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Abstract

Al batteries are yet rather unexplored as a promising technology to respond the growing
electrochemical energy storage demands. Despite outstanding electrochemical activity of
haloaluminate-based electrolytes, no prospect of practical re-chargeable Al batteries has yet been
materialized, partly due to these electrolytes’ extremely sensitive nature. Hence alternative
aluminum conducting electrolytes with sufficient stability are strongly urged for. Here a series of
room-temperature ternary electrolytes consisting of aluminum trifluoromethanesulfonate (Al[TfO]3),
N-methylacetamide (NMA), and urea are presented, which provide excellent ionic conductivities by
selecting appropriate ratios. Compared to conventional organic electrolytes, unprecedented solvation
ability for Al-salts and remarkable ion transport properties were observed. For the optimized
composition; Al[TfO];/NMA/urea = 0.05/0.76/0.19, physicochemical properties and vibrational
spectroscopy data implies a decoupling of the Al conduction mechanism from viscosity limitations
and furthermore that the dissociation state of the Al[TfO]; salt drastically changes. These phenomena
are likely due to the unique coordination environment of the AI’" ions and the multiple functions of
urea in these ternary mixtures. The electrochemical properties of the optimized ternary electrolyte

were studied with respect to the electrochemical stability window and using cyclic voltammetry.

Key Word: Al electrolyte, ternary mixture, physicochemical properties, spectroscopy
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Introduction

The dramatic progress in large-scale mobile electric applications, such as the electromobility
revolution, requires novel highly efficient electrochemical energy storage systems with enhanced
safety to fulfill their full potential. Post lithium-ion batteries, especially those incorporating
multivalent metals as anodes, are promising technologies to respond these demands due to their high
capacities." While the reduction potentials of applicable multivalent metals, such as magnesium, zinc,
and aluminium, all are higher than that of lithium metal (=3.04 V vs. SHE), their large volumetric
and/or specific (gravimetric) capacities still offer possibilities for enhanced electrochemical energy
storage systems compared to present Li-ion batteries. Ion-conductive materials for shuttling Mg”",
Zn*, or A" species are urged for, as these batteries’ performance is strongly limited by the
ion-conductive media available. Many attempts have therefore been made to accomplish high
performance multivalent ion-conductive materials, including liquid, solid, and polymer
electrolytes.” ' Only a few systems, however, have achieved any favorable ionic conductivities,
much due to the very strong ion—ion interactions between the multivalent metal cations and their
counter anions, which must be surpassed by ion—solvent interactions. This basic feature restricts the
possible salt and solvent combinations to solvents with high polarity and/or good solvating power,
and highly dissociative salts based on charge-delocalized weak Lewis basic anions, regardless of the
metal-ion battery concept chosen.'

Another path is using mutually miscible compounds to lower the resulting melting point,

compared to the individual components, by an entropic effect, for appropriate ratios resulting in a
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homogeneous liquid at ambient temperature. The most extensively studied metal-containing room
temperature melt/electrolyte systems so far are those composed of AlICl; and various solid organic
compounds."*'® Other examples are ZnCl, and NiCl, which both form room temperature
melts/electrolytes by mixing with dialkylsolfone."*° In addition to systems involving metal halide
salts, most often Cl based, binary systems composed of inorganic nitrates and acetamides also have
been shown to produce low-melting eutectics.”' Indeed, many solid organic compounds with an
acylamino group present, such as urea, acetamide, and their derivatives, lower the melting point of
mixtures and consequently lead to form metal-containing room temperature electrolytes.'®*' 2
Acylamino-based compounds interact with both cations and anions, why mixtures of the
LiTFSA/LiTFSI salt, based on the weakly Lewis basic bis(trifluoromethanesulfonyl)amide/imide
TFSA/TFSI anion, with urea, acetamide, or N-methylacetamide (NMA) result in room temperature
molten electrolytes with high ionic conductivities.”> ** The excellent solvation ability facilitates to
even dissociate salts of divalent metal ions and/or relatively strong Lewis basic anions such as ClO4
or [TfO] enabling to form Mg-conductive room temperature electrolytes based on magnesium
perchlorate, Mg(ClO4),, or magnesium trifluoromethanesulfonate, Mg[TfO],, mixed with acetamide
and urea.”®

Owing to these remarkable features, metal-containing room-temperature melts/electrolytes are
promising as ion-conductive media for various applications e.g. as electrolytes for Li, Mg, and Al

batteries.'*'®** 222 Ag for Al batteries, almost all non-aqueous electrolytes studied incorporate

AICI3. Due to the highly reactive and corrosive nature of AlCl;, however, development of AICI;-free
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electrolytes is crucial to realize practical Al batteries. In this paper, we report on ternary electrolyte
systems comprising a halide-free Al salt (Al[TfO];), NMA, and urea. The replacement of AlICl; by
Al[TfO]s, inert towards air and moisture, can address the safety issues of AICl;. Owing to successful
application of ternary melt electrolytes for Mg batteries™ and the somewhat analogous
electrochemistry of Mg and Al batteries,' the Al-based analogues are conceptually possible to apply
in Al batteries as electrolytes. As ternary mixtures of Al[TfO]s, acetamide, and urea remain in solid
state even at 50 °C, we replace acetamide by NMA, to accomplish room temperature electrolytes.
Basic physicochemical properties of ternary electrolytes are reported including density, viscosity,
and ionic conductivity, and are compared to those of various organic solvent based electrolytes.
Furthermore, both IR and Raman spectroscopies were used to in detail reveal the state of the charge

carriers for various ternary electrolyte compositions.

Experimental
Materials

Al[TfO]s (99.9% trace metals basis), diethyl carbonate (DEC; anhydrous, 99%),
tetrahydrofuran (THF; anhydrous, 99.9%), dimethoxyethane (G1; anhydrous, 99.5%), triglyme (G3;
99%), tetraglyme (G4; 99%), acetonitrile (ACN; anhydrous, 99.8%), propylene carbonate (PC;
anhydrous, 99.7%), N-methylacetamide (NMA; 99%), urea (99%), aluminum chloride (AICls;
anhydrous, 99.99% trace metals basis), and 1-ethyl-3-methylimidazolium chloride (EMImCI; 98%)

were all purchased from Sigma-Aldrich. Al[TfO];, NMA, urea, and EMImCI were dried under high
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vacuum at 80 °C for 48 h, then stored in an Ar-filled glovebox (< 2 ppm O3, < 0.5 ppm H,0) prior to

use. G3 and G4 were dried over molecular sieves 4A for several days. The other anhydrous materials

were used as received. Al[TfO];/NMA/urea ternary electrolytes, with the mole fraction of NMA in

the range xnma = 0.475-0.832, and conventional organic electrolytes were prepared by mixing

stoichiometric amounts of AI[TfO]; and solvents inside the glovebox. Although AI[TfO]s is miscible

with certain NMA/urea mixtures to form liquids at ambient temperatures up to 0.10 mole fraction,

the resulting liquids are extremely viscous and hence possess poor ionic conductivity. In this study,

the mole fraction of AI[TfO]; in the electrolytes was therefore fixed to 0.050 (molar ratio

Al[TfO]s:solvents = 1:19). For the ternary electrolytes, NMA was melted at 40 °C and the

appropriate amounts of AI[TfO]s and urea were added, and subsequently stirred together overnight to

achieve homogeneous clear liquids. Hereafter, all ternary electorlytes are abbreviated as M(xnma)

based on the mole fraction of NMA. The EMImCI/AICI; acidic melt was prepared as a reference

electrolyte by slowly adding AICl; to EMImCI to reach a final 1.5:1 molar ratio and then stirred for

12 hours at ambient temperature.

Measurements

The ternary and organic electrolytes were characterized with respect to density, viscosity, and

ionic conductivity in the temperature range 20-90 °C. The densities (p) and viscosities () were

measured using a DMA 4500M and Lovis 2000ME, respectively (Anton Paar), and the former was

used to calculate the salt concentration (c) for each system. The ionic conductivity (¢) was

determined by dielectric spectroscopy using a Novocontrol broadband dielectric spectrometer in the
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frequency range of 10 '—10" Hz. The liquid samples were placed between stainless steel electrodes,
fixing as 3.5 mm in diameter and 1.05 mm in thickness with a Teflon spacer. The conductivity cell
was assembled in the glovebox and transferred into a cryo-furnace. To maintain a dry-inert
atmosphere, the measurements were carried out under a steady flow of nitrogen gas. The DC
conductivity was defined as the low-frequency plateau in the frequency-dependent (AC)
conductivity plot. For each measurement, the samples were thermally equilibrated at the desired
temperature for 30 min. Using the conductivities obtained, the molar conductivity (A) was calculated
for each system as o/c. The glass transition temperature (7,) for the ternary electrolytes was
determined by differential scanning calorimetry using DSC Q1000 (TA instruments). The samples
were hermetically sealed in aluminum pans inside the Ar-filled glovebox. All sample pans were first
annealed at 50 °C for 30 min, whereafter a scan rate of 10 °C min ' was used and a temperature
range of =150 — +100 °C was measured. The onset in heat capacity change was taken as the 7,. All
physicochemical and thermal property measurements above were performed at least three times,
with deviations from the averages within +3% for all extracted data.

Raman spectra were collected with a Bruker MultiRam FT-Raman spectrometer equipped with
a liquid nitrogen cooled germanium detector, excited by the 1064 nm line of a Nd:YAG laser. A laser

! and 500 scans were employed. The spectra were

power of 400 mW, a spectral resolution of 2 cm
recorded in the range of 100-3600 cm'. Each sample was put in a glass vial with a screw lid under

Ar atmosphere and transferred to the Raman set-up. The intensity of the Raman spectra for the

ternary electrolytes was normalized with respect to the Raman band at 759 ¢cm ' (assigned to the
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8CF; bending mode of the [TfO]  anion),”® on the basis of salt concentration. For spectroscopic
analysis, the normalized spectra were deconvoluted by Voigt functions with suitable
Gaussian-Lorentzian ratios. Fourier-transform infrared (FT-IR) spectroscopy was carried out using a
Bruker ALPHA spectrometer and a diamond ATR crystal. A spectral resolution of 4 cm™' and 200
scans were employed. The FT-IR spectra were normalized on the basis of the peak observed at 1411
cmfl, attributed to the NCH; symmetric band of NMA®' and xnma. To avoid contamination, all
measurements were conducted inside the Ar-filled glovebox. All spectroscopic measurements were
performed at ambient temperature.

Electrochemical characterization was performed on the optimized ternary electrolyte and the
EMIm/AICI; acidic mixture using a three-electrode cell with a Gamry Reference 600
potentiostat/galvanostat/ZRA. A Pt disk (1.58 mm radius) working electrode, Al coil and Pt wire
counter electrodes, and an Al wire reference electrode were used. The working electrode was
polished with 1.0, 0.3, and 0.05 um alumina paste prior to any experiments. The Al electrodes were
soaked in a mixture of H,SO4/H3;PO4/HNO; (25/70/5 by volume) for 15 minutes to remove the
residual oxide, then washed with deionized water and dried under high vacuum immediately before
the measurements. The electrochemical stability windows (ESWs) were evaluated by linear sweep
voltammetry (LSV) with a scan rate of 10 mV s'. The limiting anodic and cathodic potentials were
defined as the potentials where current densities of +0.1 mA cm > were observed. Cyclic

1

voltammetries (CVs) were measured at a scan rate of 20 mV s . All electrochemical experiments

were carried out inside the Ar-filled glovebox at ambient temperature.
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Results and Discussions

1. Conventional non-aqueous organic electrolytes

Prior to treating the room temperature ternary electrolytes, it is useful to review

physicochemical properties of conventional organic electrolytes containing Al[TfO];, as reference

systems. In Table 1, we summarize the density (p), concentration (c), viscosity (7), ionic

conductivity (o), and molar conductivity (A1) of such electrolytes with the same salt fraction (xaitso3

= 0.05) including also a representative ternary electrolyte, M(0.760). In addition also the dielectric

constants (&) of the pure solvents used are tabulated. For the ternary electrolyte, a simple estimate

model on the basis of individual ¢, values and the relative fraction of individual components was

used.*

Table 1 Physicochemical properties of different Al[TfO];-containing electrolytes (xajrrop = 0.05) at 30 °C.

p c n o A &; solvent
Electrolyte*
/gem” / mol dm™ /mPas /mS cm™! /'S cm® mol™ @ 25°C
Gl 1.00 0.456 0.855 0.52 1.1 7.07%
G3 1.05 0.271 2.99 0.12 0.45 7.63%
G4 1.06 0.226 4.63 0.041 0.18 7.78*
ACN 1.02 0.815 1.39 0.16 0.20 35.9%
PC 1.30 0.540 8.63 1.9 3.5 62.9%
NMA 1.11 0.597 33.4 2.4 4.0 178%
M(0.760) 1.16 0.638 53.8 2.5 3.9 81.3

* For DEC and THF as solvents no homogeneous electrolytes could be obtained, why these systems are excluded.
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The electrolytes can roughly be divided into two groups on the basis of their conductivities; G1,
G3, G4, and ACN vs. PC, NMA, and M(0.760). The former exhibit relatively low conductivities,
less than 0.6 mS cm ', while the latter shows appreciable conductivities, above 1.5 mS cm ', at 30
°C. Interestingly, the ternary electrolyte M(0.760) possesses the highest conductivity despite having
the highest viscosity and hence lowest fluidity. For conventional electrolytes, it is well-known that
conductivity is proportional/coupled to the fluidity. It should be noted that a binary mixture of the
solvents NMA and urea with the same molar ratio as in M(0.760) exhibited negligible conductivity
(ca. 10°® mS em ™) even at 60 °C, hence proving the high conductivity for M(0.760) to arise from the
presence of Al[TfO];. The high conductivity for the NMA-based and ternary electrolytes could also
suggest a minor contribution of proton conduction to the ionic conductivities, as the strong electric
field of small and trivalent AI’" jons could affect polarization of the solvated molecules,
consequently leading to release free proton by solvolysis. Although the proton conduction coincides
with the irregularly high conductivity, NMA and urea are not likely to react with AI[TfO]; during the
sample preparation as organic compounds including acylamino-based are stable even towards
AICL3,'* "7 known as a strong Lewis acid. In addition, the relatively large pK, of conventional

acylamino-based compounds, around 25 in dimethylsulfoxide,**"’

indicates a poor proton donating
ability and hence a low ability to generate protonated solvents. Taken altogether this strongly

suggests a different (degree of) dissociation of Al[TfO]; and/or a different ionic conduction

mechanism between the two groups and especially for the M(0.760) electrolyte.

10
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The competition between ion—ion interactions and ion—solvent interactions determines the
degree of salt dissociation. The Gutmann’s donor number (DN) is a useful parameter in order to
understand the relative solvating power (or simply Lewis basicity) of solvents. The DNs for G1, G3,
G4, ACN, and PC are 18.6, 14.0, 16.6, 20.5, and 15.7, respectively.38 Unfortunately, the DNs of
NMA and urea have not been reported, but their analogues are known to have DNs of ca. 28-29,
almost irrespective of substituents.”” While we do not find the DNs to directly correlate to high
conductivities (Table 1), a better trend was clearly observed using the dielectric constant (¢;) of the
solvents. Solvents with high dielectric constants can relax the strong electric field induced by
charged species, thereby weakening the ion-ion interactions and consequently dissociate salts into
their constituent ions. Thus, and as found in Table 1, the electrolytes made from solvents of
relatively low & possess lower conductivities, likely due to poor dissociation of AI[TfO]s. The
unexpectedly high conductivity for the Gl-based electrolyte compared to e.g. ACN-based can be
explained in terms of a chelating effect; bidentately coordinating G1 solvent molecules can solvate
AP’ ions more effectively than monodentately coordinating ACN. The relatively lower conductivity
for G3 and G4 based electrolytes are attributable to a competition among concentration, viscosity,
and chelating effects. On the other hand, the electrolytes based on high & solvents show high
conductivities; for example PC is a standard polar solvent for various electrolytes and readily
dissociate even multivalent salts. NMA also functions as a solvent for Al[TfO]; as well as for Li
salts.** Partial substitution of NMA by urea facilitates dissociation of Al[TfO]s, unexpectedly as the
simple model &, value of the NMA/urea mixture (81.3) is considerably lower than that of pure NMA

11
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(178) (Table 1). This strongly suggests that urea affects the dielectric properties of NMA in a
non-trivial manner, as also previously reported for urea in water to enhance the dielectric properties

4041 o . . . a1 L 14244 ~
" while the exact role of urea in the water/urea mixtures still is controversial. Owing

of water,
to the “water-like” physicochemical properties of NMA, a similar phenomenon may thus possibly
occur in NMA/urea mixtures and result in appreciably higher dissociation of Al[TfO]; in the ternary
electrolyte.

To further evaluate the state of Al[TfO]; in the different electrolytes a Walden plot was made
(Fig. 1). For the ternary electrolyte systems, the variation of data arises both from changing
composition and temperature. In general, an ideal KCl aqueous solution provides an ideal straight
line with a slope of unity in Walden plots, and the dissociativity of other salts is evaluated based on
the deviation from this ideal line. In the case of trivalent salts, however, such an ideal line is not

relevant, and thus excluded from the figure, but still data located in the upper-left part of the plot

indicates ion-ion dissociation and lower-right formation of neutral species i.e. association.

12
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Fig. 1 Walden plot of the Al[TfO];-containing conventional electrolytes and ternary electrolytes.

From Fig. 1 it is clear that the electrolytes can be divided into two groups, consistent with the
sub-division on the basis of ¢ (vide supra). Al[TfO]; is most associated in ACN and substantial
dissociation is observed for the most promising electrolytes. Although the NMA based electrolyte
show higher A than M(0.760) (Table 1), the Walden plot strongly implies large dielectric properties
of the NMA/urea mixtures. A remarkable finding for the ternary electrolytes is the strong relation
between composition and dissociation; a subtle substitution of NMA by urea (M(0.832)) reduces the
dissociation in comparison with pure NMA, while further substitution improves the dissociation,
surpasses pure NMA, and reaches a maximum for M(0.760). Even more urea substitution, however,
results in worse dissociation. The origins and practical implications of this complicated phenomenon
will be treated in detail in the following section as it is the very basis for the use of ternary

electrolytes as Al conductive electrolytes.

13
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2. Room temperature ternary electrolytes

As described above, partial substitution of NMA by urea improves the dissociation of Al[TfO]s.
To further clarify the correlation between dissociation of Al[TfO]; and the composition of ternary
electrolytes, a series of ternary electrolytes was prepared and characterized with respect to
physicochemical properties and by vibrational spectroscopy.

Fig. 2a shows the variation of ¢ and 5 for the ternary electrolytes in the xnyma range of
0.475-0.832 and at 30 °C. The corresponding temperature dependent Arrhenius plots of # and o are
depicted in Fig. 2b and 2¢, respectively. All electrolytes show appreciably high o, irrespective of
composition. Preceding work on room-temperature binary systems incorporating urea or NMA
revealed that the polar groups (C=O and NH) in these acylamino compounds are capable of
coordinating cations and anions, and these interactions would relax both hydrogen-bonding
interactions between organic compounds and ion-ion interactions leading to salt dissociation.”***
Here a composition dependence was observed for the ternary electrolytes; # gradually increases by
the urea fraction, except for the system at xyma = 0.76 (M(0.760)) for which a small “kink™ is
observed (Fig. 2a). The composition dependence is, however, much more drastic for . A minute
substitution of NMA by urea (M(0.832)) decreased ¢ as compared to the urea-free electrolyte (NMA,
2.381 mS cm " at 30 °C), but in general the o of the ternary electrolytes increased with the amount of
urea (0.118 < xyrea < 0.19) until a clear and distinct maximum is observed at xxva = 0.76 (Xurea =
0.19). Further addition of urea, however, results in a decreased conductivity. This further supports
the findings of the Walden plot (Fig. 1) and the optimal composition being M(0.760).

14
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Fig.2 (a) Variation of ionic conductivity (¢) and viscosity (#) for the ternary electrolytes as a function of xnuma

at 30 °C; Arrhenius plots of (b) # and (c) ¢ in the range 20-90 °C.

Unlike the structurally analogous Mg-based ternary systems,® we find the temperature
dependence of both # and ¢ to show non-Arrhenius, concave- and convex-curved, respectively,

profiles as described by the following Vogel-Tammann-Fulcher (VTF) equations:

ool
1 =——exp

A,7 T To,n

A, [ —B, ]
0O =—=¢€X

\/T pT_TO,G

where 4, and A, are scaling factors, B, and B, are constants related to the activation energy for the

15
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appropriate transport properties, and 7o, and 7o, are the ideal glass transition temperatures where

translational motion and ionic conduction, respectively, are frozen. The best fit parameters of these

VTF equations are tabulated in Table 2. Excellent correlations were found between the electrolyte

composition and these parameters. The B, gradually increase with increasing NMA fraction in the

electrolytes, while 7j, reaches a minimum plateau for M(0.760). In stark contrast, 7o, does not

reach any such plateau. The difference between T, and Ty, expressed as |7y ,—7To,| as a function of

xnwma 1s therefore provided in Fig. 3. The composition dependent glass transition temperatures (7})
are also included in the figure. The DSC traces are provided in Fig. S1. As Ty, and T, are indicative
of the ideal temperatures where the corresponding processes are completely frozen, |7y ,~7o,| can be
regarded as an indicator to estimate how the ionic conduction process is dominated by translational
dynamics of mobile species in the electrolytes. A relatively small deviation of the |7y ,~7,| value
from zero, as observed for the systems containing large amounts of urea (xyma < 0.713), means that
ionic conduction in these electrolytes arises almost directly from translational dynamics. Similar
deviations have been observed for ionic liquids and related condensed ionic materials.* ™* In
contrast, an exceptionally large |7y,~7),,| is observed for M(0.760). This strongly suggests the ionic
conduction to occur by a solvent-assisted charge transport mechanism for the M(0.760) system.
Moreover, in Fig. 3 the composition dependent variations for both |7y ,~7o,| and 7, show similar
features as those for ¢ and 5 (Fig. 2a), understandable as 7, is closely related to the fluidity™ and
hence an electrolyte composition, where the conduction mechanism (or translational dynamics) and

fluidity drastically change, is likely present.

16
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Table 2. VTF equation parameters from the fit of temperature-dependent 5 and o data. R* denotes correlation

Journal of Materials Chemistry A

coefficient.
M(xnma) In 4, B,/K T,,/K R In 4, B,/K  T,,/K R
M(0.475) 9.34 638 216 0.999 1.42 525 219 0.993
M(0.570) 9.44 636 212 0.999 2.42 671 204 0.998
M(633) 9.85 726 200 0.999 2.29 656 200 0.999
M(0.679) 9.71 702 199 0.999 2.78 846 177 0.999
M(0.713) 7.73 708 196 0.999 1.20 404 219 0.998
M(0.760) 10.6 920 174 0.999 0.705 285 229 0.999
M(0.792) 10.4 916 175 0.989 1.98 684 180 0.999
M(0.832) 10.3 876 173 0.999 0.308 415 207 0.995
60F : ' 7220
50} \ /T
1210
X 40}
= ¢
K 30 1200~
I Mg
5]
.\0' 20
o 1190
10 =
“; . . . . 1180
0.4 0.5 0.6 0.7 0.8 0.9

Xnma / -
Fig. 3 Variation of |7y ,—7T,,| and T, for the ternary electrolytes as a function of xxva
To elucidate how the composition affects the translational motion, the fluidity of the different
ternary electrolytes was investigated in a 7, scaled Arrhenius plot (Fig. 4). In this manner different

liquids can be compared on a common scale (7/7) and result in ionic liquids of high 7, to have

17
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comparatively high fluidities.”® Equivalently, the ternary electrolytes with high 7, . are likely to
possess high Tp-scaled fluidities, and again there is an exception for M(0.760), which has a high
fluidity in spite of its relatively low T,. This further supports its transport mechanism to be distinctly

different compared to the other systems.

-0.5
D)
@®
o
E
~
kS —+M(0.570)
S —/—M(0.633) 205
i) —7—-M(0.679) 202
-2.5H—<+M(0.713) 199
——M(0.760) 202
——-M(0.792) 198
_S.O_I—X—M(O.SIE,Z) 187. ‘ . ]
0.50 0.55 0.60 0.65 0.70 0.75
Ty/T

Fig. 4. T,-scaled Arrhenius plots of fluidity for the ternary electrolytes with different compositions.

In general, macroscopic liquid properties are dependent on the microscopic liquid structure and
interactions among constituents. As ionic conduction arises from the dynamics of ionic species, the
salt dissociation state has a significant impact on the ionic conductivity. By vibrational spectroscopy,
bands related to AI*" coordination are used to study the variation of the coordination environment.
Using FT-IR spectroscopy, the Al-O stretching mode, vy(Al-O), at around 650 cm',*"* is extremely
difficult to use to distinguish between bands arising from Al-[TfO], AI-NMA, and Al-urea solvate
species, as all may overlap. The complexation of NMA and urea with metal ions and the variation in

hydrogen-bond strengths in the medium should affect the C=O and N-H stretching modes

significantly.> > Although the ternary electrolytes do provide distinct spectra from all individual
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components and this indicates changes in the AI’" coordination and deformation of the
hydrogen-bonding network, all arising from altered interactions between solvents (NMA and urea),
AP’ cations, and [TfO]™ anions, the precise assignment of composition dependent frequency shifts
becomes ambiguous — as also these modes heavily overlap (Fig. S2).

In contrast, the Raman active symmetric SOs stretching mode, v5(SO3), of the [TfO] anions is
particularly sensitive to coordination changes, and neither pure NMA or urea disturb the analysis of
this mode. The v4(SO;) mode for “free”, or solvent-separated ion pairs (SSIPs), not coordinating to
metal ions, [TfO] ™ anions is located at 1032 cm™'; contact ion-pairs (CIPs) and higher aggregates for
Li[TfO] are found at higher frequencies, 1041 and 1052 cm ', respectively.”® Complexes with
trivalent metal cations, such as Eu®", Nd**, and Ce*" in poly (ethylene oxide), PEO, matrices provide
complicated spectra, in which bands attributable to ion-ion-solvent complexes (IM"{(TfO),]**~PEO
and/or [M"(TfO),]"—PEO) appear at around 1020 cm ', in addition to the bands for SSIPs (1032
cm ') and CIPs (1041 cm ").”*” When Li[TfO] is dissolved in different aprotic solvents SSIPs, CIPs,
and aggregates provide bands at 1032, 1041, and 1050 cm ', respectively.”® The dissociation state of
the Al[TfO]; salt in the ternary electrolytes was elucidated primarily based on these preceding
studies on [TfO] band assignments.

The composition dependence of the v¢(SO3) modes in the Raman spectra is summarized in Fig.
5. The full band maximum is clearly observed at 1032 cm' irrespective of composition. With
decreasing xnma (substituting NMA by urea), this band intensity gradually decreases, and
simultaneously a broad shoulder located at the high-frequency side emerges, and hence the
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dissociation state of Al[TfO]; in the ternary electrolytes is indeed composition dependent.

Xaitio}, = 0.05 l

Intensity (arb. unit) / -

1060 1050 1040 1030 1020
Raman shift / cm

Fig.5 Composition dependence of Raman spectra in the range 1070-1010 cm™' for the ternary electrolytes.

The arrows indicate decreasing the NMA (increasing the urea) fraction in the systems.

A deconvolution and fitting of the spectra revealed the presence of two or three components
(Fig. 6). Re-assuringly, the positions of the deconvoluted bands are insensitive to the electrolyte
composition and number of bands needed for the fit. For a relatively small amount of urea (Fig. 6a,
M(0.760)), the spectrum can be deconvoluted into three bands at 1032, 1041, and 1052 cm ', easily
assignable to SSIPs, CIPs, and aggregates, respectively.”®® The relative intensities of the bands at
1052 cm™! (A1052 em—1 / Atota1 = 2%) and 1041 cm’! (= 24%) suggest the [TfO] anions to mainly exist
as “free” anions/SSIPs. In the case of even larger amounts of urea, M(0.671), there are only two
bands, at 1032 and 1041 cm ', in the deconvoluted spectrum (Fig. 6b). The variation of the relative
intensities for each band (Apand / 4toral) as a function of xyma is presented in Fig. 6¢, and this clearly
illustrates the presence of a composition where the dissociation state of Al[TfO]; drastically changes.
This composition agrees well with that where various physicochemical properties drastically change

20
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(vide supra). Al[TfO]; is highly dissociated in the systems with xyrea < 0.19 (xnma > 0.76). Further
addition of urea facilitates association of Al[TfO]; although obviously small amounts of urea
function to actually improve the dielectric properties of NMA (Fig. 1). Moreover, as stated before,
NMA and urea are likely to possess similar DNs,”” implying comparable capability for AI’" solvation.

In fact, both NMA and urea molecules are known to coordinate to various metal ions including AI’*

55,59-63 Q... :
’ Similar features were also observed for binary

ion in a similar fashion, forming complexes.
mixtures of LITFSA/LIiTFSI and glymes.**** The dissociativity (termed “ionicity””) maxima were in
those studies found for critical compositions and explained in terms of multiple functions of the
glyme solvents; glymes initially complex with Li" ions leading to salt dissociation, but further
addition of these low dielectric glyme solvents (¢; ~7) leads to salt association.”* For our ternary
system, the preferential coordination number for A’ is 4-6, and the molar ratio Al:NMA:urea in the
M(0.760) electrolyte is 1:15:4. Although the precise coordination of AI’* ions in the ternary

electrolytes is ambiguous to determine due to overlapping of spectra (vide infra), the 1:4 ratio of

Al:urea is perhaps no pure coincidence.

O Experimental 4 (a)
——Fitting

O Experimental " (b)
——Fitting

M(0.760) M(0.671)

Intensity (arb. unit) / -
Intensity (arb. unit) / -

1060 1050 1040 1030 1020 1060 1050 1040 1030 1020
Raman shift / cm Raman shift / cm
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—e-1032 cm'| Xarrroy, = 0.05 © 1
—=-1041cm’’
—¥—1052 cm’'

0.0t V—v—vvv 7' vV
0.4 0.5 0.6 0.7 0.8 0.9
Xnma /-

Fig. 6 Deconvolution results of Raman spectra into two or three components at around 1032, 1041, and 1052
cm' by Voigt functions for (a) xyua = 0.76 and (b) xywa = 0.671 ternary electrolytes. (c) Variations of the

relative intensities of the 1032, 1041, and 1052 cm ' bands as a function of xxy, for the ternary electrolytes.

An electrochemical analysis was conducted to investigate the possibilities of the materials as Al
battery electrolytes, and hence the optimized ternary electrolyte, M(0.760), was characterized with
respect to the electrochemical stability windows (ESWs) and by cyclic voltammetry (CV), and
subsequently compared with an EMImCI/AICI; = 1/1.5 acidic melt, a commonly used and
well-characterized electrolyte for Al batteries.'%'*6>%

The ESWs of the M(0.760) and the EMImCI/AICI; reference electrolytes were obtained by
linear sweep voltammetry (LSV). As shown in Fig. 7, the ESW of M(0.760) is obviously larger than
that of EMImCI/AICI;; ca. 3.5 V for the former and ca. 2.3 V for the latter. The ESW of
EMImCI/AICI; agrees well with preceding work on imidazolium-based chloroaluminate ionic
liquids.'*® The cathodic limiting potential for EMImCI/AIC]; is extremely narrow due to Al
electroplating without polarization. On the other hand, for M(0.760), the anodic limiting potential,

ca. 2.8 V vs. Al, is consistent with the values reported for urea containing electrolytes, suggesting
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that the sharp rise in anodic current arises from an oxidative decomposition of urea (and/or NMA).47
During the cathodic scan, the reductive current response at ca. —0.7 V probably results from Al
electroplating, but electrochemical reduction of urea and NMA is likely to take place almost

simultaneously, as small bubbles evolve on the Pt working electrode at ca. —1.2 V.

1.0f - -
——M(0.760)
o ——EMImCI/AICI;
3
0.5
<
=
~
> )
‘w 0.0 1
c
(0]
©
<
g -0.5
S
O 1
10mVs
1.0k : ; i i i id
-3 -2 -1 0 1 2 3
E/Vvs. Al

Fig. 7 LSV for the M(0.760) and the EMImCI/AICI; reference electrolytes at ambient temperature. A Pt disk,

a Pt wire, and an Al wire were employed as a working, counter, and quasi-reference electrodes, respectively.

The large ESW and relatively high ionic conductivity of M(0.760) offer the possibility of
battery application. The electrochemical activity studied by CV is illustrated for the present and
reference electrolyte in Fig. 8a and 8b, respectively. While some reversible behavior can be
observed for M(0.760) electrolyte, its response is considerably smaller than that for EMImCI/AICI;.
The electrochemically active aluminum species in the acidic EMImCI/AICI; melt are mainly Al,Cl;
ions, hence responsible for the reversible electroplating and stripping.'**”® In stark contrast, the
electrochemistry for the ternary electrolyte differ completely owing to absence of any
chloroaluminate ions in the electrolyte. As described earlier, Al[TfO]; is well-dissociated and hence

AP’ ions exist as solvated ions especially in the optimized ternary electrolyte, M(0.760). In such
23
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cases, Al electroplating at the electrolyte | electrode interfaces is considered to proceed through
desolvation of solvents and subsequent Al’* reduction. The reverse reactions may take place during
the stripping process. As NMA and urea strongly coordinate to AP’ jons in M(0.760), the
desolvation process requires a large polarization, possibly resulting in a large overpotential. The
rather poor current densities and cycling efficiency for M(0.760) can in part also be explained by
side reactions, maybe a reductive decomposition of the electrolytes, taking place simultaneously

with the plating during the cathodic scan.
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Fig. 8 Cyclic voltammograms recorded on a Pt electrode in (a) M(0.760) and (b) EMImCI/AICI; acidic melt.

Al wire was used as both counter and quasi-reference electrodes.

Summary

A series of room temperature ternary electrolytes composed of Al[TfO];, N-methylacetamide
(NMA), and urea were characterized with respect to the physicochemical and electrochemical
properties and by vibrational spectroscopy. Comparison of the various properties with those of

organic electrolytes revealed excellent solvation ability of the NMA/urea mixtures for the trivalent
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Al salt. The NMA/urea ratio has significant effect on the solvation ability. For the mixtures with low
urea fraction (xyrea < 0.19), urea functions to improve the dielectric properties of NMA and facilitates
dissociation of Al[TfO];, consequently increasing the ionic conductivity. As the urea fraction is
further increased, however, the relatively low polar urea promotes salt association. The composition
where the dissociation state of AI[TfO]s; changes agrees well with that where various
physicochemical properties drastically change; at an optimal composition of M(0.760). Moreover,
VTF parameters and the fluidity of the M(0.760) electrolyte further support its ionic conduction to
occur by a solvent-assisted charge transport mechanism, induced by substitution of NMA by urea.
The preferential coordination of AI’", a favorable Al:urea ratio, and the multiple functions of urea all
contribute to these composition dependent features for the ternary electrolytes. The electrochemical
properties of the optimized ternary electrolyte M(0.760), characterized by LSV and CV
measurements, were compared with the chloroaluminate-based ionic liquid electrolyte
EMImCI/AICI;, to investigate its potential as an Al battery electrolyte. The LSV results indicated a
substantially large ESW for M(0.760). Despite the large ESW and relatively high ionic conductivity,
M(0.760) was modestly active electrochemically as compared to EMImCI/AICI;3, possibly due to the

strong solvation by NMA and urea solvent molecules of the AI’*

ions. The electrochemically
reversible behavior observed in the M(0.760) electrolyte, however, opens new possibilities to create
Al-conductive electrolytes independent of any extremely sensitive haloaluminate species.
Furthermore, this study is the first demonstration of the versatility and excellent performance of

especially tailored NMA/urea mixtures as solvents for multivalent salts.
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Appropriate combinations of aluminum trifluoromethanesulfonate, N-methylacetamide, and urea

result in room temperature ternary electrolytes with high ionic conductivities.



