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Commercial aluminium triflate and aluminium bis(trifluoromethane-
sulfonyllimide salts are hydrates, which renders water containing electro-
lytes that passivate electrodes through Al(OH); formation. By acid—base
reactions we produce anhydrous salts and the resulting anhydrous
electrolytes demonstrate enhanced electrochemical activity, paving the
way for aluminium battery development.

Rechargeable aluminium batteries (AlBs) have garnered significant
attention in recent years due to the vast theoretical capacity of Al
metal electrodes and the crustal abundance of Al' While the
negative electrode reactions of Al plating and stripping are funda-
mental to AlBs, they can only be achieved in a few electrolytes at
room temperature,™ most often chloroaluminate ionic liquids,
such as AlCl; and 1-ethyl-3-methylimidazolium chloride (EMImCI)
mixtures.”® However, the highly corrosive nature of these electro-
lytes presents a significant barrier to study and develop electrode
materials and make practical AlBs.® This has prompted extensive
research efforts toward developing less corrosive electrolytes.®™*
A fundamental approach to address this challenge is to use non-
corrosive or less-corrosive aluminium salts, such as aluminium
triflate  (AI(OTf);)”**"* and aluminium bis(trifluoromethane-
sulfonyl)imide (Al(TFSI),).>® However, for Al(OTf)s, its hygroscopic
nature and hydration have been reported to hinder the reversible Al
plating/stripping.'>'* Moreover, dehydration of Al(OTf), is challen-
ging due to decomposition upon heating to the temperature
needed.” Indeed, hydration is a common issue for aluminium
salts, in particular for those with monovalent bulky anions, due to
strong AI**-water interactions and cation-anion size mismatch.'*>
As for Al(TFSI);, that recently has become commercially available,
the same issues can be expected. In this study, we investigate
commercial, hydrated, Al(OTf); and Al(TFSI); and the impact of the
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water on the electrochemical reactions, and how anhydrous salt
synthesis and subsequent use can improve performance.

Based on a previous report on the synthesis of Al(TFSI)
anhydrous Al(TFSI); and Al(OTf); were synthesized in a water-
free atmosphere through acid-base reactions between
Al(C,Hs); and the corresponding acids (ESIf). Commercial
Al(OTf); from Sigma Aldrich and Thermo Fisher Scientific,
and Al(TFSI); from Boron Molecular were used as received.
We start by examining and comparing the hydration of the
different salts, followed by creation and characterisation of
various non-aqueous electrolytes, and finally we demonstrate
the resulting electrochemical differences and elucidate the
mechanisms behind.

The commercial Al(TFSI); and Al(OTf); salts exhibit char-
acteristic O-H stretching and H,O bending peaks in their
infrared spectra (Fig. 1a and b), clearly showing their hydrated
state. In contrast, the salts synthesized have no such signatures
and hence successful preparation of anhydrous compounds is
verified. The water content was further quantified by Karl
Fischer titration. Commercial Al(OTf); and Al(TFSI); contain
ca. 3 and 5 moles of water per mole of salt, respectively, while
the synthesized salts only 0.02-0.03 moles (Table S1, ESIY),
resulting in 120-140 ppm water in 0.3 mol kg~ (m) electrolytes
(Table S2, ESIt). Reducing the water content in the salts even
further is quite challenging due to their hygroscopic nature,
making them to vividly absorb water from precursors and
synthesis solvent(s), and perhaps also experimental equipment.
Thus, reducing the water content in the electrolyte, which will
be discussed later, is more practical.

To further verify successful and pure salt synthesis, the S/Al
ratio was investigated using inductively coupled plasma atomic
emission spectroscopy (ICP-AES). The synthesized Al(OTf); and
the commercial one from Aldrich showed S/Al ratios of 3.15 and
3.06, respectively, thus close to the theoretical 3.0 (Table S1,
ESIt). In contrast, synthesized Al(TFSI); and the one from
Boron molecular showed some larger deviations from the
theoretical 6.0 (Table S1, ESIf). Synthesized Al(TFSI); (6.4)
might have residual HTFSI or decomposition products of
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Fig. 1 ATR-FTIR spectra of commercial and synthesized (a) A(OTf)z and (b) A(TFSI)s salts.

HTFSI included, while the commercial salt (5.7) might have
contamination by other anions, such as Cl™. Thermal gravi-
metric analysis shows that the commercial Al(TFSI); salts
undergo an 80% weight loss at 150 °C (Fig. S1, ESI{), which
we attribute to simultaneous decomposition and dehydration.
Additionally, the temperature closely matches the decomposi-
tion temperature of the synthesized salt. Thus, as hypothesized
above, simple thermal treatment is not a viable path to dehy-
drate AI(TFSI);, in analogy to Al(OTf),."?

0.3 m electrolytes were made by using acetonitrile (AN) and
1-butylimidazole (BIm) as solvents.*® The infrared spectra of
commercial Al(OTf); and Al(TFSI); in AN show a broad peak in
the 2600-3600 cm ™' O-H stretching range, suggesting presence
of an extensive hydrogen bond network involving H,O and AN
(Fig. 2a).

Using the C=N stretching band region (Fig. 2b) pure AN
has in fact two features, the C=N stretch at 2253 cm ™' and an
additional band at 2293 cm ' from a combination of C-C
stretch and CH; deformation modes.'” Using the synthesized
Al(OTf); there are minor peaks of cation uncoordinated “free”
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AN, but significant peaks with notable blue shifts, at 2312 and
2339 cm " (Fig. 2b, #1 and #2), indicating strong AI**-AN
coordination as it is similar what was reported previously for
AlCI; in AN and attributed to [AICI(AN);]** and [AI(AN)]*"."® In
contrast, the spectrum of commercial Al(OTf); shows compara-
tively more “free”” AN and less coordinated AN (Fig. 2b). More-
over, the latter exhibited two additional peaks at 2304 and
2272 em™ " (Fig. 2b, #3 and #4). The blue shift of the C=N
stretch band (~20 cm™?) is larger than that of AN hydrogen-
bonded to H,O (~5 cm™*),"® but very similar to that of AN
coordinated by Li* (~20 cm™").?>*! Thus, it can be attributed
to moderately strong interaction of AN with AI>*, most probably
in the second cation solvation shell. Similar results were
observed for the AI(TFSI); in AN electrolytes (Fig. S2, ESIY),
demonstrating that AI** preferentially coordinates with H,O
over AN.

Similar to the AN electrolytes, the BIm electrolytes display
clear signatures of direct AI’*~BIm coordination,*” but for the
water containing electrolytes there is again broader peaks
(Fig. S3, ESIf) indicating again that AI** preferentially
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Fig. 2 ATR-FTIR spectra of 0.3 m commercial and synthesized (a) A(OTf)s in AN and (b) enlarged figures in the range of 2400-2200 cm™.
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coordinates with H,O and Bim is relegated to the second or
outer cation solvation shells. For all the electrolytes, the strong
and preferential coordination between AI** and H,O effectively
hinders common attempts to eliminate the water — and will
most likely also affect the electrochemical performance.

Turning to the electrochemistry, the open-circuit potential
(OCP) using Al electrodes depends primarily on the solvent
used than the salt employed (Table S3, ESIT). The AN electro-
lytes resulted in an OCP of ca. —1.1 V vs. Ag'/Ag (—0.1 V vs.
SHE), while the BIm electrolytes exhibited a more negative OCP
of ca. —1.8 V vs. Ag'/Ag (—0.8 V vs. SHE) The electrolyte of
synthesized Al(TFSI); in BIm showed the most negative OCP at
—2.2 V vs. Ag'/Ag (—1.2 V vs. SHE). These variations from the
standard aqueous Al**/Al electrode potential (—1.66 V vs. SHE)
stem from differences in solvation energy and ion pair for-
mation, similar to what has been observed for AlCl;-[EMIm]CI
electrolytes: —0.7 V vs. SHE for AICl;-[EMIm]CI (2:1).*

In contrast, the cyclic voltammetry (CV) reveals clear differ-
ences between the commercial and synthesized salt based
electrolytes; negligible activity for the former AN electrolyte
and a reversible redox peak near 0 V vs. AI**/Al, indicating Al
plating/stripping, for the corresponding latter electrolyte
(Fig. 3a).

Somewhat similarly, the CV using a glassy carbon (GC)
electrode shows the commercial Al(OTf); based AN electrolyte
to produce only a reduction peak, but no oxidation peak, and
furthermore the current density decreased significantly below
—0.8 V vs. AI’'/Al, a clear signature of electrode passivation
(Fig. 3b). In contrast, the corresponding synthesized salt based
electrolyte enabled a quasi-reversible redox behaviour (Fig. 3b),
although with a larger reduction overpotential than when using
the Al electrode. While both were very low, the latter achieved a
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Fig. 3 CV of (a) Aland (b) GC working electrodes vs. 0.3 m Al(OTf)s in AN,
and (c) Al and (d) GC working electrodes vs. 0.3 m AUTFSI)s in BIm
electrolytes.
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Coulombic efficiency of ~40%, which is markedly higher than
the ~10% of the former (Fig. S4, ESIf). Qualitatively the
commercial and synthesized Al(TFSI); in AN electrolytes show
similar trends, but the synthesized Al(TFSI); electrolyte exhibits
a lower current density than the Al(OTf); counterpart. This can
be due to the passivation effect by reductive anion decomposi-
tion or the salt impurities (Fig. S5, ESIT).

Moving to the BIm electrolytes, the one based on synthe-
sized Al(TFSI); demonstrated a highly reversible behaviour
when using an Al electrode between —0.5 and 0.5 V vs. AI**/Al
(Fig. 3c). Using GC electrodes, the synthesized Al(TFSI); in BIm
electrolyte showed passivation near —0.8 V vs. AI>*/Al (Fig. 3d),
yielding ca. 50% lower Coulombic efficiencies (~20%) than the
AN electrolyte (Fig. S6, ESIT). While the current density is lower
than that reported for the [Al(BIm)y][TFSI]; electrolyte,® likely
due to the lower operating temperature, the Coulombic effi-
ciencies closely match, further supporting the passivation
hypothesis. The commercial AI(TFSI); in BIm electrolyte
showed more than ten times higher reduction current using
both Al and GC electrodes (Fig. S7, ESIt). Overall, side reac-
tions, including water reduction, are promoted by the lower
operating potential of the BIm electrolytes.

The above points to distinctly different degradation mechan-
isms at play for the different electrolytes. The water containing
BIm electrolytes show electrochemical water reduction,
whereas the corresponding AN electrolytes do not, suggesting
passivation through chemical reactions between the alumi-
nium metal electrode and electrolyte water — but both result
in electrode passivation. To further investigate these passiva-
tion mechanisms, we conducted STEM and EELS analyses of an
electrode subject to constant-potential electrodeposition using
an Al(TFSI); in BIm electrolyte. Cross-sectional STEM imaging
revealed a ~500 nm thick deposit containing both aluminium
and oxygen throughout (Fig. 4a) and EELS confirmed the
deposit to be Al,0; (Fig. 4b).>* For this, we have identified
two possible formation pathways: (1) electrochemical water
reduction generating hydroxide ions, followed by Al(OH); pre-
cipitation with AI**, and (2) initial electrochemical metallic Al
deposition followed by chemical reaction with water to form
Al(OH);. Indeed, during the STEM sample preparation and
analysis, the Al(OH); precipitate likely dehydrated to form the
observed Al,0;. Based on combining the CV and the STEM
results, the first pathway appears to be the dominant mecha-
nism when using the Al(TFSI); in BIm electrolyte, whereas the
second pathway likely dominates when using the AN
electrolyte.

Finally, to further reduce the water content, we employed
either an Al(C,Hs); water scavenger or a 3A molecular sieves
treatment for the synthesized Al(OTf); in AN (~ 120 ppm water).
Adding 0.01 m of Al(C,H;); reduced the water content to
~65 ppm, while the molecular sieve treatment achieved a
significantly lower level of ~20 ppm (Table S2, ESIt). However,
the molecular sieves induced partial K'/Na®™ and AI’* ion
exchange, as confirmed by the increased “free” AN peak in
the FTIR spectra (Fig. S8, ESIT), suggesting a lower AI**
tration. The CV using an Al electrode shows these dry
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Fig. 4 (a) Cross-sectional STEM image and EDS mappings of a Pt electrode after constant potential electrodeposition. (b) Al-L, 3 EELS spectra of the
deposit. The Al,O3 and Al spectra were obtained from ref. 24. (c) Schematic illustration of possible reaction pathways to form Al(OH)s passivation layer.

electrolytes to demonstrate significantly higher current densi-
ties than the untreated electrolyte (Fig. S9, ESIt). Moreover, the
Al(C,H;); added electrolyte exhibited faster current decay than
the molecular sieve-treated one, revealing a significant impact
of the trace water on the passivation. In addition, the CV using
the GC electrode shows much lower overpotential and a sharper
peak at ca. 0 V vs. AI**/Al with higher Coulombic efficiency
(~50%) in the molecular sieve treated electrolyte (Fig. S10,
ESIt) than for the untreated electrolyte. Nevertheless, the
current density was two orders of magnitude smaller than that
in AICI;-[EMIm]CI (2:1),>® indicating a slow reaction rate.

In conclusion, while commercial Al(OTf); and Al(TFSI); salts
only exist as hydrates, anhydrous salts, indeed possible to
synthesize, are a prerequisite to avoid electrode passivation
and maintain electrochemical activity. Yet, while we can
demonstrate partially reversible electrochemistry on both Al
and GC electrodes, the current density and Coulombic effi-
ciency must be improved for any practical AIB application by
electrolyte design, including the anion and solvent selection.
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