data were fitted with the Arrhenius equation

Eatt

o(T) =0y e RT Equation 2

where Ea is the activation energy for ions motion, and R is the gas constant.

NMR measurements - The NMR spectra were acquired at 104.23 MHz on a 9.4 T (400.13 MHz)
Bruker Avance |11 spectrometer at ambient temperature. *H quantitative one-pulse spectra were

collected with a pulse length of 14 us, recycle delay of 4 s and 32 scans. **C HPDEC spectra were



collected under high power decoupling to ensure high resolution with pulse length on *C of 11
us, recycle delay of 20 s and 2k scans. 2’Al quantitative one-pulse spectra were acquired with a

n/2 pulse of 9 s, 5 second of recycle delay and 1k scans. Pulse lengths and recycle delay were

carefully calibrated to ensure the full relaxation of the magnetization. [iCIDICEGCOUISITIONtCIEY
R OO RiNiRiZE Chemical shifts for 'H and 3C were referred to TMS (0

ppm in both case) using adamantane as the secondary standard, whereas the signal of 1 M aqueous
solution of AI(NO3)3.9H.0 (0 ppm) was used as the reference for 2’Al. Spectral analysis was
performed with DMFit program [19]. All the manipulations of the samples were carried out under
inert atmosphere, and the measurements were performed immediately after samples preparation,
in order to minimize reactions with moisture, or after given times as reported in the Results and

Discussion section.

Electrochemical tests - Cyclic voltammetry (CV) was performed by means of an Autolab PGSTAT
30 (Eco Chemie), by applying a potential scan rate of 0.1 mV/s in the potential range 0.01V - 0.9
V, on a cell with the following configuration: Al (RE, CE) /1.2 IL / V205 (WE). Here RE, CE and
WE indicate Reference, Counter and Working Electrodes, respectively. Three glass microfiber
filters GF/C were used as separators. Galvanostatic cycling was carried out in the same potential
range and on the same cell configuration employed in the CV. Three different current densities
were imposed, and namely: 22, 44 and 222 mA g*. The capacity of vanadium oxide was calculated
by the mass of the active material contained in the cell. The WE was prepared by mixing 80 wt%
of vanadium oxide powder, 10 wt% of carbon black (Vulcan XC 72R Cabot Corp.) and 10 wt%
poly(tetrafluoroethylene) 35 pum particle size (Sigma Aldrich) in N-methyl-2-pyrrolidinone (99%,
Sigma Aldrich). The resultant slurry, after 6 hours under magnetic stirring at room temperature,

was tape-casted onto a nickel foil 0.01 mm thick (99.95%, Alfa Aesar) by means of a home-made



doctor blade. After drying it at room temperature overnight, and then at 120°C in vacuum for 6

hours, the cathode was transferred into the Ar-filled glove-box, and cut into disks with an area of

0.785 cm?.

RESULTS AND DISCUSSION
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Figure 1. DSC thermograms of the ILs. In the inset, the thermal trace of the pure [EMIm]CI is

reported. (DEVI TOGLIERE LA SCRITTA 1.1 NELL INSET)

Composition




[EMIm]CI | 11 1.2 1.3 1.4 15 1.7

mol% AICI; 0 52.38 | 54.55 | 56.52 | 58.34 | 60.00 | 62.96
Te (K) - 262.17 | 244.98 | 243.40 | 24255 | -- ~
AH; (3/g) - 39.73 | 32.27 | 2293 | 1739 | -- -
Tm (K) 354.01 | 269.57 | 260.93 | 252.98 | 244.14 |  -- -
AHn (J/9) 78.92 38.00 | 29.00 | 2385 | 16.90 | -- -

Table 1. Physico-chemical properties of [EMIm]CI powder and AICIs/[EMIm]CI compositions
with various molar ratios. T =crystallization temperature; Tm = melting temperature; AHc

crystallization enthalpy, AHm = melting enthalpy.

Figure 1 shows the DSC results for pure [EMIm]CI and all the prepared ILs. The corresponding
physico-chemical data are reported in Table 1. Pure [EMIm]CI displays a neat melting peak near
80°C, with a specific melting enthalpy of about 79 J/g. The addition of AICI3 gives originto RTILs
for all the examined compositions. In particular, the 1.1 composition shows very sharp
crystallization and melting features at -10°C and -3°C, respectively. The value of melting enthalpy
is strongly reduced with respect to pure [EMIm]CI, which demonstrates the decrease of the lattice
energy leading to the formation of RTILs. Glass transitions are not observed in the explored
temperature range. Further addition of AICI3 up top 1.4 molar ratio leads to the monotonous
decrease of both 4H. and 4Hm, accompanied by a progressive enlargement of both the endo- and
exothermic features. This means that the samples become less ordered, likely because of the

increase of the bulky Al>Cl;- moieties [15, 16] (see below NMR results). However, no glass



transition phenomena, Ty, are observed for all these samples. 1.5 and 1.7 compositions are in the
liquid state in the entire temperature range, as expected for systems with high level of disorder
[20-23]. Also in this case, however, no clear Tq4 features could be found, either because falling
below the available temperature range, or because the liquids are too “strong” (in the sense of
Angell’s fragility concept) [24] to allow T4 observation in the timescale of the DSC experiment

(~1 min).

27 30 33 36
10°T' /K"

§ 0011

@ O 1.2
© : 1.3
a 1.4
O 1.5
o 17

Q

0,001 s L Il 4 4 s

2,8 3,0 3.2 3,4 3,6 3,8

10° 7K

Figure 2. Arrhenius plots of the ionic conductivity of all the investigated compositions, together

with their best-fits (Arrhenius for 1.1 IL, and VTF for 1.2-1.7 ILs). Errors are inside the symbols
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Composition
1.2 1.3 1.4 1.5 1.7
R? VTF fit 0.9973 | 0.9960 | 0.9895 | 0.9971 | 0.9991
B (K) 135.61 | 230.74 | 301.87 | 460.36 | 558.18
To (K) 230.15 | 207.85 | 182.10 | 166.37 | 146.16

Table 2. Parameters of the VTF fit. R?: Pearson coefficient of the best-fit; B: pseudo-activation

energy; To: ideal glass transition temperature.

Figure 2 displays the behaviour of the ionic conductivity vs. temperature for the investigated
samples. 1.1 composition shows a clear Arrhenius behaviour (see inset) with activation energy, Ea
=0.19 eV. Arrhenian behaviours are typical of crystalline conductors or amorphous phases below
the Tg. In our case, we can rationalize this unusual behaviour with the relatively ordered nature of
1.1 IL also in the liquid state, which is revealed by DSC results of Figure 1. ILs with compositions
from 1.2 to 1.7 display a clear VTF behaviour, as generally expected for samples in the liquid state,
where disorder and/or free volume become predominant [22]. The VTF best-fits parameters are
reported in Table 2. The increase of AICIs content determines the increase of the pseudo-activation

energy and a decrease of To, in agreement with the results reported by Vila et al. [25].
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Figure 3. lonic conductivity at 25°C of all the tested ILs (blue circles), and fraction of Al.Cl7

moiety (pink triangles) as obtained by best-fits of 2’Al NMR spectra (see following). (SHSONE

Figure 3 shows the conductivity values at 25°C of all the tested ILs, together with the fraction of
Al,Cl; moiety as determined by 2’Al NMR (see following). Values in the range 10-20 mS cm™*
are typical of [EMIm]CI-AICIz electrolytes (see ref 26 and references therein). We observed a
plateau in the compositional range 1.1-1.3 followed by a decrease for higher AlICIs contents. This
behavior of the conductivity can be clearly related to the ratio between AICI4 and Al2Cl;” moieties
as determined by means of 2’ Al NMR measurements reported in Figure 3. This point will be

addressed in the following.
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Figure 4. 2’ Al NMR spectra for the 1.1 (a), 1.2 (b), 1.3 (c), 1.4 (d), 1.5 (e) and 1.7 (f)

compositions in the 200 / -150 ppm range (left) and their zoom in the 180 / 40 ppm range (right).

Figure 4 reports the ?A1 NMR spectra for all the samples in the composition range 1.1-1.7. In all
cases it is possible to observe two signals at ~103 ppm and ~97 ppm; no other features appear in
all the explored chemical shift range (500 / -500 ppm). The NMR spectra do not show relevant
chemical shifts as a function of the composition, whereas significant line-width changes are
observed moving from 1.1 to 1.7 compositions, and this variation is more marked for the peak
observed at 103 ppm. '3C and 'H spectra were also acquired (see Figure S1), which presented only
signals fully compatible with liquid [EMIm]CI, so confirming that chemical reactions did not occur

between the organic molecule and the Al salt.
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Therefore, the two peaks observed in the >’Al spectra must be attributed to inorganic Al species.
Moreover, we can exclude the presence of unreacted solid, as signal of solid AICl3 was reported
at -1.6 ppm [15]. Several 2’Al NMR studies on the Al complexes in solution or in ionic liquids
were reported in the past (IS GEIOINNNGINNNSOUINURNEERIVENRINECESSAR
Similar spectra were already reported for the AICI/[EMIm]CI system, although not for the
complete series of samples vs. composition. [11, 15,16]. Following these works, the peaks at 103
ppm and 97 ppm can be tentatively assigned to AlCls and AlLCl7, respectively. However, the
literature data are controversial, and the attribution of these resonances is not straightforward. For
the correct attribution of the observed signals, all the present species and equilibria, due to the

presence of AlICI3 and CI, relative to the acidic compositions must be considered:
AICIz + CI" = AICly Equation 3
AlCly + AICI 2 AlLCly Equation 4

All the previous studies attributed the signal observed at 103 ppm to AlCl4™ species [27-30], and
no significant variations in the chemical shift of this species were reported when changing
compositions, concentrations or solvents. The chemical shift attribution of the signal due to ALCl7
clusters is more controversial. Previous studies suggested that fast kinetic of the AlCl4/ALCly
equilibrium with respect to the NMR measurement timescale would lead to the impossibility to
distinguish the two signals [27,28]. Attempts to discriminate the two species were performed by
varying the pre-acquisition delay time [27], and the unique observed signal was attributed to both
the AlCl4/ALCl7 anions under rapid exchange. A subsequent work by Takahashi et al. confirmed
this result, indicating that the resonance obtained at 97 ppm could be attributed to undesired

reaction products between Al moieties and moisture [28]. In that work a single main resonance

14



was observed at 103 ppm, whereas a minor feature (around 0.3%) was found at 97 ppm. Moreover,
this last peak was observed only for two samples out of the five examined, and there was not any

evident trend between the its intensity and the nominal composition.

On the contrary, our measurements revealed the presence of two clearly detectable sites for all the
compositions, and the percentage of the peak at 97 ppm was always higher than 0.5%, reaching
20% for the 1.2 sample. Similar results were reported by Wilkes et al. [29] for the same system

AICI3/[EMIm]CI in the acidic melt compositional range.

120 110 100 90 80 ppm

-

T T T T T - v
120 110 100 90 ppm 100 50 0 ppm

Figure 5. 2’Al spectra acquired for 1.2 composition as prepared and sealed under Ar (a), and
after exposure to air for 30 s (b), 150 s (c), 200 s under gentle mixing (d), and 300 s under gentle
mixing with addition of a small amount of H2O (e). The f panel shows the spectrum (e) in the
chemical shift range 130/ -20 ppm highlighting the feature at ~0 ppm (*). The best-fit of the

spectrum (e) is presented in panel g together with the two components at 105 and 103 ppm.
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In order to attribute univocally the NMR peaks to the anion species, we evaluated the formation
of byproducts due to presence of water in the system. To this aim, the 1.2 composition (showing
the biggest resonance at 97 ppm) was exposed to ambient air (relative humidity ~60%), with
possible addition of liquid water, for different time intervals. The results are reported in Figure 5.
The intensity of the peak at 97 ppm decreased by increasing the exposure time to air; at the same
time, a shoulder emerged at 105 ppm (see Figure 5 d-e). With the further addition of water (~1
mm?, with respect to ~300 mm? of sample), we observed a further increase of the intensity of the
peak at 105 ppm, which merged with that at 103 ppm, as revealed by spectral deconvolution
(Figure 5g). Moreover, a small resonance appeared at ~0 ppm (Figure 5f). In the frame of the
previous peaks assignment, all this spectral evolution can be rationalized in terms of consumption
of the AL2Cl7; anion due to AICl4™ subtraction from the Equilibrium 4 by hydrolysis. In fact, the
peak at 97 ppm decreases with time exposure to moisture. At the same time, the appearance of the
peak at 105 ppm can be assigned to hydrolysis products [AlCls.n(OH).]™ relative to the reaction
between AICls and H>O. The addition of liquid water determines also formation of AI(OH)3.xO3.
x3 solid products, clearly visible in the sample as white crystals, which give origin to the small

peak at ~0 ppm observed in Figure 5f.

Previous detailed NMR investigations on the hydrolysis product of AlCl; were presented by Cerny
et al. [30-31]. These studies identified the resonance observed at 100 ppm as the signal of the
AICly species and attributed the peak at 97 ppm to the AICI3(OH) anion due to the presence of
undesired traces of H>O. A detailed analysis of hydrolysis products allowed to assign the different
NMR peaks to the AI(OH)4.,Cls™ species. Signals ranging from 97 ppm for AICI3(OH) to 79 ppm
for AI(OH)4", were attributed based on the different electronegativity of the two ligands (OH™ and

CI'). However, it must be considered that the solvents selected for these studies were benzene and

16



n-heptane, i.e. apolar organic solvents presenting lower solvating power with respect to the AICl3
salt. In the present work the system under study is significantly different, as the AIC13;/[EMIm]CI

is a polar ionic liquid with largely different dielectric properties.

Based on our results, the two resonances can be unambiguously attributed to AICls” (103 ppm) and
AlLCl7 (97 ppm) anions. This conclusion is supported by further evidences. The presence of a 2’Al
resonance at 97-91 ppm was related to the Al.Cls dimers Doy symmetry with two AlCls units
connected via Cl-Cl edge in molten ReCl3-AlICl; [32] and Al>Cls in toluene [33]. Recent works on
ionic liquids based on AICI3/[EMIm]CI and AICI3/RR’SO; compositions further support this
interpretation, presenting attributions and ratios between the two peaks which are similar to those

reported in the present study [10,11,34].

Best-fit analysis of the NMR spectra allowed to evaluate the relative amounts of the two species.
The results are reported in Figure 3 and in Table 3, together with the other best-fit parameters. The
concentration of AIbCl; reaches a maximum for the 1.2 composition, and decreases for higher
concentrations. Due to the featureless nature of 1.7 spectrum, in this case the best fit procedure
was not performed. From Figure 3 it is evident that the maximum of ionic conductivity corresponds
to the maximum of Al,Cl;” moiety in the IL. This is in agreement with previous literature -
In fact, even if both the species were reported to be electrochemically active, the Al>Cl;” anion

seemed to be the major ionic transport carrier [10].

Sample diso / ppm Broadening / Hz xG/(1-x)L %

AlCly | ALCly | AICly | ALCly | AICly | ALCLy | AICLy ADLCly

1.1 103.2 97.2 88.4 155.2 0 0 99.0 1.0

1.2 103.5 97.3 359.9 367.7 0 0 79.4 20.6

17



1.3 104.4 97.1 502.1 550.2 86.9 13.1
1.4 104.7 96.9 789.3 576.7 85.5 14.5
1.5 104.8 97.0 | 20752 | 6323 90.9 9.1

Table 3. NMR parameters obtained by best-fitting the spectra with two components attributed to
AICly and ALCl7 species, all the fitting parameters were allowed to freely move during the

fitting procedure. Errors in the percentage evaluation are below 2%.

Additional information can be obtained from the analysis of the NMR line-width. The line-width,
Av, of the two peaks at 103 and 96 ppm monotonously increases with the increase of AIClz. This
behavior was early observed by Gray and Maciel [27], and attributed to the increase of quadrupolar
spin-spin relaxation rate, (1/7>)p, which, in the extreme narrowing regime (ENR), is given by the
relationship

(1), - s (142

Equation 5

where 1/T> = nAv, Cp is the quadrupolar coupling constant, 7 is the quadrupolar asymmetry
parameter, 7. is the correlation time, and / is the spin number (I = 5/2 for 2’Al). Here, the ENR
condition is demonstrated by the absence of quadrupolar features and by the full Lorentzian shape
of both the NMR peaks, which is typical of liquids (see Table 3). Under ENR conditions, the
quadrupolar coupling constant of the two Al-based species only depends on their molecular
structure [36]. Therefore, the line-width increase with composition only depends on the correlation
time, which in turn is related to the ion mobility. In particular, AICls” species shows the most

significant broadening, which passes from ~88 Hz to ~2000 Hz. In contrast, the Al>Cl;” line-width
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is subjected to only a minor variation passing from 1.1 to 1.5 sample (~155 and ~630 Hz,
respectively). From these 2’ Al NMR data, we can conclude that the Al,Cl;” moiety is more mobile
than AICls". The conductivity maximum of Figure 3 is therefore given by the interplay between

the Al,Cl7/ AICl4 ratio and the relative mobility of the species.
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Figure 6. Electrochemical performances of the 1.2 IL in an Al-ion cell: a) Cyclic voltammetry of

VZO s cathode (8 cycles) at a scan rate of 0.1 mV s between 0.01 V and 0.9 V: b) Charge
capacity (full symbols) and % coulombic efficiency (empty symbols) vs. cycle number of the V205

composite cathode at various applied current densities (22, 44 and 222 mA g!).

Based on thermal, conductivity and NMR analyses, the composition 1.2 was chosen for
electrochemical tests and used as the electrolyte for AIBs in half-cell configuration, employing a
vanadium oxide cathode, prepared from commercial V205 powder. The feasibility of the system
was verified through cyclic voltammetry (CV) and galvanostatic cycling at different current

densities, as reported in Figure 6.

From the CV curves (Figure 6a) it can be clearly seen the reversibility of the aluminium
insertion/de-insertion into the cathode active material (the peak at 0.85 V, taking place only in the
first and second cycles, may be related to impurities or to a SEI formation). The current density
stabilization is fully reached at the 71" cycle, as the curves in the 7th and 8th cycles are overlapped.
The galvanostatic cycling is carried out at three increasing current gravimetric densities, namely
22, 44 and 222 mA g, as reported in Figure 6b. At low current, the charge capacity is
outstandingly high: it approaches the value of 127 mA h g* at the 10" cycle performed at 22 mA
gl Interestingly, despite of the expected capacity fading when increasing the current value, the
system is still able to develop ~50 mA h g* when the applied current density is very high (222 mA
gh). As already reported in literature for similar systems [41], the coulombic efficiency is poor.
Anyway, it increases while increasing the current value, and overcomes the value of 80% at the

end of the high current cycling.
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CONCLUSIONS

In this paper, we reported a thorough physico-chemical investigation of the system AIClIs -
[EMIm]CI, which is of interest as possible electrolyte in Al-ion rechargeable batteries. In detail,
we explored the acidic region for molar contents in the range 1.1-1.7. By means of careful 2’Al
NMR experiments, we assigned univocally the two resonances at 103 and 97 ppm to AlCls and
ADLCl7 moieties, respectively, whereas in the past there has been a strong debate about the nature
of the peak at 97 ppm, if observed. By best-fitting the NMR features, we found a clear trend
between the transport properties of the ILs and the ratio AlCl;/AICls. Moreover, by analyzing
the NMR linewidth behaviours, we confirmed that dimers are more mobile than monomers in these
melts. The interplay between the AI>Cl;/AlICl4 ratio and the different moieties mobility makes the
1.2 composition the most interesting to be used as the electrolyte in Al-ion batteries, although a
sort of conductivity plateau can be envisaged in the composition range 1.1-1.3. The 1.2
composition was tested in a standard Al-ion cell and gave good results also at high current

gravimetric density (222 mA g).
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