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Broader context

Environmental implications brought about by global climate
challenges and the ever-growing demands for renewable
energy resources entail a quest for the development of large-
scale, cost-effective and efficient energy storage systems.
Successful design of rechargeable batteries based on
multivalent ions (Mg?*, Ca%*,and Al**) can have far-reaching
impacts on applications such as portable electronics, electric
vehicles, and grid storage. As the most abundant metal in the
Earth’s crust, Al is an ideal candidate. Metallic Al anodes can, in
theory, provide exceptionally high charge capacities. However,
the lack of non-corrosive electrolytes has been a bottleneck in
the advancement of a practical rechargeable battery. Shedding
light on the electrodeposition of Al from chloride-free and
chloride-rich organic electrolytes may pave the way for the
development of next-generation Al-ion batteries. To that end,
exploiting Al-based organic electrolytes for energy storage
necessitates profound insights into the electrochemical and
spectroscopic attributes of Al-ion complexes as will be
conveyed by this study.

The corrosivity of chloride-based electrolytes is a major
shortcoming in the practical realization of rechargeable aluminum
batteries. Herein, the effect of ClI~ on Al speciation and
electrochemistry in tetrahydrofuran was measured by employing
theoretical and experimental approaches for three systems:
Al(OTF)3/THF, Al(OTF)3 plus LiCl in THF, and AICl;/THF. The
high consistency between measured and computed spectroscopic
aspects associated with AI(OTF)3;/THF electrolyte provided both
a rationale for understanding Al complex-ion formation in a Cl~
free environment and an approach for examining the effect of C1~
on Al speciation. Room-temperature Al plating was achieved from
dilute solutions ([Al] = 0.1M) at potentials > 0V (vs. Al/AI3*). C1-
is found to enable facile Al plating and SEM reveals that Al is
electrochemically deposited as nanocrystalline grains.

The pursuit of high energy density for electrification of the
transportation system and the demand for intermittent grid
storage along with the significant uncertainty in material
supplies for lithium-ion batteries’2 are propelling research
efforts towards multivalent ion battery technologies, including
those based on magnesium (Mg), calcium (Ca) and aluminum
(Al).34 Among post-lithium(Li) ion batteries, Al is of particular
interest because of its superior theoretical volumetric capacity
and low-cost compared to Li and other post- Li battery metals
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on account of its trivalency and high abundance.>® However,
making use of Al’s remarkable capacity is challenging due to its
relatively small ionic radius and high charge density, which
inevitably leads to the formation of Al-ion complexes rather
than “free” Al-ions in commonly employed chloroaluminate
ionic liquids, diminishing the expected capacities of Al-ion
batteries.” In spite of the recent advances in developing cathode
materials,®° and electrolytes,®10 the Al-ion battery remains in
its infancy.’? Accordingly, breaking new ground in Al-ion
electrolyte chemistries for rechargeable Al batteries is of
utmost significance.

Due to their ability to electrodeposit/strip Al , chloroaluminate
ionic liquids based on aluminum trichloride (AlCl3) are often
investigated as electrolytes for Al-ion batteries.12-28
Nevertheless, their integration into a practical Al-ion battery is
hindered by severe drawbacks including the instability of
cathode materials in these electrolytes leading to rapid capacity
fading,2° high corrosivity towards Al anodes?® and stainless steel
current collectors,’®> and side reactions that generate Cl,
gas.3031

Moreover, considering that molten salts are often limited to
high operating temperatures,® organic solvents present an
room temperature Al-ion battery
The development of an organic electrolyte,

appealing choice for
application.
however, is a challenging task that requires a fundamental
understanding of the solute/solvent ion-dipole and coulombic
interactions.32
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Fig. 1 Optimized structures (hydrogens not shown) of (a) AI(THF)3", (b) [AI(THF) ,(OTF)][(OTF)]™, (c) [AI(THF), (OTF),]™, (d) AlCl3(THF), ,(e) AICl;(THF), and (f) AICI;.

Tremendous efforts have been dedicated to electrodeposit Al
from a plethora of organic systems including AICl; and lithium
hydride(LiH) in diethyl ether,33 AlCl; and lithium aluminum
hydride (LiAlH,) in tetrahydrofuran (THF) and benzene
mixture,3* AICl3 and LiAlH, in THF and toluene,3> AlCl; and
LiAlH, in THF,36-3% aluminum tribromide(AlBr3) in aromatic
hydrocarbons,%%41 AlBr; in N,N-dimethylaniline,*> AlBr; and
potassium bromide (KBr) in ethylbenzene,#® AICl; in
sulfones,**42 AlCl; in glycol ethers (glymes),>%->3 AlCl; in
ethylene carbonate,®® and AlCl;
(GBL).>®

Unfortunately, these electrolytes are inherently corrosive and
the prospects of practically implementing Al-ion batteries as
electrochemical energy storage devices is contingent upon
active chloride-free systems.5¢ It is therefore imperative to
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investigate organic electrolytes based on alternative Al-salts.
Inspired by the aforementioned challenges associated with Al-
halides, researchers have sought to synthesize novel chloride-
free Al-salts,57-5? as well as explore the commercially available
aluminum trifluoromethanesulfonate (Al1(OTF)3).1260-63 |t s
worth noting that employing AI(OTF) as a potential Al-salt for
Al-ion batteries has not been restricted to organic solvents,
with its application in aqueous systems®4%> and ionic liquids®®
having already been demonstrated. Despite these endeavours,
the role free chlorides (CI™) play in Al-ion organic electrolyte
chemistry, and a clear demonstration of Al electrodeposition
using AI(OTF)3, has not yet been established.

In our previous report,®3 we explored the ionic speciation and
the electrochemical activity of Al-complexes in AI(OTF)3/THF
computationally and experimentally. Density functional theory
(DFT) calculations coupled with Fourier transform infrared

spectroscopy (FTIR) suggested that Al exists in these solutions
as fully solvated Al-complexes, in addition to the presence of
inner-sphere  and outer-sphere trifluoromethansulfonate
anions (OTF7).83 Further investigation at higher concentrations
(>0.1M), presented herein, reveals that these solutions are
dominated by [AI(THF),(OTF),]". The structure evolution of
these species is depicted in Fig. 1a-c. In light of these findings
and to ascertain the effect of ClI™ on the electrochemical
behaviour of Al-ions, we report here evidence for the
electrochemical reduction of Al-ions to Al-metal from THF
through a comparative study that reveals the electrochemical
behaviour and ionic speciation of Al-complexes in three
electrolyte systems: AI(OTF);/THF, Al(OTF); + LiCl/THF,
and AlCl; /THF.

In this work LiCl was chosen as an additive due to its ability to
provide free ClI~ in THF, a result of the ionic character of the
Li — Cl bond in LiCl compared to the more covalent nature of
the Al — Cl bonds in AICl;. To examine the effect of C1~ on Al
speciation, a comprehensive investigation of computed versus
measured vibrational frequencies was undertaken, with a
summary of the DFT results is provided in the supporting
material (Table S1). Our findings on the AlCl;/THF solutions
complement those of Derouault et al.,” where the major
species in these solutions were found to be charge neutral
AICl3 (THF), and AICl;(THF) (shown in Fig. 1d and e). The
spectral features of the Al(OTF)3;/THF and AICl;/THF
solutions at various concentrations are then used to elucidate
the reactions involving AI(OTF); and LiCl in THF. Our results
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Fig. 2 FTIR spectra of various concentrations of Al and/or Li salts in THF. OTF™: trifluoromethansulfonate anion, CIP: contact ion pair, Agg: aggregate, superscript 1: outer

sphere OTF™, superscript 2: inner sphere OTF ™, superscript 3: two inner sphere OTF ™.

suggest that this electrolyte is dominated by AICl; (Fig. 1f) at
Al(OTF);:LiCl mole ratios equal to or above 1:3, in addition to
the ionic association between Lit and OTF~ in this electrolyte.
The striking dissimilarities the spectroscopic and
electrochemical attributes for the Cl~ rich environments i.e.
AlCl; /THF and Al(OTF); + LiCl/THF, provide insight into the
role of particular Cl~ containing Al-complexes in Al
electrodeposition/stripping behaviour in THF.

A series of electrolyte solutions were prepared by dissolving
appropriate amounts of Al-salt (AlI(OTF)3, AlCl3) and/or Li-salt
(LiOTF,LiCl) in THF. (See Materials and Methods section in ESI)
FTIR spectra were collected and are shown in Fig 2.

Initially, it was crucial to examine the spectral regions
corresponding to the complex-ion formation the
Al(OTF)3/THF electrolyte at various concentrations (Fig. 2a).
Previously,53 we demonstrated that the peak at 1028 cm™1 is

in

in

associated with symmetric stretch (v4SO3) of free OTF~ and
that the 1200-1400 cm™! region of the spectra displays bands
assigned to the antisymmetric stretch of the OTFanions
(va5sS03) for two types of contact ion pairs, outer sphere and
inner sphere OTF~, referred to here as CIP! and CIP?,
respectively. Re-examining this region, we find that the broad
peak centred at 1210 cm~! is likely a combination of two
spectral components, a peak at 1220 cm~?*, CIP?!, assigned to
v4sS03, another, CIP%, at 1210 cm™! assigned to vC—S
coupled with vsSO3 of OTF~(Table S1). Upon access of an
additional OTF ™~ to the inner solvation sphere of the Al-cation,
a new peak appears both computationally and experimentally
at ~1350 cm~ L. We attribute this peak to a third type of contact
ion pairs, CIP3, represented by the following species;
[AI(THF),(OTF),]** and [AI(THF)3(OTF),]**. Although the
predicted reaction energies for both complexes are similar



(Table S2), entropic factors are not accounted for in these
calculations. As a result, we attribute the peak at ~1350 cm™?
to the tetrahedral complex [AI(THF),(OTF),]**.

Moreover, comparing the AI(OTF)3/THF spectra to that of pure
solvent (THF), we find that the peak at 1068 cm™! becomes
broader as the concentration increases, suggesting that this
band is not only associated with THF but also Al — CIP and/or
Al-aggregates. 6368

The peak emerging at 883 cm™", as supported by our DFT
calculations, can be assigned to v(Al — O) coupled with TCH, of
Al — THF bond. (See table S1. in ESI) Finally, the peak observed
at 1048 cm™! is more prominent at concentrations >0.3M
which suggest that this peak may be associated with ionic
aggregates of AI(OTF);.

Based on these results the following dissociation reactions for
Al-triflate in THF can be proposed:

1

AI(OTF)3 + 4THF - AI(THF)3* + 30TF~ (1)
Al(OTF)5 + 4THF - [Al(THF),(OTF)][OTF]* + OTF~ (2)
Al(OTF)5 + 2THF - [AI(THF),(OTF),]** + OTF~ (3)
With considerable knowledge of the Al(OTF);/THF

spectroscopic features in hand, the reaction between AI(OTF);
and LiCl in THF can now be studied. The progress of this
reaction is depicted in the inset of Fig. 2b (See also Fig. S1). As
LiCl is introduced to a 0.1M Al(OTF)3 solution at mole ratios
equal to or above 1:2, a transfer of the OTF~ from Al- to Li-ions
is evident. This is illustrated by the peak shift from 1238 to 1253
cm™1, which, according to our DFT calculations, may be
assigned to Al — CIP! and Li — CIP, respectively. At 1:3 mole
ratios, this region of the spectrum is identical to that of a
solution of 0.4M LiOTF in THF. Thus, one may infer that a
double displacement reaction between Al(OTF)3; and LiCl
takes place at 1:3 mole ratio according to reaction 4. While Li
cations have OTF ™ in their vicinity, the formation of LiIOTF ionic
aggregates can be excluded from the 1:3 electrolyte due to the
absence of the peak at 1047 cm™1, which is typically attributed
to LiOTF aggregates,®® and the shoulder peak at 1269 cm™?,
observed only in the 0.75M LiOTF/THF solution.

After establishing that the 1:3 electrolytes are primarily
comprised of AlCl; and LiOTF, inspecting ionic species
previously reported for AlCl; /THF solutions is crucial. Alves et
al. investigated AlCl;/THF solutions by Raman spectroscopy
and deduced that these electrolytes were dominated by AlCI;
in dilute systems whereas AlCl;(THF)3 are favored at higher
concentrations.’ On the other hand, Derouault et al.
investigated Al-halide (AICl; or AlBr3) in THF by FTIR and NMR
spectroscopy,®’ and the results were compared to the FTIR and
Raman spectra of solid Al-halide complexes.’”? The latter
concluded that dissolving AICl; in THF produced mainly
AICl3 (THF) , cis- and trans- isomers of AlCl; (THF),, and AICl,
and [AICl, (THF),]* which resulted from slight dissociation of
AlCl; (THF), according to a proposed equilibria which is
provided in the ESI.

We note that our FTIR spectra for AlCl; /THF appear identical
to those of Derouault et al.%” The spectra comparison with the
AlCl; + LiCl/THF solution is shown in Fig. 2(c and d).

The distinct broad-band centered around 490 cm™1, observed
for all measured concentrations of the AlCl;/THF solutions,
has been assigned to the v(Al — Cl) of AlCl3 (THF), and AICI}
at 490 cm™! and 494 cm™?, respectively.6’” Comparatively, our
DFT calculations suggest a peak for the v,5(Al — Cl) at 476 and
488 cm™! for the trans-AlCl; (THF), and a peak for the triply
degenerate v,s(Al— Cl) stretch for AICl; at 477 cm™1.
Surprisingly, these peaks are absent in the 1:3 and 1:4
electrolytes, yet a weak-intensity peak is observed at 490 cm ™!
for the 1:5 electrolyte. These intriguing disparities suggest that
the peak at 490 cm™! is attributed to AlCl; (THF), rather than
AICl; . The absence of a peak at 477 cm ™1 associated with AICl;
is probably due to the strong perturbation of the tetrahedral
symmetry of AICl; caused by the presence of excess amounts
of Li*, a phenomenon which has previously been reported for
LiAICl, melts.”2

Additionally, DFT calculations suggest that the most
thermodynamically favored reaction is that of AlCl; and CI™ to
produce AlCI; (Table S3). To confirm the presence of AlCI} in
these electrolytes, the 800-1800 cm™! regions of the spectra
shown in Fig. 2d were examined. A broad peak ~1640 cm™?!
emerges at 1:3 mole ratios, this peak is also present in dilute
(0.1M) and concentrated (0.75M) AICl;/THF solutions. A
similar band has been reported for AICl; analogs,’”® which
supports assigning this peak to AlCl; .

In accordance with these findings, we propose the following
dissociation mechanisms for the reaction between AI(OTF);
and LiCl in THF at 1:3 mole ratio:

AI(OTF); + 3LiCl + 2THF — AICl;(THF), + 3LIOTF  (4)
AICI;(THF), + CI~ = AICl; + 2THF (5)

Only when the amount of LiCl added to a 0.1M AI(OTF);/THF
solution exceeded a 1:4 molar ratio did a peak appear at 490
cm™!, indicating that an equilibrium exists between
AICl3(THF), and AICl; with the former being produced only
when substantial amounts of AICl; have formed. This
observation can be supported by the fact that THF is a much
weaker Lewis base than Cl™.

Moreover, the weak-intensity peak observed at ~381 cm™! in
the 1:2 solutions, concealed by an overlapping broad-band from
LiOTF at higher mole ratios, is probably associated with
[AIC], (THF),]", previously reported ~360 cm~1.67 The broad
peak at 407 cm™! is attributed to v(Al — 0)¢7 as supported by
our DFT calculations for AlCl;(THF) (Table S1). Other bands
attributed to this complex according to our DFT calculations are
the peak at ~524 cm™! (Fig. 2c) associated with v,s(Al — Cl),
and the peak at 880 cm™! (Fig. 2d) associated with v(Al — O)
coupled with T(CH,)(Table S1).

Finally, the vibrational frequencies of polymeric AlICI;, namely
Al,Cl; and Al;Cly, were calculated using DFT. Our results
indicate that both species would have bands in the 200-600
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Fig. 3 Cyclic voltammograms on gold working electrode at 50 mV/s scan rate for (a) 0.1M Al(OTF)3/THF, (b) 1:3 AI(OTF)3: LiCl/THF and (c) 0.1M AICl;/THF with inset
showing 0.75M AICl;/THF , and corresponding chronoamperograms on Cu-substrate of (d) 0.1M Al(OTF);/THF at 0V, (e) 1:3 AI(OTF)5: LiCl/THF at +0.25V and (f) 0.1M

AICl; /THF at +0.25V (vs. Al/AIP™).

cm™?!

region. Although several peaks are observed at various
concentrations in said region, it’s highly unlikely that these
peaks are attributable to polymeric AlICl; . The only report of
such species in similar systems, to our knowledge, is that of
AlCl3/GBL solutions where the presence of Al;Cly, was
proposed at considerably high concentrations.>> Thus,
polymerization of AICl; in THF, although possible, is unlikely to
occur in dilute solutions (<1M), such as those studied here.

To evaluate the electrochemical behaviour of
electrolytes, cyclic voltammetry (CV) experiments were
performed for 0.1M Al(OTF);/THF, 1:3 Al(OTF); + LiCl/THF
and 0.1M AICl;/THF using a gold working electrode in a
standard three electrode setup, the results of which are shown
in Fig. 3. The CV for 0.1M Al(OTF)3;/THF electrolyte (Fig. 3a)
reveals the electrochemical reduction of Al-ions with an onset
reduction potential ca. +0.15V (vs. Al/AlI3*). The addition of LiCl
at a 1:3 mole ratio (Fig. 3b) results in a shift in reduction
potential to ca. +0.4V along with a dramatic increase in current,
suggesting more facile Al electrodeposition in CI™
environment, similar to shifts observed in the magnesium
aluminum chloride complex electrolyte.’ This electrolyte also
exhibits a broad cathodic wave that extends beyond -1V,
possibly due to co-deposition of Li which is expected around
this potential versus the Al wire. CV measurements for the 1:2
mole solution were hindered by the formation of a gas bubble
on the surface of the gold electrode, whereas the 1:4 and 1:5
solutions exhibited a similar CV profile to that of the 1:3
electrolyte (Fig. S3).

these

rich

In contrast, the AlCl;/THF electrolyte exhibits a non-diffusion
controlled electrochemical reduction ca. OV for the 0.1M
solution (Fig. 3c) while a drastic shift in reduction potential is
evident at higher concentrations (0.75M) (inset of Fig. 3c). Two
adjoint cathodic waves are observed ca. +0.25V, which we
attribute to the electrochemical reduction of Al-ions. The shift
in electrochemical activity as a function of increasing
AICl; /THF concentration is shown in Fig. S2. Additionally, an
anodic peak is evident ca. +0.8V in the most concentrated
AICl; /THF solutions, this oxidative feature may have arisen as
a result of partial Al-stripping caused by the increased acidity of
the solution, likely due to the formation of AlCl; (THF) as we
have previously revealed by DFT/FTIR analyses.

To further understand the nature of the acidic environment
causing these immense differences in electrochemical behavior
of Al-ions in the CI~ rich environments (1:3 and 0.75M
AICl; /THF), a clear description of the ionic profile of both
electrolytes is necessary. According to previously discussed
spectroscopy analyses, the electrochemically active Al species
in the 1:3 electrolyte is likely the anionic species AlICl; arising
from ligand transfer which is promoted by excess amounts of
LiCl. In this system, AICl} is associated with Li — OTF CIP.
Comparatively, Alspeciation in AlCl;/THF is much more
diverse, and the origin of AICl} is intricate. It is well known that
AlCl; dimers may undergo symmetric and/or asymmetric
cleavage when dissolved in ethereal organic solvents.>””> While
DFT calculations revealed that both processes are equally
plausibale in THF,”® experimental evidence repeatedly



corroborates that these solutions are dominated by
AlCl3 (THF), .7#77 Interestingly, temperature dependant NMR
spectroscopy for this system suggested that AlCl;(THF),
undergoes self ionization to produce
[AICI; ][AIC]} (THF),].57.78 Hence, the acidic character of the
AlCl; /THF solution is perhaps also due to ionic association of
the AICl; to the highly acidic [AICI} (THF),] rather than the
charge neutral Li — OTF CIP.

To gauge the likelihood of deposition,
chronoamperometry was carried out on these three systems, in
dilute solutions ([Al]=0.1M) using a Cu foil substrate in a
standard three electrode setup. Chronoamperograms
corresponding to Al-plating from 0.1M Al(OTF);/THF, 1:3
Al(OTF);: LiCl/THF and 0.1M AICl; /THF are shown in Fig. 3d,
e and f, respectively. The potential for the AI(OTF);/THF
electrolyte was set to OV vs. (Al/AI3*), whereas the potential
for the AlICl;/THF and 1:3 electrolyte was set to +0.25V (vs.
Al/AI3Y). Over the course of these chronoamperometry
experiment, a cathodic current was obtained for all three
electrolytes. Despite the significantly lower electrodeposition
potential of the 1:3 electrolyte, the measured current in this
electrolyte is at least 2 orders of magnitudes higher than that of
the AI(OTF)3;/THF electrolyte. The total charge passed was
calculated by integrating the chronoamperometry curves, and
was found to be -196.3 mC, -47.47 C, and -131.8 mC for the Al-
triflate/THF, 1:3 Al-triflate:LiCl/THF and AICI3/THF, respectively.
To confirm that the reductive processes observed in cyclic
voltammetry and chronoamperometry plots correspond to
electrochemical reduction of Al-ions to Al-metal, a scanning
electron microscope (SEM) was used to evaluate the surface
morphology of the Cu substrates. Fig. 4 shows a series of SEM
images of an untreated Cu substrate (a,b), Al deposits obtained
from AlI(OTF)3/THF (c,d), 1:3 electrolyte (e,f), and AICl; /THF
(g-h).

Low magnification SEM images (Fig. S4) show that the 1:3
electrolyte exhibits high corrosivity as evident by the dark pits
on the surface of the Al/Cu. High magnification SEM imaging
for the Al deposits obtained from AlI(OTF);/THF reveal that
these deposits undergo structural
deposition to form streaks of nanoparticle agglomerates as
shown in (Fig. S6) probably due to the non-homogenous surface
of the Cu substrates.

To summarize, FTIR measurements complemented by DFT
calculations provided unique insight into Al complex ion
formation in Cl~ free (AlI(OTF)3/THF) and Cl~ rich
( AlCl;/THF and Al(OTF); + LiCl/THF) environments. The
spectral features associated with the OTF~
highlighted for the purpose of measuring the effect of CI~ on
Al-ion speciation and subsequently, the electrochemical
behaviour of Al-ions. At the cost of high corrosivity, CI™
significantly enhances the electrochemical activity of Al-ions.
Spectral analyses coupled with CV measurements for the Cl™
rich systems suggest that a sufficiently acidic ionic environment
may enable stripping of Al in THF. Finally, Al nanoparticles were
deposited potentiostatically from dilute solutions ([Al]=0.1M)
of all three systems.

aluminum

rearrangement during

anion were

Outlook

Organic electrolytes for Al-ion battery application are generally
overlooked due to their volatility and high flammability.
However, operational organic electrolytes typically comprise of
concentrated electrolytes where the effect of free solvent is
diminished leading to low volatility.>3 With regards to the
flammability of these systems, this hurdle may be overcome by
exploring additives that inhibit flammability via routes similar to
those investigated for Li-ion7? and Na-ion8° electrolytes.

We speculate that Al can be electrochemically deposited from
organic solvents of similar properties using AI(OTF);.
Extending this work to other systems while exploring numerous
additives may provide profound understanding of Al-anion and
Al-solvent interactions which could potentially lead to an
optimized, non-corrosive and safe organic electrolyte for
practical Al-ion battery application.
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Fig. 4 SEM images of (a-b) untreated Cu substrate, Al electrodeposits on Cu-substrate (vs. Al/AI3*) obtained from (c-d) 0.1M Al( /THF at OV for 24 hours, (e-f) 1:3
AI(OTF)3: LiCl/THF at +0.25V for 24 hours and (g-h) 0.1M AICl; /THF at +0.25V for 6 hours.
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