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Enhancing the performance of electrolytes stands as one of the key challenges for moving toward practical
applications of Mg batteries. Within this work, we investigate different synthesis procedures for the state-of-
the-art MgAlhfip electrolyte. The results show that the purity and electrochemical performance of MgAlhfip
electrolytes depend on whether they are synthesized from organometallic or inorganic reagents.
Additionally, electrolyte properties vary depending on the electrolyte preparation method, either in situ
electrolyte formation or salt isolation. To improve electrolyte performance, we explore two approaches:
additional salt isolation steps and the use of a scavenging additive. Salt precipitation results in a modest
improvement in the coulombic efficiency of Mg plating/stripping, while a scavenging additive

significantly reduces overpotentials and enhances coulombic efficiency, especially in electrolytes
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Accepted 30th December 2023 synthesized from inorganic reagents. Finally, investigated syntheses are evaluated in terms of their
practical applicability through procedure complexity and costs of used chemicals. Based on this, we
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Introduction

With the ever-increasing demand for energy storage systems,
the quest for sustainable and economically feasible alternatives
to conventional lithium-ion batteries has intensified. Among
various options, magnesium batteries have emerged as
a promising alternative. One key advantage of Mg batteries is
the abundance of Mg in the Earth's crust. Unlike lithium, which
is considered a critical raw material by the EU and is only found
in a few regions of the world," Mg resources are abundant and
evenly distributed, which makes Mg batteries a more sustain-
able choice in terms of resource availability, environmental
impact, and geopolitical implications. Additionally, Mg metal
has a low redox potential (—2.37 versus SHE) and offers a higher
volumetric capacity (3834 mA h cm™®) compared to Li (2063
mA h em™?), making it a promising anode material for post-

lithium energy storage. However, the development of
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electrolytes for Mg batteries remains an ongoing challenge,
calling for further research to realize their potential.

The initial development of Mg electrolytes was based on
Grignard reagent solutions, obtained through the reaction
between Mg metal and organic halides. Despite exemplifying
Mg plating, such electrolytes demonstrated poor oxidative
stability and low ionic conductivity.” Improved oxidative
stability and conductivity of electrolytes was achieved upon the
addition of Lewis acids,’ resulting in the development of DCC
(dichloro complex)*® and APC (all-phenyl complex)® electrolytes,
which enabled reversible Mg plating/stripping with high
coulombic efficiency within the electrochemical window of up
to 2.1 V and 3.3 V versus Mg/Mg>*, respectively. Given the
pyrophoric nature and nucleophilic characteristics of organo-
metallic electrolytes, the development of Mg electrolytes
focused on electrolytes with reduced reactivity, based on non-
nucleophilic active species. Notably, electrolytes such as hex-
amethyldisilazide magnesium chloride,”® MACC (magnesium
aluminate chloride complex),>'® and Mg(TFSI),-MgCl, '**?
(TFSI-bis(trifluoromethanesulfonyl)imide) are less reactive and
demonstrated improved oxidative stability, but fell short of
delivering targeted coulombic efficiencies above 99%. Addi-
tionally, the presence of chloride species renders them corrosive
towards common non-noble current collectors and cell casings,
limiting their practical applications.”® The first chloride-free
electrolyte, Mg(BH,),, demonstrated moderate Mg plating/
stripping efficiency, but suffered from limited oxidative

This journal is © The Royal Society of Chemistry 2024
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stability due to the reductive nature of the BH, anion. A
milestone in Mg electrolyte development was the introduction
of salts with weakly coordinating anions (WCA). MMC
(magnesium mono carborane, Mg(CB;;H;,),) emerged as
a promising candidate, exhibiting low overpotentials (0.25 V),
high coulombic efficiencies (80-94%), and high oxidative
stability (3.8 V versus Mg/Mg>"). However, the complex synthesis
of carborane salt using expensive reagents could limit its
practical application.”

The current golden standard of WCA-based electrolytes are
fluorinated alkoxyborates and alkoxyaluminates. Among these,
a specific Mg alkoxyborate, 1,1,1,3,3,3-hexa-
fluoroisopropoxyborate (Mg[B(hfip),],), served as a model
compound and has been extensively studied in recent years. In
Mg plating/stripping experiments, the Mg[B(hfip),], electrolyte
demonstrates coulombic efficiencies above 90% and low over-
potentials (70 mV). Moreover, it offers high ionic conductivities
and is compatible with various cathode materials."® An addi-
tional improvement in electrochemical properties has been
observed by changing the boron central atom to aluminum. To
the best of our knowledge, four studies have reported Mg
[Al(hfip),], salt (referred to as MgAlhfip) in recent years, each
following a different synthesis route. In 2016, Herb et al. re-
ported an in situ approach where the MgAlhfip electrolyte was
prepared by dissolving Mg and Al fluoroalkoxides, Mg(hfip),
and Al(hfip)s, in ethereal solvents. The as-prepared electrolytes
enabled reversible Mg plating/stripping with high coulombic
efficiency (99.0% in 0.25 M electrolyte in monoglyme (G1)),
exhibited oxidative stability of >3.5 V versus Mg/Mg?*, and ionic
conductivity of 6.50 mS cm™".” A year later, Zhao-Karger et al.
reported the MgAlhfip electrolyte, synthesized through a more
robust procedure via an anion metathesis reaction between Na
[Al(hfip),] (referred to as NaAlhfip) and MgBr,. The study
primarily focused on the Mg[B(hfip),], electrolyte, providing
only one cycle of CV measurement in the MgAlhfip electrolyte to
confirm the reversible Mg plating/stripping.’® In 2019 Keyzer
et al. reported on a series of Mg alkoxyaluminates, which were
synthesized through a general procedure including the
Mg(AlH,), reactant and different fluorinated alcohols. Since the
synthesis of Mg(AlH,), includes MgCl, reactant, the resulting
product salts contain chloride anions, which affect the elec-
trolyte performance. A specific electrolyte, 0.25 M MgAlhfip in
G1, was tested in linear sweep voltammetry experiments on
different current collectors, whereby the electrolyte exhibited
the highest oxidative stability of 3.0 V (versus Mg/Mg>*) on Al
Reduced oxidative stability compared to a previous report'” was
attributed to the presence of chloride in the electrolyte causing
the corrosion of the electrode surface.” In the most recent
report by Mandai et al (2021), MgAlhfip was synthesized
through a one-pot synthesis using organometallic reagents and
HFIP." Our group introduced an additional modification where
the salt was isolated from the reaction mixture through
precipitation from hexane. The electrolyte in diglyme (G2)
demonstrated high performance with 99.4% coulombic effi-
ciency of Mg plating/stripping and overpotentials below 50 mV,
surpassing previously reported results.*

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry A

In recent reports it has been shown that the selection of the
synthesis procedure can significantly impact the purity of the
product and, consequently, the electrochemical performance of
electrolytes.>® Moreover, Yang et al. demonstrated that solvent
quality alone can have a substantial influence on electro-
chemical performance in Mg(TFSI),-based electrolytes.”” As the
reported MgAlhfip electrolytes have been investigated under
different conditions: different solvents and concentrations,
electrochemical protocols, and cell configurations, a perfor-
mance comparison between the literature results is possible
only to a very limited extent, and key parameters influencing the
electrolyte performance cannot be assessed.

In the present work, we evaluate different synthesis proce-
dures for the state-of-the-art MgAlhfip electrolyte. MgAlhfip
electrolytes were synthesized following four reported proce-
dures and characterized by IR and NMR spectroscopy, as well as
ICP-OES. Through the electrochemical characterization of
electrolytes in G2 solvent, we evaluate the use of inorganic
versus organometallic reagents for salt synthesis. The purity of
the electrolytes is identified as the key factor influencing the
electrochemical performance. To enhance the latter, we follow
two strategies: (i) additional salt isolation steps, which aim to
improve the purity of the obtained salts, and (ii) the use of
a scavenging additive, which aims to react with impurities in
electrolytes and mitigate their adverse effect on the electro-
chemical performance. While electrochemical performance
remains a decisive factor in laboratory experiments, the tran-
sition from lab-scale to commercial production necessitates
a delicate equilibrium between performance and material cost.
Thus, we evaluate the costs and complexity of synthesis proce-
dures and highlight the pros and cons of each synthesis.

Experimental

All synthesis procedures, electrolytes preparation, and cell
assembly were conducted in an argon-filled glovebox with water
and oxygen levels below 0.1 ppm.

Syntheses of salts

1.0 M n-Bu,Mg/heptane (Sigma-Aldrich), 2.0 M Al(CHj;);/toluene
(Sigma-Aldrich), Al(CHj3); (Abcr, 98%), 6-10 wt% Mg(OCHz;),/
methanol (Sigma-Aldrich), MgBr, (Sigma-Aldrich, 98%) and
MgCl, (Alfa Aesar, ultra-dry, 99.9%) were used as received.
NaAlH, (Sigma-Aldrich, 97%) was purified following a literature
procedure.’® 1,1,1,3,3,3-Hexafluoroisopropanol (HFIP) (Fluo-
rochem, 99%) and hexane (Carl Roth, >95%) were dried with 4 A
molecular sieves for 4 days before use. Tetrahydrofuran (THF)
(Honeywell, >99.9%), 1,2-dimethoxyethane (G1) (Honeywell,
HPLC grade, 99.9%), and diglyme (G2) (Acros Organics, extra
pure, 99%) underwent a three-step drying procedure, including
drying with 4 A molecular sieves for 3 days, one day under reflux
with Na/K alloy (1/3 wt%), and fractional distillation. The final
water content of the as-dried solvents, determined by Karl
Fischer titration, was below 1 ppm, which is the detection limit
of the instrument at a specific sample volume of 5-10 mL.
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MgAlhfip salts were synthesized following four literature
procedures. The names of the salts correspond to the used Mg-
based reactants as MgAlhfip_OMe, MgAlhfip_Br, MgAlhfip_Cl,
and MgAlhfip_Bu for syntheses from Mg(OCHs;),,"” MgBr,,"
MgCl,," and Bu,Mg" reactants, respectively.

Synthesis of 0.4 M MgAlhfip_OMe electrolyte.”” Mg(hfip),
and Al(hfip); were synthesized from Mg(OCHj3;), and Al(CH3); by
the addition of HFIP, following the literature report."”” MgAlh-
fip_OMe electrolyte was obtained by mixing the appropriate
amounts of Mg(hfip), and Al(hfip); in a 1: 2 ratio in the selected
solvent.

Synthesis of 0.4 M MgAlhfip_Br electrolyte.® NaAlhfip was
synthesized through a reported procedure.”® The appropriate
amounts of MgBr, and NaAlhfip in a 1: 2 ratio were stirred for
24 hours at room temperature. The solution was filtered and the
colorless filtrate was used as an electrolyte.

Synthesis of MgAlhfip_Cl salt."”® A mixture of 0.540 g (0.01
mol) NaAlH, and 0.476 g (0.005 mol) MgCl,, along with ten
10 mm diameter steel balls, was placed in a hardened steel
vial with a Viton O-ring seal inside a glove box. The ball-to-
powder weight ratio was approximately 35:1. The solids
were milled in a SPEX-8000 mill for 1 hour, resulting in
a powder mixture of Mg(AlH,), and NacCl. In a separate flask
loaded with 100 mg of the Mg(AlH,),-containing solid and
7 mL of G1, 0.9 mL of HFIP (0.008 mol) was added dropwise.
The reaction mixture was stirred at room temperature over-
night. The resulting chloride-containing mixture was isolated
by filtration through a PTFE membrane. A solvent from a clear
colorless filtrate was removed under vacuum, yielding a white
solid product, MgAlhfip_CI.

Synthesis of MgAlhfip_Bu salt.">** HFIP (2.5 eq. versus Mg,
18.8 mmol, 2.0 mL) was dropwise added to a solution of n-
Bu,Mg in heptane (7.5 mmol, 7.5 mL). The solvent and
remaining HFIP were removed under vacuum, resulting in the
formation of a white powder, Mg(hfip),. Mg(hfip), was dissolved
in 30 mL of G1, and a solution of Al(CHj;); in toluene (2.02 eq.
versus Mg, 15.1 mmol, 7.6 mL) was added. Afterward, HFIP (3.5
eq. versus Al, 52.6 mmol, 5.6 mL) was added gradually over
a period of 1 hour. After stirring at room temperature for 24 h,
the solution was concentrated under reduced pressure and
added to hexane to precipitate the MgAlhfip_Bu salt. The salt
was filtered and dried under a vacuum at 50 °C for 48 hours.

Theoretical elemental composition of [Mg(G1);][Al(hfip),],:
Mg 1.44, Al 3.20, O 13.29, C 25.66, F 54.12, H 2.27.

To study the effect of the isolation procedure on salt purity,
additional steps were employed. MgAlhfip_OMe salt was iso-
lated from the initially in situ synthesized electrolyte using
two methods: (i) solvent evaporation, where G1 solvent was
evaporated under vacuum for 48 h at 50 °C to obtain the white
solid product, and (ii) precipitation of the salt, where G1
solvent from the in situ electrolyte was evaporated under
reduced pressure to obtain a concentrated solution, which
was dropwise added into hexane to precipitate the salt. The
salt was filtered and dried under vacuum for 48 h at 50 °C to
obtain a white solid product. Procedure (ii) was employed also
for the MgAlhfip_Cl.

3388 | J Mater. Chem. A, 2024, 12, 3386-3397
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Preparation of electrolytes

All electrolytes were investigated at a 0.4 M concentration,
which was previously determined as the optimal composition at
which the MgAlhfip electrolyte exhibited maximum ionic
conductivity.” MgAlhfip OMe and MgAlhfip_Br electrolytes
were prepared in situ in G2 solvent, following the reported
procedures.*®"” For electrolytes obtained from solid products,
the calculated amount of the selected MgAlhfip salt was added
to a measuring flask and diluted with G2 solvent to obtain
a 0.4 M concentration. To investigate the impact of the scav-
enging additive, Al(CH;); was added to the prepared electrolytes
at 5 or 50 mM concentration.

Characterization of salts and electrolytes

IR characterization was conducted under an inert atmosphere
using an ATR-IR Alpha II (Bruker) equipped with a Ge crystal. All
spectra were recorded at room temperature. Measurements
were collected and averaged over 48 scans in the range of 3000
to 600 cm™'. '"H and '’F NMR spectra were measured on
a Bruker AVANCE NEO 600 MHz NMR spectrometer using
DMSO-de solvent. Chemical shifts are reported in ppm, refer-
encing the residual solvent peak (in "H spectra) and trifluoro-
acetic acid (in '°F spectra). For ICP-OES analysis, samples were
prepared by weighing 100 mg of the selected salt or electrolyte
into a 20 mL measuring flask and diluting it up to the mark with
1% HNO; solution. The concentrations of Mg, Al, and Na were
measured with a 5100 ICP-OES SVDV (Agilent Technologies).
Calibration standard solutions were prepared using the ICP
multi-element standard solution IV (23 elements, 1000 mg L™,
Sigma-Aldrich, Merck) diluted with a 1% HNO; solution. The
calibration range was from 1 pg L' (Mg and Al) or 3 ug L™ " (Na)
to 1000 pg L', The limit of quantification (LOQ) was 1 ug L™
for Mg and Al, and 3 pg L™" for Na. The emission lines for
element determination were Na at 589.592 nm, Mg at
279.553 nm, and Al at 396.152 nm. The water content of elec-
trolytes was measured at 0.4 M salt concentration with samples
of at least 0.3 g to access the detection limit of 30 ppm (LOD of

10 pg).

Electrochemical characterization

Electrochemical testing was performed in galvanostatic mode
with a VMP3 potentiostat from Bio-Logic S. A. in 2-electrode
Swagelok-type cells. Cells were assembled with three glassy
fiber separators (GF/A, Whatman, 260 pum) wetted with
approximately 100 uL of the selected electrolyte. Mg foil (0.1
mm, 99.95%, Changsha Rich Nonferrous Metals) was polished
with P1200 sandpaper inside the glovebox before being used
as an anode. Mg plating was performed at a current density of
1.0 mA cm ™~ on the platinum (Pt) electrode for 1 h, followed by
stripping until a cut-off voltage of 2.0 V. To ensure the result
reproducibility, all electrochemical measurements were con-
ducted in three parallel cells. The reported comparisons
(absolute differences) among different data sets refer to the
plotted data, which represent the middle values of the three
parallel cells.

This journal is © The Royal Society of Chemistry 2024
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The electrochemical performance of the electrolytes was
evaluated by comparing their coulombic efficiencies, over-
potentials, and activation periods. The activation period corre-
sponds to the initial cycles of battery operation, during which
different electrochemical processes occur, such as the forma-
tion of an SEI layer and conditioning of electrode surfaces. The
activation period was considered complete when stable cycling
was achieved with observed variations in coulombic efficiency
of less than 1% (absolute error). In cases where electrolytes
demonstrated poor performance, stable cycling was not ach-
ieved, and the termination of the activation period was deter-
mined when the coulombic efficiency started decreasing.

Results and discussion

The synthesis of electrolytes is influenced by multiple factors,
one of which is the type of reagents employed. In particular, the
selection of inorganic versus organometallic reagents can
significantly impact the complexity of the synthesis as well as
the resulting properties of the electrolyte. Inorganic reagents
often offer well-defined and straightforward synthesis routes,
while organometallic reagents can provide more flexible ligand
structures with tunable properties. In this work, the MgAlhfip
was synthesized following four different procedures, two
including inorganic and two including organometallic reagents
(Fig. 1). Based on the source of Mg”" ions in the final salt, we
refer to the synthesized products as MgAlhfip_ OMe, MgAlh-
fip_Br, MgAlhfip_Cl, and MgAlhfip Bu when Mg(OCHj3),,"”
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MgBr,,"* MgCl,,"® and Bu,Mg" reactants were employed,
respectively.

MgAlhfip_OMe and MgAlhfip_Br electrolytes were prepared
in situ in G2 and were characterized in such form, if not stated
otherwise. MgAlhfip_Cl and MgAlhfip_Bu were synthesized and
characterized as solid salts. Note that in the original reports,
MgAlhfip_Cl salt was synthesized in THF and MgAlhfip_Bu in
G1 solvent.”®" Solvent selection plays an important role since
its molecules coordinate the Mg>" cation and thus determine
the structure of the salt.>® To ensure a comparable structure of
both synthesized salts, the MgAlhfip_Cl synthesis procedure
was modified by replacing the THF solvent with G1.

The synthesized products were initially characterized by
ATR-IR spectroscopy (Fig. S1t). To extract the spectra of
MgAlhfip, the spectrum of G2 was subtracted from the spectra
of the in situ electrolytes (Fig. S1a and bt). All MgAlhfip spectra
exhibited characteristic peaks corresponding to the Alhfip™
anion, consistent with previous findings reported in the litera-
ture:** Al-O-C vibration mode, and CF; symmetric and asym-
metric stretching modes in the range of 1181-1186 cm *,
vibration modes of C-CF; groups and deformation mode of the
-CF; groups at 1376-1379 and 686-687 cm ', and C-O
stretching vibrations at 1092-1100 cm ™. While the spectrum of
the MgAlhfip_ Bu demonstrated well-defined peaks with
a smooth baseline, the other spectra exhibited additional
signals, particularly below 1000 cm " in the fingerprint region.
Most of these undefined peaks have low to moderate intensity,
and they indicate the presence of side products or other
impurities.
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Fig. 1 Schematics of the four investigated procedures for the synthesis of MgAlhfip electrolytes. (a) MgAlhfip_OMe, (b) MgAlhfip_Br, (c)

MgAlhfip_Cl, (d) MgAlhfip_Bu.
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Fig. 2 (a) *H and (b) *°F NMR spectra of MgAlhfip products synthesized by different procedures with marked characteristic peaks.

The "H NMR spectra of all products exhibited a prominent
peak at 4.61 ppm (Fig. 2a), corresponding to the a-protons of
hfip ligands within the Alhfip™ anion.***® In the spectra of the
MgAlhfip_OMe and MgAlhfip_Br in situ electrolytes, additional
peaks originating from the G2 solvent were observed at 3.51,
3.38, and 3.24 ppm. The MgAlhfip_Cl and MgAlhfip_Bu salts
contain coordinated solvent molecules, and peaks for G1
protons were observed at 3.43 and 3.24 ppm. Additionally, both
in situ electrolytes displayed low-intensity peaks between 3 and
4 ppm, attributed to impurities originating from the G2 solvent
(Fig. S27). Despite employing an extensive three-step drying and
purification procedure on the G2 solvent, residual traces of
various ethers and alcohols are still detected. This observation
highlights the challenge of attaining solvents of the utmost
purity, as they often come at a higher cost and may not be
always available. Thus, it is necessary to strike a balance
between the quality and accessibility of solvents when consid-
ering experimental protocols.

The '’F NMR spectra of all MgAlhfip products displayed
a prominent peak at —76.02 ppm, corresponding to the —-CF;
fluorine atoms of the Alhfip™ anion (Fig. 2b). In the spectra of
MgAlhfip_Br and MgAlhfip_Cl, an additional peak was observed
at —75.96 ppm. This correlates with the 'H spectra of

3390 | J Mater. Chem. A, 2024, 12, 3386-3397

MgAlhfip_Br and MgAlhfip_Cl, where the main peak of the
Alhfip~ anion overlaps with an additional signal appearing at
slightly higher frequencies. The overlapping peak at a compa-
rable shift suggests the presence of a common impurity in both
products. Based on the employed syntheses, the observed peak
might be attributed to the NaAlhfip side product, a compound
involved in both procedures. Indeed, NMR spectra of the
synthesized NaAlhfip (Fig. S31) displayed equivalent peaks and
confirmed the presence of NaAlhfip in both MgAlhfip_Br and
MgAlhfip_Cl products.

In the MgAlhfip_Br electrolyte, the presence of NaAlhfip may
originate from an incomplete reaction between the reactants
under the given conditions or a weighing error during the
electrolyte preparation, resulting in a small deviation from
stoichiometric amounts of both reactants. Given the small
relative weighing error of 0.5%, an incomplete reaction likely
makes the main contribution. Similarly, the presence of the
NaAlhfip side product in the MgAlhfip_Cl salt originates from
the incomplete conversion of the NaAlH, to Mg(AlH,), during
the synthesis of precursors (Fig. 1c). Note that for the purpose of
this work, the MgAlhfip_Cl salt was synthesized using a modi-
fied procedure where the THF solvent was replaced with G1. The
synthesis in G1 solvent was preferably used since G1 molecules

This journal is © The Royal Society of Chemistry 2024
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coordinated to Mg*" (through two oxygen atoms per one G1
molecule, bidentate binding) contribute to a more effective salt
dissociation compared to THF with modest (monodentate)
binding ability. Besides, [Mg(G1);][Al(hfip),], salt structure is
known and has been reported before,*® while the structure of
the salt synthesized in THF has not yet been identified.

The presence of NaAlhfip in MgAlhfip_Br and MgAlhfip_Cl
products was further confirmed by ICP-OES analysis (Tables S1
and S2t), which showed deviations from the expected contents
of Mg and Al and a relatively high sodium content. In the case of
MgAlhfip_Br, very low bromide content excluded the significant
presence of NaBr side products. Lower levels of Mg and Na and
an excess of Al in the MgAlhfip_Br compared to MgAlhfip_Cl,
suggest the presence of additional Al-containing compounds
(such as AIR;) in the MgAlhfip_Br product. The MgAlhfip_Cl salt
contains chloride, which was reported to be present also in the
THF-solvated Mg alkoxyaluminate salt and was attributed to
incomplete NaCl side product elimination."”® However, the re-
ported THF-solvated MgAlhfip product contained 3.20 wt% of
Cl (determined by elemental analysis),"® while the G1-solvated
MgAlhfip_Cl investigated within this work contains 35 ppm of
Cl (determined by ICP-OES). Thus, by replacing the THF solvent
with G1, the Cl contamination can be effectively reduced. The
best agreement between the expected and measured Mg and Al
contents was obtained for the MgAlhfip_ OMe and MgAlhfip_Bu
products, which is consistent with the IR and NMR character-
ization indicating the lowest level of impurities in those two
products. Note that small deviations in the Mg and Al content of
the MgAlhfip_ OMe product may arise from the weighting error
during electrolyte preparation. A minor deviation in Al content
of MgAlhfip_Bu (+0.03) falls within the acceptable range of 2%
relative standard deviation error of ICP-OES (+0.06).

Based on the three complementary characterization
methods (IR, NMR, and ICP-OES), MgAlhfip_Bu was deter-
mined as the purest product, followed by MgAlhfip_OMe, which
contains a low amount of impurities, although they mainly
originate from the G2 solvent due to the in situ electrolyte
preparation. MgAlhfip_Br and MgAlhfip_Cl products were
identified as more contaminated, both containing NaAlhfip side
product, and Al- and Cl-containing impurities additionally
present.

Among different impurities, water contamination can have
a substantial influence on the electrochemical performance of
electrolytes. Therefore, the water content was measured in all
investigated electrolytes and was 45, 95, 85, and 35 ppm for
MgAlhfip_OMe, MgAlhfip_Br, MgAlhfip_Cl, and MgAlhfip_Bu,
respectively. We recently demonstrated that MgAlhfip has high
water tolerance and reversible cycling with low overpotential
was observed in the electrolytes with up to 1000 ppm of water.>
The measured water content in all investigated MgAlhfip elec-
trolytes within the present work is significantly lower (<100
ppm), thus, the electrochemical performance of organometallic
and inorganic-based electrolytes is not expected to be signifi-
cantly influenced by the small differences
contamination.

The electrochemical performance of 0.4 M MgAlhfip elec-
trolytes in G2 was evaluated through Mg plating/stripping

in water

This journal is © The Royal Society of Chemistry 2024
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experiments (Fig. 3) on the Pt working electrode. The average
coulombic efficiencies of Mg plating/stripping over the first 20
cycles were 97.8%, 83.0%, 96.0%, and 99.1% for MgAlhfi-
p_OMe, MgAlhfip_Br, MgAlhfip_Cl, and MgAlhfip_Bu electro-
Iytes, respectively. Among these, MgAlhfip_Bu demonstrated
the most stable performance, with only one activation cycle. In
contrast, MgAlhfip_ OMe and MgAlhfip_Cl exhibited longer
activation periods, with coulombic efficiencies gradually
increasing even after 20 cycles, albeit remaining 1-3% lower
compared to the MgAlhfip_Bu. MgAlhfip_Br exhibited inferior
performance compared to other electrolytes, with a rapid
decrease in coulombic efficiency observed after only 5 cycles
(Fig. 3a). MgAlhfip OMe and MgAlhfip_ Bu performed with
relatively low overpotentials of 50-60 mV in cycle 10, while
overpotentials in MgAlhfip_Br and MgAlhfip_ClI electrolytes
were significantly higher, 400 mV and 200 mV, respectively
(Fig. 3b).

MgAlhfip_OMe and MgAlhfip_Bu electrolytes, both prepared
through organometallic syntheses, demonstrated improved
performance compared to MgAlhfip_Br and MgAlhfip_Cl elec-
trolytes, which were synthesized from inorganic reagents
(referred to as inorganic syntheses). Previous reports suggest
that organometallic reagents can act as scavengers, enhancing
coulombic efficiencies and reducing overpotentials.****
Although MgAlhfip OMe and MgAlhfip_Bu electrolytes were
both synthesized from the organometallic reagents, MgAlh-
fip_Bu outperforms MgAlhfip_OMe, especially in terms of
coulombic efficiency. One should note that MgAlhfip_ OMe was
prepared by dissolving Mg and Al precursors in G2 solvent,
while the synthesis of the MgAlhfip_Bu was performed in G1
solvent, followed by isolation of the [Mg(G1);][Al(hfip),], salt,
which was then re-dissolved in G2. Therefore, the MgAlhfi-
p_OMe electrolyte contains G2 solvent exclusively, while the
MgAlhfip_Bu electrolyte is a mixture of G1 from salt crystals and
G2 electrolyte solvent in a 1/4 ratio (calculated for 0.4 M elec-
trolyte concentration). It has been reported before that the G1/
G2 solvent mixtures can improve the properties of electro-
Iytes,*>*® which could be a reason for the differences in the
electrochemical performance of MgAlhfip. OMe and MgAlh-
fip_Bu electrolytes. To investigate this, we conducted additional
experiments with the MgAlhfip_OMe electrolyte in a G1/G2 = 1/
4 solvent mixture. The results showed that the performance of
the latter is comparable to the MgAlhfip_OMe electrolyte in
pure G2 solvent (Fig. S41) and remains inferior to the MgAlh-
fip_Bu electrolyte with the same electrolyte composition
(Fig. S51). The G1 content in the specific solvent mixture is most
likely too low to significantly affect the electrolyte properties.
Consequently, the observed differences in electrochemical
performance between MgAlhfip_ OMe and MgAlhfip_Bu elec-
trolytes were attributed to differences in their synthesis proce-
dures rather than minor differences in solvent composition.

A common feature of MgAlhfip_Br and MgAlhfip_Cl elec-
trolytes that demonstrated modest performance is that they
both contain NaAlhfip side product. To test the effect of the
specific impurity on the electrochemical performance, NaAlhfip
was added to the best-performing MgAlhfip_ Bu electrolyte
(Fig. S67). In the first cycle, the coulombic efficiency of the
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electrolyte with the addition of NaAlhfip was similar to the
pristine MgAlhfip_Bu electrolyte, however, in the following
cycles, the contaminated electrolyte demonstrated inferior
performance with a longer activation period, lower coulombic
efficiency, and less stable cycling compared to the pristine
MgAlhfip_Bu. Despite a considerable decrease in the coulombic
efficiency, the Mg plating/stripping overpotential was not
affected. The observed decrease in coulombic efficiency upon
NaAlhfip addition can be attributed to the changes in the cation
solvation structure, due to the higher concentration of Alhfip™
anions in the electrolyte or to the introduction of additional
impurities.

It is worth noting that both MgAlhfip_Br and MgAlhfip_Cl
electrolytes contain traces of halogen ions. Chloride ions are
known to benefit the electrochemical performance of electro-
lytes with poor reductive stability, such as Mg(HDMS), and
Mg(TFSI),, electrolytes.>” By contrast, our recent study showed
that the addition of the MgCl, additive has no significant
impact on the electrochemical performance of the MgAlhfip
electrolyte under regular cycling conditions.”® Thus, the low
amount of halogen ions that are present in two MgAlhfip elec-
trolytes prepared by inorganic-based syntheses likely does not
have any beneficial effect on the electrochemical performance
of investigated electrolytes.

Besides the positive effect on organometallic reagents, an
improved electrolyte performance was observed when the solid
salt was isolated from the reaction mixture and re-dissolved
during electrolyte preparation (MgAlhfip_Bu, MgAlhfip_Cl)
compared to the in situ electrolyte preparation (MgAlhfip_OMe,
MgAlhfip_Br).

To examine the effect of the salt isolation procedure,
MgAlhfip salt was first isolated from the in situ MgAlhfip_OMe
electrolyte with two approaches (Fig. 4a): (i) solvent evaporation,
where the solvent was evaporated from the MgAlhfip_OMe/G1
electrolyte by stirring the solution at the elevated temperature
under vacuum. The resulting white solid was re-dissolved in G2
to obtain a 0.4 M electrolyte. For clarity, we refer to this product
as salt_ev, indicating that it was obtained through solvent
evaporation; and (ii) salt precipitation, where the
MgAlhfip_OMe/G1 electrolyte was concentrated under reduced
pressure and precipitated from hexane. The precipitated salt
was filtered, additionally dried, and re-dissolved to prepare

3392 | J Mater. Chem. A, 2024, 12, 3386-3397

0.4 M electrolyte in G2. We refer to this product as salt_prec,
indicating that it was obtained through salt precipitation. It is
important to note that both evaporation and precipitation
isolation methods were employed on the in situ electrolyte in
G1, as it is more volatile compared to G2 and can be easily
evaporated.

The IR spectra of the isolated salts showed smoother base-
lines and well-defined peaks compared to the in situ electrolyte
(Fig. S7t). While some minor peaks in the spectrum of the in
situ MgAlhfip_ OMe might be attributed to incomplete G2
subtraction, the presence of impurities in this electrolyte was
evident. NMR characterization (Fig. 4b) additionally confirmed
the enhanced purity of the isolated salts, with decreased
intensity of peaks between 3 and 4 ppm. A more prominent
improvement was achieved through salt precipitation, where
the impurity peaks completely disappeared, resulting in
a spectrum without traces of contamination.

MgAlhfip_OMe_ev and MgAlhfip_ OMe_prec salts were dis-
solved in G2 to obtain 0.4 M electrolytes, which were tested in
galvanostatic experiments (Fig. 4c). The MgAlhfip_OMe_ev
electrolyte exhibited a slight improvement of 0.7% in coulombic
efficiency during the initial three cycles compared to the in situ
electrolyte, while the MgAlhfip_OMe_prec electrolyte demon-
strated a 1.2-1.5% higher coulombic efficiency compared to the
in situ electrolyte and a 0.5% higher efficiency compared to the
MgAlhfip_ OMe_ev. In the following cycles, the differences
between the electrolytes diminished, and after 15 cycles, all
three electrolytes performed with a coulombic efficiency of
98.5%. Although the observed variations were minor and might
fall within the range of measurement errors, it is worth noting
that all experiments were conducted in three parallel cells, all of
which showed the same trend among three electrolytes of
different purities. The purification of the MgAlhfip_OMe elec-
trolytes did not significantly affect the cell overpotentials, and
similar overpotentials of 60 mV (in cycle 10) were observed in all
three electrolytes. The obtained results demonstrate a correla-
tion between electrolyte purity and its electrochemical perfor-
mance for the selected synthesis procedure. Solvent evaporation
had a minimal influence on the purity of the MgAlhfip_OMe_ev
electrolyte and, consequently, on its performance, as the iso-
lated salt was re-dissolved in the same solvent (G2) used for the
in situ electrolyte preparation. Salt precipitation eliminated the

This journal is © The Royal Society of Chemistry 2024
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additional, non-G2-related impurities, resulting in incremental
improvement in the electrolyte's electrochemical performance
during the activation period. Nonetheless, the performance of
the MgAlhfip_OMe_prec is still inferior to the best-performing
MgAlhfip_Bu (Fig. S8t1), despite the use of similar reagents
and the same salt isolation procedure in both cases. This
indicates the special benefit of the MgAlhfip_Bu one-pot
synthesis approach (Fig. 1d), where the reaction mixture con-
taining organometallic reagents is stirred for a longer period of
time (24 h), allowing scavenging reactions between organome-
tallic reagents and impurities to occur.

The isolation procedure was also applied to the in situ
MgAlhfip_Br electrolyte, however, during solvent evaporation
from the 0.4 M electrolyte in G1, a gel-like compound formed.
Despite extensive drying under vacuum at elevated tempera-
tures, no solid salt could be obtained. The specific electrolyte
exhibited the highest level of impurities, which most likely
hindered the crystallization of the salt.®® Similar difficulties
were encountered when attempting salt precipitation. Thus, the
impact of MgAlhfip_Br purity on its electrochemical perfor-
mance could not be investigated.

Following the original procedure, MgAlhfip_Cl salt was iso-
lated from the reaction mixture with solvent evaporation,*® thus,
salt precipitation was employed as an additional isolation
method, similar to the MgAlhfip_OMe_prec. In the IR spectrum
of MgAlhfip_Cl_prec (Fig. S971), low-intensity signals below
1000 cm ™" are less pronounced compared to the salt obtained
through solvent evaporation (MgAlhfip_Cl_ev). The '"H NMR
spectrum confirmed a reduced amount of impurities in the
precipitated salt as well, although a signal for NaAlhfip was still
present (Fig. S107). This indicates that the precipitation cannot
effectively separate MgAlhfip from the sodium-based side

This journal is © The Royal Society of Chemistry 2024

product. ICP-OES analysis of the precipitated salt showed
a slight improvement in its purity, as the measured Mg and Al
contents are closer to the expected values (Table S3t). The
sodium content remained high (Table S4t) due to the presence
of NaAlhfip, which is consistent with the NMR results. The
additional step of salt isolation did not decrease chloride-based
impurities. Instead, a slight increase was observed. The overall
increase of inorganic species content in the product suggests
that salt precipitation primarily reduced the organic contami-
nants. The comparison of electrochemical performance
between MgAlhfip_Cl_ev and MgAlhfip_Cl_prec electrolytes
(Fig. S111) shows similar trends as observed in MgAlhfip_ OMe
electrolytes of different purities. Specifically, the MgAlh-
fip_Cl_prec electrolyte demonstrated approximately 0.7-2.0%
higher coulombic efficiency of Mg plating/stripping compared
to the MgAlhfip_Cl_ev electrolyte. The improved purity did not
affect the overpotentials, which remained above 200 mV in both
cases.

The synthesis of MgAlhfip_Bu salt, which originally involved
the precipitation step, was additionally performed by employing
solvent evaporation only. The prepared electrolyte, MgAlhfip_-
Bu_ev, demonstrated inferior performance with 1.0% lower
average coulombic efficiency compared to the original MgAlh-
fip_Bu electrolyte at comparable overpotentials (Fig. S127).

Overall, all three investigated cases showed that salt
precipitation can enhance the purity of the MgAlhfip salt by
removing mainly organic contaminants, which results in
a modest improvement of the coulombic efficiency of Mg
plating/stripping in the initial cycles. However, certain side
products, such as NaAlhfip as well as minor Cl-containing
impurities that were present in the MgAlhfip_Cl, could not be
removed by the employed procedure.
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The addition of additives has proven to be an effective
strategy for improving the electrochemical performance of Li-
ion electrolytes.” Besides, it is a simpler and more cost-
effective method than lengthy purification procedures. Thus,
our second approach to enhance electrolyte performance was
the addition of the scavenging (organometallic) additive. In
previous reports, n-Bu,Mg has typically been employed as
a scavenger.”** In the present work, we selected Al(CHj); as the
additive of choice, as it was used as a reagent in the synthesis of
both organometallic derived electrolytes, MgAlhfip_ OMe, and
MgAlhfip_Bu, offering a more direct comparison as well as
being commercially available in a pure form. The electro-
chemical characterization of MgAlhfip electrolytes, without
(pristine) and with the Al(CH;); additive at 5 mM concentration
is shown in Fig. 5.

The addition of the additive to the MgAlhfip_OMe electrolyte
(Fig. 5a) had a beneficial impact on both the coulombic effi-
ciency of Mg plating/stripping, as well as the duration of the
activation period. In the initial cycle, the electrolyte with the
additive exhibited a notably lower coulombic efficiency of Mg
plating/stripping (87.3%) compared to the pristine electrolyte
(93.0%). However, after the activation period, the electrolyte
with the additive demonstrated a more stable performance,
with 0.2-1.9% higher coulombic efficiency than the pristine
electrolyte. The addition of the additive did not induce signifi-
cant changes in overpotentials, which remained around 60 mV.

The MgAlhfip_Br electrolyte with 5 mM of Al(CHj;); exhibited
a continuous increase in coulombic efficiency, indicating a long
activation period of over 20 cycles (Fig. 5b). Since MgAlhfip_Br
was the most contaminated electrolyte and displayed the worst
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electrochemical performance among the tested electrolytes, the
additive concentration was increased to 50 mM. The increased
concentration of the additive resulted in improved electrolyte
performance, including a shorter activation period (11 cycles),
increased coulombic efficiency (above 90% after the first cycle),
a more stable performance, and overpotentials reduced to
180 mV.

Synthesis of MgAlhfip_Cl, similar to MgAlhfip_Br, did not
involve any organometallic reagents. The product salt was
determined to be moderately contaminated, leading to the ex-
pected noticeable effect of the scavenging additive on the elec-
trolyte's performance. Although the effect was not as significant
as in the case of MgAlhfip_Br, a clear performance improve-
ment was observed (Fig. 5c). Electrolyte with the additive
exhibited lower coulombic efficiency in the first cycle (77%
versus 88% for the pristine electrolyte), however, in the
following cycles, the electrolyte with the additive surpassed the
pristine electrolyte by 2.5%. While the performance of the
pristine electrolyte gradually improved during cycling, the
difference after 20 cycles remained approximately 1.5% in favor
of the electrolyte with the additive. Similar to the case of
MgAlhfip_Br, the addition of Al(CH;); to the MgAlhfip_Cl elec-
trolyte significantly improved the overpotentials, and values
below 100 mV were observed.

In contrast, the addition of the Al(CH;); to the MgAlhfip_Bu
electrolyte (Fig. 5d) resulted in marginal differences in the
performance of the electrolyte with and without the additive. In
both cases, the activation process lasted a single cycle, followed
by stable cycling with average coulombic efficiencies of 99.5%
and 99.4% for the electrolyte with and without the additive,
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Fig.5 Coulombic efficiency of Mg plating/stripping in (a) MgAlhfip_OMe, (b) MgAlhfip_Br, (c) MgAlhfip_Cl, and (d) MgAlhfip_Bu electrolytes with
and without the Al(CHs)s additive. Corresponding galvanostatic curves of the 10" cycle are shown as insets.
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respectively. Overpotentials are comparable in both electrolytes,
around 50 mV. As discussed above, the MgAlhfip_Bu was
synthesized from organometallic reagents, which inherently
scavenged impurities during the salt formation process. Thus,
under the investigated conditions, the effect of the additive on
the electrochemical performance of this electrolyte is minor.

Overall, the enhanced performance of MgAlhfip_OMe,
MgAlhfip_Br, and MgAlhfip_Cl electrolytes upon the addition of
the Al(CHj;); additive was attributed to the reduced concentra-
tion of impurities present and the potential mitigation of the
passivation phenomenon on the Mg metal anode, which may
occur at a slower rate. Due to the initially high purity of
MgAlhfip_Bu, the influence of the additive in this electrolyte
was negligible.

To probe the combined effect of both employed post-
treatment procedures (salt isolation and the use of a scav-
enging additive), and to maximize their effect, we tested the
performance of MgAlhfip_ OMe_ev and MgAlhfip_OMe_prec
(Fig. S137), and MgAlhfip_Cl_prec (Fig. S147) electrolytes with
the addition of the Al(CH;); additive. The addition of the
additive resulted in a further improvement in electrolyte
performance, with the additive effect being the largest for less-
performing electrolytes. Nevertheless, no synergistic effects
could be observed when both post-treatment methods were
combined.

Finally, we conducted an evaluation of the investigated
syntheses, considering practical aspects such as the required
time for completion, the complexity of procedures, and the
costs of needed chemicals (Table 1). The syntheses of MgAlh-
fip_OMe, MgAlhfip_Br, and MgAlhfip_Cl electrolytes are rather
time-consuming, typically spanning 5-7 days, involving 3-4
steps. In contrast, the synthesis of the MgAlhfip_Bu electrolyte
can be completed in two steps within a shorter timeframe of
only 3 days. Details on the duration of each synthesis step are
provided in Table S5.f A common feature of all investigated
electrolyte syntheses is the strict safety protocol, which is
required due to the use of water and air-sensitive reactants,
including highly pyrophoric reactants such as Al(CH3)3;, Bu,Mg,
and NaAlH,. To ensure controlled and safe conditions, the
syntheses must be conducted in an argon or nitrogen-filled
glovebox or under a Schlenk line protective atmosphere. Expe-
rienced personnel with knowledge of handling procedures are
essential to minimize risks and ensure successful synthesis.
Moreover, some syntheses involve additional steps that add to
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their complexity (the purification of NaAlH, reactant for both
inorganic syntheses) or require special equipment (synthesis of
MgAlhfip_OMe reactants at low temperature, and milling
equipment for the solid-state synthesis step in the MgAlhfip_Cl
synthesis procedure). From the viewpoint of synthesis
complexity, MgAlhfip_Bu synthesis is a rather straightforward
one-pot procedure; however, it includes the use of two organo-
metallic reagents, which require special care during handling.

An important factor contributing to synthesis applicability is
its reproducibility. Precise stoichiometry of reactants is crucial
for in situ syntheses (MgAlhfip_OMe and MgAlhfip_Br) and for
the synthesis where the product is isolated through solvent
evaporation only (MgAlhfip_Cl). When isolation of the product
is not employed, the excess of one reactant represents impurity
for the system. This issue is less pronounced when salt is
precipitated (MgAlhfip_Bu), as excess reactants remain dis-
solved in the reaction mixture, which should result in higher
reproducibility of the synthesis.

The cost of electrolytes was estimated based on the specific
chemicals utilized in our experiments (Table S6+) and should be
considered as a very rough small-scale comparison. The price of
a given chemicals may vary depending on its purity, quantity
purchased, and specific supplier. Therefore, the representation
of costs for investigated syntheses serves as a general guideline
only. Among the investigated procedures, the synthesis of
MgAlhfip_OMe is considered the most cost-effective approach,
while the two inorganic synthesis protocols exhibit slightly
higher costs at comparable price levels. Notably, the MgAlh-
fip_Bu synthesis stands out as the most expensive. A more
detailed cost analysis (Fig. S151) shows that disparities arise
primarily from variations in the costs of Mg reactants and the
distinct number and quantity of solvents employed in each
synthesis procedure. One can note that the largest share of the
costs of reactants comes from the cost of aluminum precursors.
The costs of both inorganic syntheses could be significantly
reduced by employing Mg reactants of lower quality. However,
even when high-quality inorganic reactants were employed,
such as MgCl, (99.9% ultra-dry) used in our synthesis, the
electrolytes synthesized via the inorganic methods did not
exhibit competitive electrochemical performance compared to
electrolytes synthesized from organometallic reagents. The
primary factor contributing to the high costs of the MgAlh-
fip_Bu synthesis is the quality and quantity of employed
solvents, particularly G1, and hexane. While their consumption

Table 1 Estimation of practical aspects for different synthesis procedures of MgAlhfip electrolytes

MgAlhfip product Synthesis time/days

Number of synthesis steps

Chemicals cost per mL

Special requirements of 0.4 M electrolyte (EUR)

MgAlhfip_OMe 7 3
MgAlhfip_Br 5 3
MgAlhfip_Cl 5

MgAlhfip_Bu 3 2

This journal is © The Royal Society of Chemistry 2024

Work with the 0.75
organometallic reagent,

synthesis at low T

Purification of NaAlH, 1.09
Purification of NaAlH,, ball 1.04
milling

Work with organometallic 1.38
reagents
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might be optimized, it cannot be entirely avoided since G1
defines the product salts by the coordination of three molecules
of G1 on the Mg”" cation, and hexane is used to precipitate the
MgAlhfip_Bu salt from the reaction mixture, which importantly
contributes to the salt's purity.

Although the MgAlhfip_Bu synthesis is costly, the specific
electrolyte demonstrated the best electrochemical performance
among the investigated electrolytes. In contrast, the synthesis of
MgAlhfip_OMe is the most cost-effective option, but the elec-
trolyte exhibited slightly inferior performance compared to
MgAlhfip_Bu. When a scavenging additive is introduced to
MgAlhfip_OMe, the performance of both electrolytes becomes
more comparable (Fig. S161) in terms of both, coulombic effi-
ciency of Mg plating/stripping and overpotentials. Thus, we
propose the use of MgAlhfip_OMe with the additive as a cost-
effective alternative to MgAlhfip_Bu, offering similar electro-
chemical performance at significantly lower costs.

Conclusions

In the present work, we conducted a systematic evaluation of
various synthesis procedures of the state-of-the-art MgAlhfip
electrolyte for Mg rechargeable batteries. The obtained results
highlight the critical role of the synthesis procedure in deter-
mining the purity of synthesized salts, directly influencing Mg
electrolyte electrochemical performance. Specifically, electro-
lytes synthesized from organometallic reagents (MgAlhfip_OMe
and MgAlhfip_Bu) demonstrated higher purity and better elec-
trochemical performance compared to electrolytes prepared
from inorganic reagents (MgAlhfip_Br and MgAlhfip_Cl). To
enhance the performance of electrolytes, we investigated two
approaches: the additional steps in salt isolation and the
addition of the scavenging (organometallic) additive. Electro-
lytes obtained through salt precipitation displayed higher
purity, leading to a slight improvement in coulombic efficiency,
yet without decreasing Mg plating/stripping overpotentials. A
more pronounced improvement in the electrochemical perfor-
mance was observed upon the addition of the scavenging
additive. Electrolytes with the Al(CHj); additive exhibited
shorter activation periods, higher coulombic efficiencies, and
decreased overpotentials. Notably, the improvement was more
pronounced in more contaminated electrolytes synthesized
from inorganic reagents. On the other hand, electrolytes
prepared from organometallic reagents showed moderate to
negligible performance improvement upon the addition of the
additive. Based on the results, the synthesis of MgAlhfip_Bu
emerges as the optimal procedure, combining both key steps,
salt isolation and the use of organometallic reagents, resulting
in the highest purity and best electrochemical performance
among tested electrolytes. As a direction for future salt
synthesis, we suggest the utilization of organometallic routes
and precipitation of final products to minimize the amount of
impurities. However, the MgAlhfip_Bu synthesis route emerged
as the most expensive due to the larger consumption of
solvents. Considering the cost optimization, an alternative
approach involving the use of the additive in a more cost-
effective synthesis procedure might present a viable solution
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to strike a balance between electrolyte effectiveness and costs.
Nevertheless, it is important to note that targeted Mg metal
plating/stripping efficiencies above 99.9% are yet to be achieved
and will be together with material cost a key performance
indicator for practical rechargeable Mg metal batteries.

The insights gained in this study provide guidelines for
future Mg electrolyte synthesis, which can speed up the devel-
opment of next-generation Mg electrolytes with improved elec-
trochemical performance.
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