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ABSTRACT: We report the first synthesis of aluminum hexafluorophosphate 0
(AI(PF¢);) and its electrochemical properties in dimethyl sulfoxide (DMSO). The
single crystal structure of the synthesized Al(PF); is revealed as [Al(DMSO)]-
(PFq)3, and 0.25 M Al(PFy); in DMSO with high ionic conductivity is obtained. The
purity of this electrolyte was further confirmed with nuclear magnetic resonance
spectroscopy and electrospray ionization mass spectrometry. We then demonstrated
the reversibility of Al deposition—stripping in this electrolyte using scanning electron
microscopy and an X-ray photoelectron spectroscopy depth profiling study. The
parasitic reaction involving DMSO decomposition during Al deposition is also
identified via gas chromatography/electron ionization mass spectrometry. o

hile battery chemistries using multivalent cations as

working ions have always been tantalizing due to the
potential multiplication of capacity and energy density they
promise, the high valence of these ions also introduce
tremendous challenges in terms of solvation, transport, and
kinetics across interfaces. The multivalent cations investigated
thus far were mostly confined to bivalent ions such as Zn**,
Mg2+, or Ca?*," while the trivalent ions such as aluminum
(AP**) still remain beyond the horizon.

To date, the electrochemical deposition of Al can only be
achieved in electrolytes based on highly corrosive aluminum
halides, mainly aluminum chloride (AICL,).*~° Regardless of
the formulas of the electrolytes, which are either AICI;-
containing deep eutectic systems of molten salt or AICI,
solutions in organic solvents, the only active species known
to deposit Al are Lewis acidic chloroaluminate anions Al,Cl,~
and Al;Cl),~, with the former being the predominantly
reported species in the literature.” " The corrosive nature of
the chloride makes the chloroaluminate electrolytes imprac-
tical, particularly for the emerging research on rechargeable Al
batteries.'”'> A number of studies have also indicated that the
chloroaluminate electrolytes are not chemically compatible
with transition metal oxide, chloride, or sulfide cathode
materials.'”>~'® Furthermore, the anodic stability of the
chloroaluminate electrolytes is limited by the oxidation of
chloride, which occurs at fairly low potential and generates
highly toxic and even more corrosive gaseous chlorine.'”
Therefore, the development of chloride-free Al electrolytes is
critical to the development of rechargeable Al batteries.
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Al electrolytes based on weakly coordinating anions could
provide solutions that circumvent the disadvantages of
chloroaluminate electrolytes. Mandai et al.'® and Reed et
al."” studied the commercially available aluminum
trifluoromethanesulfonate (AI(CF;SO;);) in N-methylaceta-
mide (with urea additive) and diglyme, respectively. Although
the Al(CF;S0;); electrolytes exhibited wider electrochemical
window than the chloroaluminate electrolytes, they demon-
strate little reactivity of Al deposition and stripping. It is
believed that the ionic bonding between the CF;SO;™ anion
and AI’* cation is still too strong to achieve effective
dissociation. Al bis(trifluoromethanesulfonyl)imide (Al-
(TFSI);) was synthesized by Chiku et al. using AICl; and
bis(trifluoromethanesulfonyl]amine as the reactants in acetoni-
trile (MeCN).”° The main Al-containing species in the
obtained electrolyte was identified as [Al-
(TFSI),(MeCN)4_.]*® (non-fully dissociated AI(TFSI),
solvated by MeCN) from spectroscopic characterizations.
Certain reversible electrochemical behavior was demonstrated,
however, without unambiguous evidence of Al deposition and
stripping. Among the common weakly coordinating anions, the
hexafluorophosphate (PF,~) anion, which has predominantly
been used in the Li-ion battery industry, emerges as the natural
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Figure 1. (a) Single crystal structure of [Al(DMSO)](PF¢); (hydrogen atoms omitted for clarity). ESI-MS spectra of [AI(DMSO),](PF);: (b)

negative mode and (c) positive mode.

choice as it strikes a good balance between dissociation
constant and mobility as well as stability.”" In this study, we
report the successful synthesis of an Al(PF); electrolyte for
the first time and its preliminary yet encouraging electro-
chemical properties.

Al(PFg); was synthesized through the reaction between
ammonium hexafluorophosphate (NH,PF,) and triethylalumi-
num (Et;Al) as shown in reaction 1.

Et;Al + 3NH,PE — Al(PE), + 3NH; 1 + 3C,H,t

(1)
The experimental details can be found in the Supporting
Information. The selection of the solvent of this reaction was
restricted by the compatibility with Et;Al and solubility of
Al(PF¢);: EtjAl is very reactive toward olefinic groups,
carbonyls, grimary and secondary amines, hydroxyl groups,
and so on.”* One may also anticipate that the especially strong
Coulombic attraction between the trivalent AI** and the PF,~
anion renders it much more difficult for the ion solvation to
sufficiently compensate for energy loss during the disruption of
the rather stable Al(PFy), lattice. Eventually, we identify
dimethyl sulfoxide (DMSO) as the only proper solvent that
meets the above stringent requirements, with both good
solvation power for Al(PF,); and chemical stability with Et;Al

After the synthesis, the single crystals of Al(PF(); were
obtained from a saturated solution of Al(PF), in DMSO (0.25
M) by slow evaporation of DMSO at 90 °C for 2 days. The
structure of the single crystal as determined by X-ray
diffraction analysis (Figure la) reveals that Al(PF); consists
of AP** cations coordinated by six DMSO molecules. Three
PF,~ anions are located at ~6.6 A from the AI** cation. The
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detailed crystal structure information about [AI(DMSO).]-
(PFg); can be found in the Supporting Information. The ionic
species in the electrolyte were characterized by using
electrospray ionization mass spectrometry (ESI-MS). Figure
1b shows the negative mode of the spectrum, where the
dominant peak at 144.9 m/z can clearly be attributed to the
PF4™ anion. In the positive mode spectrum the dominant peak
at 221.0 m/z (Figure 1c) is attributed to the [AIF,(DMSO),]*
cationic fragment. We believe this was generated from the
ionization of [AI(DMSO),](PFy); with uncharged phosphorus
pentafluoride (PF;) as the other product, which cannot be
directly detected by mass spectrometer because of its
electroneutrality. As such, the fragmentation during ionization
is proposed as reaction 2.

[AI(DMSO),](PE),

— [AIE,(DMSO),]” + 2PE, + PE~ + 4DMSO  (2)

Overall, the neatness of both positive and negative modes of
ESI-MS, each with only one dominant peak, strongly confirms
the high purity of Al(PFy), synthesized in this work. The
content of Al and phosphorus (P) in the Al(PFy), salt was also
analyzed with inductively coupled plasma optical emission
spectroscopy (ICP-OES). The obtained P/Al molar ratio is
3.014, which is in excellent agreement with the theoretical ratio
in Al(PFy)s.

The ionic conductivity of 0.25 M Al(PF¢); electrolyte in
DMSO was measured as ~1.2 X 107> S cm™' at room
temperature, which, in comparison with the typical ion
conductivity of lithium ion electrolytes (107°—107* S cm™),
is sufficient to support ion transport in bulk electrolytes.
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Figure 2. (a) ¥Al, (b) 'H, (c) “F, and (d) 3'P NMR spectra of the 0.25 M AI(PF;), electrolyte in DMSO.

The composition of the electrolyte solution was further
identified through liquid-state nuclear magnetic resonance
(NMR) spectroscopy. The *’Al NMR spectrum (Figure 2a)
shows a sharp peak at 3.18 ppm corresponding to the AI**
cations coordinated by six DMSO molecules (in a 6-
coordination environment).”> No Al peak associated with
Et;Al was detected. In Figure 2b, the '"H NMR spectrum shows
two close singlets assigned to free DMSO at 2.52 ppm”* and
DMSO coordinated to AP* at 2.90 ppm. The integration ratio
of coordinated DMSO to free DMSO is 1:10, which matches
very well with the calculation based on the concentration (0.25
M). The F (Figure 2c) and *'P NMR spectra (Figure 2d)
demonstrate the existence of PF¢~ anions with high purity. The
doublet signal of PF¢ in '’F NMR at —72.47 and —74.35 ppm
occurred due to a ""F—'P coupling. Accordingly, the septet
signal in the *'P NMR spectrum from —131 to —158 ppm
represents PF~.”> There were no major impurities detected in
any of the NMR spectra; however, a very small peak in the '°F
NMR at —157.58 ppm was observed and attributed to
hydrogen fluoride (HF).”® The existence of HF in solutions
of hexafluorophosphate salts (e.g. LiPF,>"*® NaPF,>’ and
Mg(PFg),”") seems to be inevitable and is well documented
due to the existence of trace amounts of water in the solution,
despite the DMSO solvent used in this work has been
thoroughly dried and purified before use.

The cyclic voltammogram (CV) of the Al(PF); electrolyte
obtained on a platinum working electrode in a three-electrode
electrochemical cell is shown in Figure 3a (red curve). The CV
scan of 0.1 M LiPF¢ in DMSO in the same potential window
does not show any noticeable redox peaks (Figure S1 in the
Supporting Information). Therefore, the cathodic peak at
approximately —1.0 V and the anodic peak at 1.3 V (both
versus Al) in the CV curve correspond to the reversible Al
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deposition—stripping. The chronopotentiometry curve of Al
deposition on copper (Cu) working electrode at 0.15 mA cm™>
is plotted in Figure 3b (red curve), which demonstrates a
stable overpotential of approximately —1.1 V versus Al until it
rapidly increases after the 4 h mark. The deposition was
characterized by using a scanning electron microscope (SEM)
with energy dispersive X-ray (EDX) spectroscopy and X-ray
photoelectron spectroscopy (XPS). As the SEM image in
Figure 3c displays, the deposit obtained from the 025 M
Al(PF¢); in DMSO was small particles dispersed on the Cu
substrate. The *’Al, 'H, "F, and *'P NMR spectra of the
electrolyte after deposition (Figure S2) show no major
compositional changes; however, the 7A1 NMR spectrum
reveals the appearance of hydrated AI** cations (Al(H,0)¢*"),
and the F NMR spectrum indicates an increase in the HF
concentration. Both observations indicate that the trace
amount of water in the electrolyte causes parasitic reactions
during the electrochemical deposition. Aurbach et al.
previously demonstrated that a small amount of reducing
agent, such as di-n-butylmagnesium, could effectively remove
trace amount of water and lead to highly reversible Mg
deposition—stripping in the Mg-ion electrolyte.’’ With a
similar strategy, we added 250 ppm Et;Al to the 025 M
Al(PF); electrolyte. Indeed, in the presence of Et;Al which
serves as a water scavenger, the peak current of both peaks in
the deposition—stripping CV (blue curve in Figure 3a) was
significantly increased, and the overpotential of Al stripping
was lowered by 0.7 V compared to the pristine electrolyte. The
overpotential of the chronopotentiometry deposition of Al was
also reduced by 0.5 V after the addition of Et;Al, as presented
in Figure 3b (blue curve). Furthermore, the distinctly different
surface morphology of the Al deposit after the addition of
Et;Al is shown in Figure 3d. Unlike the particle deposit from
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Figure 3. (a) CV scans at 25 mV s™' in 0.25 M Al(PF); in DMSO with and without 250 ppm Et,Al additive. (b) Chronopotentiometry curve at
—0.15 mA cm™ with and without 250 ppm Et,Al additive; SEM images and EDX elemental mapping of Al deposit on Cu from 0.25 M Al(PF); in
DMSO (c) without and (d) with 250 ppm Et;Al additive.
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the pristine electrolyte, the deposit from the Et;Al-enhanced
electrolyte formed layers over a large area, suggesting a more
uniform and efficient electrodeposition process. The EDX
elemental mappings clearly display the distribution of the Al
element on the Cu substrate (full spectra are in Figure S3).

The Al deposition was further analyzed with XPS to identify
the composition of the deposits. Figure 4a shows Al 2p XPS
spectra with depth profiling after electrodeposition from
electrolyte without the Et;Al additive. Two deconvoluted
peaks at 77.0 and 75.8 eV in the spectrum of the pristine
surface (0 min argon sputtering) were attributed to aluminum
fluoride (AIF,) and aluminum oxide (AlLQ;), respectively.’”
After sputtering for 2 min with argon ions, the relative intensity
of the AIF; peak decreased compared to that of ALO;.
Additionally, a new peak at 74.8 eV, which can be assigned to
the thin Al O, layer on metallic Al,>* emerged in the spectrum.
After sputtering for 18 min, the peak at 75.8 eV representing
the thick Al,O; layer diminished in the Al 2p spectrum.
Meanwhile, the relative intensity of the thin AlL,O; layer on
metallic Al peak significantly increased. Furthermore, a pair of
peaks at 72.6 eV (Al 2p;,,) corresponding to metallic Al
emerged in the spectrum.”™ These observations indicate that
the deposition of metallic Al occurs simultaneously with the
formation of Al,O; during the initial period of deposition. The
Al and Al,O; may subsequently react with the HF impurity in
the AI(PFq); electrolyte to form AlF;, which appeared close to
the surface of the deposit. Adding Et;Al significantly alleviated
the formation of AlF;, as shown in Figure 4b. Compared to the
pristine surface deposited from the electrolyte without Et;Al,
the surface layer from the electrolyte with Et;Al shows a
weaker AlF; signal. More importantly, the peaks of metallic Al
emerged after only 2 min of sputtering in the absence of peaks
representing the thick Al,O; layer. These XPS results further
confirm that the addition of Et;Al facilitates Al deposition by
removing H,O and the related parasitic reactions due to HF.
Unfortunately, the formation of AL, O; seems an inherent
parasitic reaction of Al deposition regardless of whether Et;Al
was added.

The possible mechanism of Al,O; formation was probed by
using gas chromatography/electron ionization mass spectrom-
etry (GC/EI-MS) (spectrum shown in Figure S4) during the
chronopotentiometry deposition of Al. In both electrolytes
with and without Et;Al, gaseous dimethyl sulfide (C,H,S) was
detected with GC/EI-MS during Al deposition. Therefore, the
side reaction (or one of the side reactions) involving the
reduction of DMSO during electrodeposition is proposed as
reaction 3.

2APT + 6e” + 3C,H,0S — Al O, + 3C,HST 3)

Our work demonstrates the first successful synthesis of the
chloride-free Al electrolyte based on the weakly coordinating
PF4™ anion. Electrochemical deposition—stripping of Al from
the electrolyte of Al(PF); in DMSO was demonstrated to be
reversible, particularly after removal of the water impurity by
the addition of a small amount of Et;Al. We also found that Al
deposition—stripping is undermined by the continuous
cathodic decomposition of DMSO on the electrode surface
to form Al,O;. It remains a challenge to find better solvents for
Al(PF); that must be able to dissolve the salt while being
chemically and electrochemically stable. The future strategies
should focus on the substitution of PF4~ with a more weakly
coordinating and stable anion that can be dissolved in the
solvent with better cathodic stability.
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