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Influence of Complexing Additives on the Reversible
Deposition/Dissolution of Magnesium in an Ionic Liquid
Isabella Weber,[a, b, c] Johannes Ingenmey,[d] Johannes Schnaidt,[a, b, c] Barbara Kirchner,[d] and
R. Jürgen Behm*[a, b]

Aiming at a fundamental understanding of the synergistic
effects of different additives on the electrochemical Mg
deposition/dissolution in an ionic liquid, we have systematically
investigated these processes in a combined electrochemical
and theoretical study, using 1-butyl-1-methylpyrrolidinium bis
(trifluoromethylsulfonyl) imide (BMP-TFSI) as the solvent and a
cyclic ether (18-crown-6) and magnesium borohydride as
additives. Both crown ether and BH4

� improve Mg deposition,
its reversibility, and cycling stability. The combined presence of

both additives and their concentration relative to that of Mg2+

are decisive for more facile and reversible Mg deposition/
dissolution. These results and those of quantum chemical
calculations indicate that 18-crown-6 can partly displace TFSI�

from its direct coordination to Mg2+. Furthermore, the inter-
action between Mg2+ and directly coordinated TFSI� is
weakened by coordination with 18-crown-6, preventing its Mg+

-induced decomposition. Finally, Mg deposition is improved by
the weaker overall coordination upon Mg2+ reduction to Mg+.

1. Introduction

Despite of the advantages of rechargeable Mg batteries in
comparison to conventional lithium-ion batteries (LIBs), such as
their generally higher energy density, the possibility of using
elemental Mg anodes, the global availability and non-toxicity of
Mg, and their recyclability and low costs,[1–8] their technical
verification and commercial introduction is still far away. This is
mainly due to problems in the reversible deposition and
dissolution of Mg, which are – at least in part – related to
complications arising from reductive electrolyte decomposition
at the anode jelectrolyte interface. In contrast to LIBs, where Li+

transport is possible through the so-called solid electrolyte
interphase (SEI) formed at the anode during charge/discharge,

these layers often inhibit the Mg deposition/dissolution
process.[2,3,9] Only recently, studies reported on a functional SEI
formed upon Mg deposition, e.g., from Mg(BH4)2/LiBH4-contain-
ing monoglyme,[10] in Mg/S systems,[11] or on Sn-modified
anodes.[12] In general, most investigations so far have focused
on salt/solvent combinations that allow reversible Mg deposi-
tion/dissolution without the formation of a protective surface
layer. Among those, a limited number of electrolytes consisting
of commercially available magnesium salts such as
Mg(BH4)2

[13–20] or Mg((CF3SO2)2N)2 (Mg bis
(trifluoromethylsulfonyl)imide, MgTFSI2)

[20–27] have been found
to support largely reversible Mg plating and stripping without
negative impact on the cell components (such as corrosion,
which poses a problem in Cl-containing electrolytes).[4] How-
ever, even for these electrolytes, the oxidative instability of the
borohydride,[6] as well as the Mg2+-[18,28] and moisture-
induced[16,25,29,30] decomposition of TFSI� , severely limit their
application. Hence, the development of suitable electrolytes
allowing for reversible Mg plating/stripping is still of utmost
importance for the introduction of rechargeable Mg-based
batteries.[3,31–36]

Ionic liquids (ILs) are a promising alternative to electrolytes
based on organic solvents due to their generally low flamma-
bility, high electrochemical stability, and low vapor
pressure.[16,37,38] Specifically, TFSI� -based ILs have attracted
interest due to their relatively high conductivity, their commer-
cial availability, and the simplicity of the system when adding
MgTFSI2 as Mg salt. This approach, however, has turned out to
be little successful so far, as the reductive decomposition of
TFSI� , which is promoted by the interaction with the Mg2+

species,[39–42] leads to the formation of passivating films (in
particular on Mg metal electrodes[32]). The successful use of IL-
based electrolytes thus requires either ionic liquids that are
stable in the entire potential range also upon interaction with
Mg2+, or the development of additives that could lower any
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detrimental interaction between Mg2+ and the IL – while still
allowing reversible Mg deposition/dissolution.

This is the topic of the present paper, where we report
results of a combined experimental and theoretical study on
the effect of two different additives, the crown ether 18-crown-
6 and borohydride (BH4

� ), on the deposition/dissolution of Mg
from the IL 1-butyl-1-methylpyrrolidinium bis
(trifluoromethylsulfonyl)imide (BMP-TFSI) using MgTFSI2 and,
where present, Mg(BH4)2 as Mg2+ source. Glassy carbon (GC)
and, for comparison with realistic battery systems, Mg, were
used as working electrodes. In this work, we are especially
interested in a basic mechanistic understanding of the interplay
between Mg2+, the anion TFSI� and the additives Mg(BH4)2 and
18-crown-6, and particularly in synergistic effects. A semi-
quantitative understanding shall be derived by systematically
varying the composition of the electrolyte, both in experiment
and in simulations. Here, it is important that stabilization of the
electrolyte does not inhibit Mg deposition. Furthermore, the
role of the electrode shall be elucidated by comparing results
obtained for the rather inert GC model electrodes and the more
reactive, realistic Mg electrodes.

While there is a considerable number of studies investigat-
ing the Mg� TFSI interaction in organic solvents such as DME,
THF or polyethers/glymes,[18,19,28,30,43–48] the number of studies
performed in electrolytes using a TFSI� -containing IL as main
component is much less, and such kind of insights as aimed at
in the present study have not been reported so far.[16,17,39–41]

Finally, the idea of adding a complexing additive was followed
also in a study by Watkins et al., who prepared chelating ILs by
adding a polyether chain to the cation.[17] Compared to that
approach, ours seems to be experimentally simpler and more
feasible. On the other hand, combining chelating solvents such
as glymes with an IL-based Mg source such as MgTFSI2 (see
above) may lose the advantages of a mainly IL-based electro-
lyte.

The crown ether is a typical complexing agent[49] and has
previously been employed to, e.g., enhance Mg plating/
stripping in an ionic liquid.[40,42] Mg(BH4)2 has been repeatedly
used as water scavenger in IL-containing
electrolytes.[16,17,19,30,43,44,50] It was reported to prevent the
formation of a passivating surface layer in TFSI� -based
electrolytes[51] and also serves as Mg source.[14] Furthermore,
BH4

� has been proposed to act as Mg2+-complexing agent[15,16]

and/or interact with the anode surface; either by adsorption
(similar to chloride-containing electrolytes[52]) or by dissolving
passivation layers either during formation or pre-existing ones
(native passivation layers) due to its highly reductive character.

In the following, we will first present cyclic voltammetry
data on the Mg deposition/dissolution behavior on glassy
carbon from a BMP-TFSI-based electrolyte containing either
Mg(BH4)2 or a combination of Mg(BH4)2 and crown ether. Next,
we show results of similar experiments using electrolytes
containing also MgTFSI2, where, for a better understanding of
possible synergistic effects, the concentrations of the different
components were varied systematically. For comparison, we
also show data obtained for Mg deposition/dissolution from
similar electrolytes on a Mg electrode. Subsequently, we

present results of a DFT-based quantum chemical analysis of
the stability of clusters derived from classical molecular
dynamics (MD) simulations, which contain Mg2+ in different
coordination states and up to two BMP-TFSI ion pairs with or
without 18-crown-6 as additional ligand. Finally, we discuss the
implications of both the experimental and theoretical data and
summarize the main conclusions derived from these data.

2. Results and Discussion

2.1. Electrochemical Characterization

In previous experiments, we had already shown that deposition
and dissolution of Mg on a glassy carbon (GC) electrode is
essentially inhibited in MgTFSI2-containing BMP-TFSI
electrolyte.[41] This was reproduced also in the present experi-
ments, though some improvement is achieved for Mg(BH4)2-
containing BMP-TFSI electrolytes. The first and later cycles of
the CVs recorded at 10 mVs� 1 on the GC substrate, without any
additional additives, largely resemble previous findings.[17] They
are displayed and discussed in detail with Figure S1a and b. In
brief, the negative current increases towards the lower potential
limit. A small anodic peak appears at around 1 V in the anodic
scan. Within the first few cycles, both peaks decrease signifi-
cantly. The overall reversibility of the cathodic and anodic
processes, as indicated by the overall charge ratio in these
potential regimes (Coulombic efficiency), is about 18% in the
first cycle (inset in Figure S1a) and increases to around 35% in
subsequent cycles (see Figure S4 and Table S1). Overall, how-
ever, the reversibility is very low and Mg deposition/dissolution
is (at most) a minor process.

In the following, we will briefly summarize the different
effects and influences of borohydride on the Mg deposition/
dissolution process that have been reported in the past. First,
the addition of reductive, contamination-scavenging additives
such as di-butyl Mg (in our case: Mg(BH4)2), which can react
with traces of water, oxygen and other protic species, was
found to improve the Mg plating/stripping efficiency by
forming Mg oxides and hydroxides in the bulk, which, in return,
reduces/avoids surface passivation.[30,51] Second, reversible Mg
plating/stripping was found to require a minimum amount of
such additives, which approximately corresponded to a slight
excess relative to the estimated water content of the
electrolyte.[30] Third, reversible Mg plating/stripping was possi-
ble also from MgTFSI2-containing solutions when using com-
plexing solvents such as glymes upon addition of Mg(BH4)2

[30] or
once the electrolyte was carefully dried.[25] Finally, high deposi-
tion reversibilities were obtained even without additional
drying when using Mg(BH4)2 as Mg source rather than
MgTFSI2.

[14]

Overall, these studies support the idea that borohydride
acts as efficient water scavenger.[14,30] As stated above, our
results of a very low reversibility for Mg plating/stripping fully
agree with previous findings for cycling a Pt electrode in a
similar electrolyte.[17,18] They seem to disagree, however, with
the previous findings summarized above, considering that, in
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our experiments, the amount of Mg(BH4)2 added to the electro-
lytes should always be sufficient to fully remove the water
impurities of BMP-TFSI, MgTFSI2 and crown ether, based both
on our estimations and on the suppliers’ specifications (see
Experimental part) and assuming that each BH4

� can react with
one water molecule. The discrepancy is most likely caused by
the different solvents, with only small amounts of TFSI� in the
above cases, together with complexing solvents, while in our
case the TFSI� is part of the solvent and thus present in large
excess and no other complexing species are present.

Electrolyte decomposition in Mg(BH4)2-containing BMP-TFSI
was explained by the decomposition of TFSI� , which is
coordinated with the metal ions in such IL mixtures. This kind of
complex formation, where TFSI� anions can coordinate to a
single metal cation (contact ion pairs, CIPs) or to multiple metal
cations in aggregate networks (where the Mg2+ cation is in
direct contact with the TFSI� anion), has been identified
previously by both Infrared[16] and Raman spectroscopy.[17,18,53,54]

Theoretical studies have shown that partial reduction of the Mg
center, which is expected to happen at the interface at
potentials in the Mg deposition regime, leads to a weakening of
the C� S bond in the TFSI� anion, which in turn results in TFSI�

decomposition rather than in Mg deposition.[18,28] In contrast,
BH4

� was found to be stable under these conditions. In
electrolytes containing both borohydride and TFSI� , TFSI�

decomposition has been observed in experimental
studies.[17,18,43,45,51,55]

Next, we investigated the influence of 18-crown-6 upon
cycling in Mg(BH4)2-containing BMP-TFSI. CVs recorded in BMP-
TFSI+0.1 M Mg(BH4)2+0.1 M 18-crown-6 electrolyte are de-
picted in Figure 1. The additive leads to increased currents,
both in the cathodic and in the anodic scan, as compared to
the borohydride-containing IL in the absence of the crown
ether (Figure S1). The cathodic current densities are at least four
times higher and the increase of the anodic currents is even
more drastic. These changes may originate from reversible
processes, such as Mg plating and stripping, although the

present data do not provide definite proof for the latter
assignment. A weak peak is observed at � 0.4 V in the first
cathodic scan, which does not appear anymore in the
subsequent cycles. Interestingly, in a crown ether-free, borohy-
dride-containing IL, a similar signal appeared at � 0.3 V in the
first cathodic cycle (Figure S1a). We tentatively assign these
peaks to the reductive removal of a surface contamination on
the GC substrate, considering that this peak was only observed
on the GC electrode, independent of the electrolyte composi-
tion. At potentials below � 0.7 V, the characteristic current
increase for Mg deposition appears. Here, Mg plating takes
place with a nucleation overpotential that is by 0.1 V lower than
the one observed for 0.1 M Mg(BH4)2-containing IL without any
crown ether additive (see discussion with Figure S1). In the
subsequent anodic scan, we find the corresponding signal for
Mg dissolution at 0.3 V, down-shifted by 0.4 V from the Mg
dissolution peak observed in crown ether-free IL. This is
followed by two additional peaks at 0.4 V and 0.7 V, which
seem to indicate that, next to Mg stripping, oxidation of species
formed in cathodic side processes can take place under these
conditions.

It is worth noting that the position of the peak at 0.7 V
observed in the crown ether-containing system coincides with
the position of the anodic peak recorded in the first cycles of
the crown ether-free system (Figure S1). Therefore, it is also
possible that the anodic signal at 0.7 V is due to Mg dissolution
from a similar Mg species – as obtained for deposition from
Mg(BH4)2-containing electrolyte – while the peaks at 0.3/0.4 V
are due to dissolution of Mg deposits created in crown ether-
containing electrolyte.

In the following cathodic scan, the process taking place at
� 0.4 V is inhibited, like the analogous process in the ether-free
system. The decreasing currents in the Mg deposition region
and, subsequently, in the Mg dissolution region (anodic scan),
also indicate an increasing inhibition of the related processes
and/or the depletion of oxidizable components with increasing
cycling. This current loss is most pronounced for the high-
potential peak at 0.7 V. During the next ten cycles, it decreases
and disappears completely, while the anodic signals at 0.3 and
0.4 V do not change significantly. The peak at 0.4 V starts to
decrease only after ten cycles and has disappeared after about
35 cycles (not shown). The signal at 0.3 V also decreases, but
much slower, becoming the main anodic peak. It is still visible
even after 100 cycles. The reversibility is about 70% in the first
cycle (for comparison, the reversibility of the processes taking
place in solely borohydride-containing IL was ~18% in the first
cycle) and increases to 78% within the first ten cycles, as
compared to 35% reached in ether-free electrolyte after the
same number of cycles. Upon further cycling, however, the
reversibility in the Mg(BH4)2- and 18-crown-6-containing IL
decreases, as well, dropping to 25% after 20 cycles. This
remains about constant for the rest of the cycling time
(100 cycles in total), indicating that the continuing passivation
process not only reduces the current densities both in the
cathodic and anodic scan but also affects them in the same
way, keeping the charge ratio between them constant (see
Figure S5 and Table S2).

Figure 1. First and additional relevant potentiodynamic cycles recorded on a
GC electrode in BMP-TFSI+0.1 M Mg(BH4)2+0.1 M 18-crown-6 cycled at
10 mVs� 1. The inset shows the accumulated charge (i. e., the charge balance
of Mg plating/stripping) during the first scan.
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The results in Figure 1 can be compared with previous data
and conclusions, which had already identified positive effects
on the reversibility of the Mg plating/stripping process when
modifying the IL cation[17–19] or varying the solvents and/or
adding complexing additives.[15,19,42,56,57] Our results are in agree-
ment with reports on an improved Mg deposition/dissolution
reversibility in the presence of ethers such as glymes,
etc.[21,30,47,58] As one example, Mandai et al. reported an improved
Mg deposition/dissolution activity for tetraglyme-coordinated
MgTFSI2 in BMP-TFSI in the presence of dialkylsulfones as
compared to electrolytes with less efficiently coordinating
additives, such as DMSO.[47] Increased current densities for Mg
deposition in MgTFSI2-containing electrolytes were reported
also by Sagane et al. upon addition of 18-crown-6 ether, both in
THF[57] and in N-methyl-N-propylpiperidinium (MPPp)� TFSI.[42]

Similarly, Ma et al. have shown reversible and stable (for more
than 280 cycles) Mg plating and stripping from 0.3 M MgTFSI2-
containing BMP-TFSI/tetraglyme mixtures (1 : 2) after treatment
with 0.019 M Mg(BH4)2.

[19]

Employing ex situ scanning electron microscopy (SEM)
characterization, Sagane et al. also observed the formation of
Mg dendrites in the Mg deposits formed from 0.5 M crown
ether- and 0.5 M MgTFSI2-containing THF, which could hardly
be dissolved subsequently.[57] Going to much higher concen-
trations of both ether additive and TFSI� salt in an IL electrolyte
(MgTFSI2, 18-crown-6 and MPPp� TFSI, with molar ratios of
1 : 1 : 5 and 1 :5 :5), the Mg deposits were significantly smoother
than the dendritic morphologies obtained in THF-based electro-
lyte, but still exhibited a ‘mossy’ structure, which the authors
attributed to the high viscosity of the ionic liquid as well as to
accelerated TFSI� decomposition.[42] We assume that this is also
the reason for the poor reversibility of about 3% obtained in
that study. This deposition/dissolution behavior is very different
from the uniform Mg deposits obtained in Grignard-based
electrolytes, which also allowed reversible dissolution.[59]

Watkins et al. had proposed that the addition of a chelating
agent (in their case, oligoether glymes or 18-crown-6) separates
the direct coordination of Mg2+ by TFSI� and results in the
formation of [(Mg(glyme)x)

2+(TFSI� )]+ complexes, which they
referred to as solvent-separated ion pairs (SSIPs).[54] This was
concluded from the disappearance of the Raman band typical
for Mg2+-coordinated TFSI� and the appearance of a new band
that was associated with Mg2+-coordinated glyme. Such a
separation of TFSI� from the Mg2+ cations could explain the
more facile Mg deposition in the measurements in Figure 1, but
similar results could also be obtained from a weakening of the
Mg2+� TFSI� coordination. Finally, DFT calculations comparing
the different abilities to coordinate cations in chloride-contain-
ing Mg complexes in monoglyme-, diglyme-, triglyme- and
tetraglyme-based electrolytes indicated that the longer and
more flexible glymes were increasingly able to adjust their
conformation and thus enhance the interaction between Mg
and solvent. This was proposed to allow for the formation of
larger Mg2+-, Cl� - and solvent-containing aggregates, which, in
turn, improves the reversibility of Mg deposition/dissolution,
though at higher overpotentials.[60]

Focusing on BH4
� -containing electrolytes, both experimen-

tal studies[15,50] and calculations[61,62] for several electrolytes have
concluded that the dissociation of the Mg2+� BH4

� coordination
is a key aspect for Mg deposition, which, in ether-type solvents,
is influenced by the number of coordinating oxygen atoms or
possibly also by coordinating TFSI� ions. The Mg2+ coordination
in BH4

� - and TFSI� -containing diglyme was investigated by Hu
et al. in a combined experimental and theoretical study.[63]

Using the electrolyte components without further purification
or drying, they found an improved electrochemical perform-
ance in the mixed electrolyte as compared to a TFSI� -free
electrolyte. They explained this by a formation of mixed ion pair
clusters containing Mg2+ as central ion, which is coordinated by
BH4

� and TFSI� anions as well as by O-atoms of the glyme
molecules. The latter are expected to reduce the strong
interaction between Mg2+ and BH4

� anions, which was claimed
to allow for reversible Mg plating and stripping.[63] Using a
special TFSI� -based IL with an oligoether group in the cation
and Mg(BH4)2 as Mg source, Watkins et al. found that Mg
deposition/dissolution reversibility are significantly improved
compared to that from BMP-TFSI.[17] They attributed this to the
complexation of the Mg2+ cation by the polyether groups,
which prevents the direct TFSI� coordination and weakens the
Mg2+� BH4

� coordination. Comparable results were reported by
Gao et al.,[18] who, furthermore, observed that the above effects
increase with increasing ether functionalization of the cation.

Based on aforementioned results, the crown ether may
either displace the TFSI� anions from the Mg2+ coordination
sphere and thus prevent the decomposition of the TFSI� ; or it
may weaken the interaction with Mg2+ and thus stabilize the
TFSI� against decomposition. In both cases, one would expect
an improved reversibility of the Mg deposition/dissolution
process and, in particular, a better stability/slower inhibition of
these processes in the presence of the crown ether. Still open,
however, is the role of the borohydride in this process. It may
either solely act as water scavenger, removing trace impurities
of water in the different chemicals (see Experimental section)
from the electrolyte, or it may also coordinate to Mg2+. BH4

�

coordination to Mg2+ has indeed been reported to be stronger
than that of TFSI� ,[18,63] which will be important also for the
present case. Finally, also the ratio between the different
components seems to be important; as indicated by the results
of Hu et al., who observed significant differences in the Mg
deposition/dissolution current when varying the ratio of the
TFSI� and BH4

� concentration in Mg2+-containing diglyme.[63]

In order to investigate the role of the TFSI� and BH4
� anions

and of the crown ether and, in particular, their relative
concentrations, in more detail, we prepared electrolytes with
different concentrations of these species. In all cases, the Mg2+

concentration was kept at 0.1 molL� 1. We would expect that, if
borohydride acts only as water scavenger and is necessary for
that, a certain minimum concentration of borohydride is
required for reversible Mg deposition/dissolution. In that case,
crown ether would be furthermore required to coordinate to
Mg2+ and displace TFSI� . Alternatively, both borohydride and
crown ether contribute to the displacement of TFSI� from the
Mg2+ coordination sphere. In this case, the total amount of
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borohydride plus crown ether relative to the amount of Mg2+

would be decisive for reversible and reasonably stable Mg
deposition/dissolution.

In Figure 2a, we present a set of CVs recorded with a GC
substrate in Mg(BH4)2-, MgTFSI2-, and 18-crown-6-containing
BMP-TFSI, with a 1 :1 molar ratio of crown ether to Mg2+ and a
1 :1 mixture of Mg(BH4)2 and MgTFSI2 (0.05 M Mg(BH4)2+0.05 M
MgTFSI2+0.1 M 18-crown-6). The characteristic features in these
CVs are essentially identical to those obtained and discussed
before for GC in a solution of 0.1 M Mg(BH4)2 and 0.1 M 18-
crown-6 in IL (Figure 1). The reversibility is about 80% in the
first ten cycles, which is comparable to the results obtained for
the MgTFSI2-free electrolyte (Figure 1). However, with increasing
cycling times, the reversibility decreases to about 12% after
20 cycles (see Figure S6 and Table S3) and the electrode is
completely inert after 50 cycles (Figure 2a). For comparison, the
GC electrode cycled in BMP-TFSI+0.1 M Mg(BH4)2+0.1 M 18-
crown-6 (discussed with Figure 1) still displayed more than half
of the initial current densities after 50 scans. Considering that
the relative increase in TFSI� concentration is marginal and the
concentrations of Mg2+ and 18-crown-6 are identical to those in
Figure 1, these changes in reversibility must be related to the
lower amount of BH4

� in the measurement to Figure 2a.
Upon further increasing the amount of MgTFSI2 at the

expense of Mg(BH4)2 (Figure 2, 0.09 M MgTFSI2+0.01 M Mg-
(BH4)2+0.1 M 18-crown-6), we observe a pronounced decay of
the current density and a down-shift of the Mg deposition
potential (blue curve). Obviously, the increasing lack of BH4

� is
detrimental for the Mg2+ deposition process. The current trace
in the anodic scan is affected even more and shows only a very
weak and broad Mg dissolution feature. Hence, both Mg plating
and Mg stripping are reduced when replacing BH4

� by TFSI� , or
the other way around, when reducing the amount of BH4

� ,
while keeping the concentration of crown ether constant.

Interestingly, when doubling the amount of crown ether
added to this Mg(BH4)2/MgTFSI2 mixture (Figure 2b, violet
dashed curve, 0.09 M MgTFSI2+0.01 M Mg(BH4)2+0.2 M 18-
crown-6, for more cycles see Figure S7 and Table S4), the high

current densities are restored again and the reversibility is
significantly improved. The latter increases from 75% in the first
cycle to 82% in the second cycle, then decreases again
continuously to 75% in the 10th cycle. This trend in the
reversibility, with an initial increase and a later decrease, is very
similar to that obtained for the sample cycled in IL containing
0.05 M Mg(BH4)2+0.05 M MgTFSI2+0.1 M 18-crown-6 (Fig-
ure 2a). We assume that the similar trends reflect that, in both
cases, an increasing excess of BH4

� plus crown ether relative to
the Mg concentration is beneficial for the Mg deposition/
dissolution reaction. Also, the onset potential for Mg deposition
(� 0.6 V) is slightly more anodic than that obtained in pure
borohydride and crown ether-containing IL with no MgTFSI2
(� 0.7 V, equivalent to an up-shift of the onset potential for Mg
deposition by 0.1 V), supporting the above conclusion of more
facile Mg deposition in this electrolyte. In combination, these
results indicate that the sole coordination of TFSI� with Mg2+ is
detrimental for the Mg deposition/dissolution processes. How-
ever, when either the crown ether or BH4

� – or both in
combination – are present in the electrolyte in sufficient
amounts, TFSI� can either at least partly be displaced from the
inner Mg2+ coordination sphere, or the Mg2+� TFSI� interaction
can be weakened to an extent that Mg+-induced TFSI�

decomposition is inhibited during reaction. Both could enable
improved plating and stripping. On the other hand, Hu et al.
had demonstrated that an increase of the MgTFSI2 content,
from zero content to fourfold excess at constant Mg(BH4)2
concentration (0.01 M), leads to a continuous increase in
reversible Mg deposition/dissolution from diglyme.[63] Based on
quantum chemical calculations, they proposed that TFSI�

displaces one of the BH4
� ligands in the inner coordination

shell, which was seen as origin for the improved Mg deposition/
dissolution. The apparent discrepancy to our findings – an
improved Mg deposition/dissolution upon addition of TFSI� to
Mg(BH4)2-containing electrolyte in their case vs. an improved
Mg deposition performance upon addition of Mg(BH4)2 to
TFSI� -based electrolyte in our experiments – is most likely due
to the very different situations in both cases. While in our

Figure 2. Sets of CVs recorded on GC in BMP-TFSI+0.05 M Mg(BH4)2+0.05 M MgTFSI2+0.1 M 18-crown-6 (a) and in BMP-TFSI with different concentrations of
Mg(BH4)2, MgTFSI2 and 18-crown-6 (b, first cycle). The concentration of MgTFSI2 is 0.1 M – concentration of Mg(BH4)2. The inset in (a) shows the accumulated
charge during the first scan, in (b) an enlarged section of the lower potential region between � 0.2 and � 0.8 V. All scan rates are 10 mVs� 1.
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experiments TFSI� is present also as solvent and thus in strong
excess, they use TFSI� in rather low concentrations, comparable
to that of BH4

� , together with an excess of the Mg-coordinating
glyme as solvent.

These results point to an equilibrium of Mg2+ coordination
with the various ligands, where coordination of TFSI� to Mg2+

and, thus, also Mg+-induced decomposition of TFSI� , are still
possible as long as BH4

� and/or crown ether (or a combination
of them) are not present in over-stoichiometric amounts (for
crown ether: 1 :1). This conclusion also fits well to the results
reported by Shao et al., who observed a significant
enhancement of the Coulombic efficiency with increasing BH4

�

concentration, as well as when changing from a monodentate
solvent molecule (THF) to bidentate (DME) and finally tridentate
(diglyme) molecules.[15] They explained this behavior by syner-
gistic effects, without, however, explaining in more detail how
this would affect Mg deposition. As mentioned before, we
found that, also in the presence of crown ether, a certain
amount of BH4

� is required, as indicated by the experiment
with 0.09 M MgTFSI2+0.01 M Mg(BH4)2+0.1 M crown ether,
where Mg deposition was strongly hindered. Finally, additional
measurements with other concentrations of crown ether (Fig-
ure S3) further confirmed that a certain minimum amount of
BH4

� is required for Mg deposition from MgTFSI2. Even a tenfold
excess of crown ether did not support Mg deposition from
MgTFSI2 if no BH4

� was added. This is most easily explained in a
picture where some BH4

� is necessary for removal of trace
impurities of water, and, additionally may coordinate with
Mg2+.

Here it should be mentioned that Sagane et al. observed
that the addition of stoichiometric (1 : 1) amounts of 18-crown-6
to MgTFSI2 in MPPp� TFSI is required and sufficient for a
complete displacement of TFSI� from the coordination sphere
of the Mg2+, resulting in the formation of “free” TFSI� anions.
The CV of that mixture shows Mg plating and stripping, but
with a very low reversibility.[42] Furthermore, there may be an
influence of the IL cation on the complexation process, as these
authors used 1-methyl-1-propylpiperidinium (MPPp+) as cation
rather than the 1-butyl-1-methyl-pyrrolidinium (BMP+) em-
ployed in the present work.

Finally, we want to briefly test for possible effects induced
by the nature of the electrode by changing to a Mg electrode.
Figure 3 displays a CV recorded in 0.1 M Mg(BH4)2-containing
BMP-TFSI with 0.1 M 18-crown-6 on a magnesium substrate.
Different from the current traces recorded on the glassy carbon
substrates in 0.1 M Mg(BH4)2 and 0.1 M 18-crown-6-containing
IL, the first cathodic scan (after a potential step from the OCV to
the upper potential limit) already exhibits oxidative currents in
the potential range 1.5–0 V, which we assume are due to Mg
dissolution from the roughened electrode (see Experimental
section). This is different from results reported by Ma et al., who
only observed dissolution of freshly deposited Mg, but not of
the Mg substrate, in 0.5 M MgTFSI2/tetraglyme electrolyte
containing 6 mMMg(BH4)2, at least when cycling below 1.0 V.
They concluded that, most likely, the underlying Mg surface is
passivated completely despite the roughening pretreatment.[30]

Mg deposition starts already at a potential below 0.5 V, i. e., at a

lower overpotential compared to that obtained on a glassy
carbon electrode in the same electrolyte (Figure 1, around
0.7 V). This indicates a lower nucleation overpotential for the
roughened Mg electrode compared to the GC substrate, most
likely due to the presence of efficient sites for heterogeneous
nucleation on the surface. The corresponding Mg dissolution
peak appears at 0.2 V, also down-shifted by 0.1 V compared to
the Mg dissolution peak observed on GC. Initially, the current
density is almost three times higher than the corresponding
current traces on glassy carbon. With increasing cycle number it
decreases rapidly, having lost about half the initial current
density by the fifth cycle. This loss is far more pronounced than
on glassy carbon. We tentatively explain this by the generally
higher reactivity of the Mg surface, which reacts more efficiently
both with trace impurities in the electrolyte and/or with the
solvent during cycling. This reaction may hinder further Mg
deposition and thus result in the distinct peak between � 0.6
and � 0.7 V in the Mg deposition range, rather than the
expected exponential current increase when approaching the
lower potential limit. The peak in the anodic scan at about 0.2 V
is most likely related to dissolution of the freshly plated Mg,
whereas oxidation of the underlying Mg substrate proceeds
only in the anodic currents above 0.5 V. Interestingly, while the
onset and peak maximum for Mg dissolution remain the same,
the onset for Mg deposition shifts to more negative potentials
with continued cycling. Overall, compared to Mg plating/
stripping on GC, both these and also the passivation processes
are faster on Mg.

It is also worth mentioning that, aside of its role as water
scavenger, borohydride may also dissolve the (native) passiva-
tion layer present on the Mg surface due to its strongly

Figure 3. First (a) and additional relevant (b) cycles of the potentiodynamic
scan of a Mg electrode in 0.1 M Mg(BH4)2+0.1 M 18-crown-6-containing
BMP-TFSI at 10 mVs� 1.
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reducing nature.[14] However, we observed both Mg deposition/
dissolution and electrolyte decomposition currents only on
in situ roughened Mg electrodes. Hence, the sole presence of
borohydride is not enough to dissolve the native passivation
layer and allow for reversible Mg plating and stripping.

To learn more about the question in how far these effects
are specific for Mg deposition, we studied the plating/stripping
behavior on GC in analogous electrolyte systems, employing
Ca2+ instead of Mg2+. No Ca2+ deposition was observed from
Ca(BH4)2-containing BMP-TFSI, neither in the absence nor
presence of 18-crown-6 (Figure S2 and S3). We speculate that
this difference is related to the different mismatch[49] between
the cavity size of the crown ether (2.9 Å for 18-crown-6) and the
ion diameters of the two ions (Ca2+ 2.0 Å, Mg2+ 1.44 Å). The
better fit would result in a stronger binding of Ca2+ than of
Mg2+. In that case, Mg2+ deposition could still be possible when
it is coordinated to 18-crown-6, while Ca2+ is too tightly bound
for deposition. This hypothesis is also in agreement with the
fact that we found neither Ca nor Mg deposition from BMP-TFSI
containing 15-crown-5 (cavity size 2.0 Å), as, as we assume,
both cations are too strongly bound for metal deposition.

Finally, we would like to note that the proposed mechanism
of a displacement of the anion of the IL solvent/Mg source by
the additives requires that the additives coordinate more
strongly to the Mg2+ cation than the weakly coordinating TFSI�

anions and also weaken the Mg2+� TFSI� interaction, but still are
sufficiently weakly coordinated to allow facile Mg deposition.
The partial displacement of the Mg2+-coordinated TFSI� species
and the weakening of the Mg2+� TFSI� interaction of the
remaining TFSI� ligands inhibits the decomposition of the TFSI� ,
which is induced by interaction with the Mg+ upon partial
reduction of the Mg2+ ion.[28] Hence, we propose that in such
cases the optimum additive is one that is i) stable against
decomposition itself and that has ii) an optimum interaction
with the metal cation; i. e., sufficiently strong that it can partly
displace the instable component (here TFSI� ) and/or weaken its
interaction with the central Mg2+ ion, but sufficiently weak that
it does not inhibit metal deposition by formation of a stable
coordination shell. This also requires that the coordination of
the unstable component be sufficiently weak that it can still be
displaced by the additive under the conditions described in ii).
These questions were investigated theoretically, as detailed in
the next section.

2.2. Simulation

To test the above interpretation, we conducted MD simulations
and quantum chemical calculations at the density functional
level of theory (DFT), comparing the stability of the coordina-
tion sphere of the Mg2+ cation in the presence and absence of
18-crown-6 (for details, see Experimental section and Support-
ing Information). Note that in our classical MD simulations,
which are used as starting point, the interactions between Mg2+

and the solvent molecules are limited to solely electrostatic
forces and will not include contributions from covalent
interactions between Mg2+ and oxygen. However, such inter-

actions are fully captured in the subsequent DFT calculations. In
these calculations, the reference level for the energy of the
respective clusters was defined by the energy of an isolated
MgTFSI2 cluster plus that of the separate additional ligands
(BMP-TFSI ion pairs, 18-crown-6), where the energies were
calculated using the frozen geometry of the most stable
complete cluster. Accordingly, the coordination energies Ec refer
to the energy gained upon coordinating one or more additional
ligands to the MgTFSI2 cluster, while the binding energy Eb of a
specific ligand in that cluster refers to the energy required for
removing that ligand in a frozen configuration. For selected
configurations obtained during the MD simulations, we cut
clusters containing the MgTFSI2 as well as up to two BMP-TFSI
ion pairs in the absence and presence of 18-crown-6, which
were further optimized geometrically (see Experimental sec-
tion). For the determination of the coordination and binding
energies presented in Figures 4 and 6 and in Table 1, we used
the cluster configurations with the most stable final geometry.
Note that the structure of the MgTFSI2 complex included
therein may not be the most stable configuration of the
isolated MgTFSI2 cluster.

In Figure 4, we show a selection of clusters cut from the MD
simulations consisting of MgTFSI2 in the presence of up to two
BMP-TFSI ion pairs and up to one 18-crown-6 molecule. The
Mg2+ cation is displayed in different coordination states and
geometries, along with the respective (additional) coordination
energies. The clusters are portrayed in the most stable
configurations observed for the respective coordination. Note
that these are not necessarily the configurations with the
highest coordination energies. Visualizations of some other
clusters considered in this work are provided in the Supporting
Information (Figure S8). A main characteristic for all clusters is
the bond between the Mg2+ cation and the oxygen atoms of
the TFSI� anions or of the 18-crown-6 molecule. The different
configurations in Figure 4 involve coordination geometries of
the Mg2+ cation with different numbers of directly coordinating
oxygen atoms, as illustrated in Figure 5. The Mg2+ cation prefers
a seven-fold coordination by oxygen atoms in the presence of
18-crown-6, while a five- or six-fold oxygen coordination,
arranged in a pyramidal or octahedral configuration, respec-
tively, is preferred in its absence.

As expected, the increasing coordination of the Mg2+ ion in
the MgTFSI2 cluster increases the stability of the cluster.
Coordination with an additional BMP-TFSI ion pair leads to a
stabilization by � 132 kJ/mol (Figure 4a). Note that this denotes

Table 1. Electron affinity EA and equilibrium potential Ered for molecule/
cluster reduction vs. Mg/Mg2+ for different molecule/cluster types.

Cluster/molecule EA [eV] Ered [V]

TFSI� 2.16 � 1.19
18c6 � 0.49 � 3.84
Mg2+ +18c6 1.68 � 1.67
MgTFSI2 3.75 0.40
MgTFSI2+BMP-TFSI 3.49 0.14
MgTFSI2+2 BMP-TFSI 3.10 � 0.25
MgTFSI2+18c6 2.97 � 0.38
MgTFSI2+18c6+BMP-TFSI 2.91 � 0.44
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the overall energy gain of the system, which may also contain
contributions from a change in bonding within the original
MgTFSI2 cluster and within the ion pair. Hence, it is not
necessarily the strength of the bond between Mg2+ and the ion
pair, but it would properly describe the energy needed to
detach the ion pair. Adding a second BMP-TFSI ion pair to the
MgTFSI2+BMP-TFSI cluster does not lead to a further stabiliza-
tion of the cluster; the coordination energy of � 130 kJ/mol for
two BMP-TFSI ion pairs is almost equal to that of a single ion
pair (Figure 4b). Qualitatively, this can be understood from the
fact that, for coordination with a single BMP-TFSI ion pair, the
TFSI� anion can coordinate via two oxygen atoms, while for
coordination by two BMP-TFSI ion pairs each of them
coordinates only by a single oxygen atom of the TFSI� species
to the Mg2+ cation (see Figure 4). Hence, coordination by the
second ion pair weakens the bond to the first ion pair, and this
effect is quite significant. Therefore, one would expect an
equilibrium between both states at room temperature, which
also means that thermal detachment of the second ion pair is
easily achieved at room temperature. This weakening of the
bond to the first BMP-TFSI ion pair is illustrated also in the

energy scheme in Figure 6. It represents the binding energies
for different ligands in the frozen geometry of the final cluster,
which were calculated by comparing the cluster energies before
and after removal of the respective ligand in that geometry. In
this case, the binding energies of the two different BMP-TFSI
ion pairs are almost identical (Figure 6c), and they are much
smaller than that of the BMP-TFSI ion pair in Figure 4a. Also, it
does not seem to matter which of the two ion pairs is added
first. Hence, synergistic effects between the two ion pairs are
absent.

In a similar way, we explored the additional coordination of
an 18-crown-6 molecule to either the MgTFSI2 (Figure 4c) or the
MgTFSI2+BMP-TFSI (Figure 4d) cluster. In the first case, this
results in a stabilization by � 369 kJ/mol. Hence, the coordina-
tion of the MgTFSI2 cluster by the crown ether is significantly
stronger than that by a BMP-TFSI ion pair. Also, the addition of
a single 18-crown-6 molecule to a MgTFSI2+BMP-TFSI cluster
results in a drastic increase in cluster stability by � 264 kJ/mol.
Qualitatively, this is evident already from the structure of the
most stable cluster in Figure 4d. This shows a significant
weakening of the coordination to the two original TFSI� anions,

Figure 4. Representation of the most stable clusters at different compositions, cut from MD simulations, and the respective coordination energies Ec.

Figure 5. Different coordination states of Mg2+, colored in green, in the presence (a,b) and absence (c,d) of 18-crown-6. Oxygen atoms belonging to the 18-
crown-6 ring are colored in pink; those belonging to TFSI� in red.
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which are coordinated now only via one oxygen atom, and to
the third TFSI� anion (that of the BMP-TFSI ion pair), which is no
longer part of the inner coordination sphere. Here, we identify
the TFSI� anion of the ion pair by its stronger interaction to the
BMP+ cation compared to the other two TFSI� species. On a
more quantitative scale, this is illustrated in the energy scheme
in Figure 6d. Addition of a crown ether molecule to the MgTFSI2
cluster, in the frozen geometry of the stable configuration of
the MgTFSI2+BMP-TFSI+18-crown-6, results in a binding
energy stabilization by � 353 kJ/mol; further addition of a BMP-
TFSI ion pair stabilizes this by another � 43 kJ/mol (total
coordination energy � 396 kJ/mol), which is even less than the
binding energy per BMP-TFSI ion pair in the MgTFSI2+BMP-TFSI
cluster. Also in this case, it almost does not matter whether the
crown ether or the ion pair is added first and synergies are very
small. Overall, the strong coordination by the crown ether
molecule leads to a significant weakening of the bond between
Mg2+ and the two TFSI� anions, and essentially a displacement
of the BMP-TFSI ion pair. Also considering these effects in the
overall energy balance, one expects that the bond between
crown ether and Mg2+ cation is even significantly stronger than
� 353 kJ/mol.

In addition to the above calculations, we also explored
whether coordination of two 18-crown-6 molecules to the
MgTFSI2 cluster would be strong enough to additionally
displace the original TFSI� anions from their direct coordination
to the Mg2+ cation. For this purpose, we built and optimized a
cluster in which the Mg2+ cation is surrounded by two 18-
crown-6 molecules and the two TFSI� anions are displaced to
the second coordination layer (Figure S9). Here, we find that the
total binding energy in that cluster is stronger by � 70 kJ/mol,
as compared to the coordination states in the absence of 18-
crown-6. However, it is less stable by � 27 kJ/mol as compared
to the coordination by just one 18-crown-6 and two directly
coordinating TFSI� anions.

Overall, these calculations indicate that i) the coordination
with the 18-crown-6 molecule is much stronger than that with
TFSI� anions, that ii) the interaction with the 18-crown-6
molecule leads to a significant destabilization of the remaining
coordination to the two TFSI� anions, as indicated by the
change from two-fold to one-fold coordination, and, finally, that
iii) a complete screening of the Mg2+ cation by two 18-crown-6
molecules is energetically unfavorable. In the absence of 18-
crown-6, the coordination of MgTFSI2 with one or two BMP-TFSI
ion pairs always results in either a six-fold or five-fold
coordination of the Mg2+ cation, i. e., in an octahedral or
trigonal bipyramidal structure, respectively. In contrast, in the
presence of 18-crown-6, the Mg2+ cation is coordinated by four
to five oxygen atoms of the ether and two to three anions
coordinated by a single oxygen atom each.

Next, we considered that Mg deposition requires the cation
to be able to (stepwise) strip its coordination shell when
attaching to the electrode surface. As evident from the numbers
in Figures 4 and 5, the binding energies with the TFSI� anions
in the BMP-TFSI ion pairs calculated are of an order of
magnitude that allows their thermal detachment at room
temperature. This is true both for coordination of one or two

ions pairs – actually, removing the second BMP-TFSI ion pair
does not cost any energy – and especially in the presence of a
crown ether molecule acting as a second ligand. On the other
hand, it would be very hard for the Mg2+ cation to escape
coordination with 18-crown-6. Previous studies have suggested
that the partial reduction of Mg2+ to Mg+ via an outer sphere
electron transfer reaction will weaken the interaction with
TFSI� .[18,28] Similar effects may also be expected for the
coordination to an 18-crown-6 molecule. Figure 7 compares the
coordination energies of different 18-crown-6 and/or BMP-TFSI-
containing clusters before and after partial reduction of the
cation from Mg2+ to Mg+. Indeed, the coordination energies
decrease significantly (strictly speaking, the absolute values of
the coordination energies decrease). Most importantly, the
coordination energy of the 18-crown-6-containing cluster
decreases by � 130 kJ/mol, falling to � 212 kJ/mol. This moves it
significantly closer to the range where Mg deposition seems
feasible. On the other hand, while the addition of a second
BMP-TFSI ion pair to the coordination sphere of Mg2+ does not
result in a further stabilization of the cluster (see above), this is
different for the reduced Mg+ ion. Here, the addition of a
second BMP-TFSI ion pair to the coordination sphere of
[MgTFSI2]

� reduces the cluster stability, which, in turn, would
improve Mg deposition on the electrode due to its reduced
coordination. Overall, the data in Figure 7 demonstrate that

Figure 6. Scheme of the coordination energies Ec and binding energies Eb for
different cluster compositions.
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partial reduction of the Mg2+ to Mg+, e.g., via an outer sphere
charge-transfer step, destabilizes the coordination not only to
solvent ion pairs, but also to 18-crown-6 molecules to an extent
that detachment of these species becomes feasible at room
temperature, which is a precondition for Mg deposition.

Finally, we investigated the reductive stability of the TFSI�

anions in different clusters. Recently, several groups have
proposed to derive trends in the electrochemical stability
window calculating reduction and oxidation potentials, rather
than using the strongly simplified previous scheme which
relates the stability window to the HOMO and LUMO of the
solvent molecules.[64–67] The main difference in this approach is
the proper accounting of solvation effects and of contributions
from reduction-/oxidation-induced reactions.[67] Here, we em-
ployed a method which is closely related to the general ideas of
the thermodynamic cycle method, but proceeds in a different
way: namely, by calculating the electron affinities EA of the
solvated clusters based on the adiabatic energy difference
between a cluster and its reduced form. As described in the
Experimental section, both clusters were geometry-relaxed to
the nearest local minimum. Table 1 lists the values of EA for a
number of different clusters. For comparison, we also included
the isolated TFSI� anion, the 18-crown-6 molecule, and the
MgTFSI2 cluster. Based on the electron affinities, trends in the
equilibrium potential for reduction of the respective molecules/
cluster Ered can be estimated (see Experimental section), which
are listed in Table 1 as well.

First of all, we find that the uncoordinated TFSI� anion
shows a significantly higher electron affinity compared to its
coordinated state in the MgTFSI2 cluster. Considering the
magnitude of the difference in electron affinities, this trend is
significant, even though for these latter two species solvation
effects are included only implicitly. A similar trend can be
observed for 18-crown-6, which becomes more susceptible to
reduction when coordinated to Mg2+. However, both in its free
and its coordinated state, 18-crown-6 ether shows significantly
lower electron affinities than TFSI� .

Furthermore, we found that, during geometric relaxation, all
TFSI� -containing clusters exhibit the dissociation of a � CF3
group upon reduction. Therefore, the electron affinity of the
TFSI� -containing clusters is a measure also for the stability
against reductive decomposition of the TFSI� group. In contrast,
no bond breaking was observed in the 18-crown-6 ether,
neither in the free molecule nor when coordinated to Mg2+ or
MgTFSI2. Spin density plots (Figure S15) reveal that, in TFSI� -
containing clusters, the unpaired electron is entirely located on
the dissociated � CF3 group after reduction, whereas in the case
of the isolated TFSI� the unpaired electron is shared between
both fragments. In the absence of TFSI� and presence of 18-
crown-6, the additional, unpaired electron will be entirely
located at the Mg2+ cation, reducing it to Mg+. Hence, the
coordination to Mg2+ strongly enhances the known tendency
of TFSI� to decompose upon reduction via dissociation of a
� CF3 group.

[18,28,68] Similar findings were recently described by
Tuerxun et al. for MgTFSI2 in different organic solvents (THF,
diglyme), based on the comparison of the calculated HOMO/
LUMO energy levels of the free TFSI� and of the MgTFSI2 cluster,
respectively.[20] In this case, implicit solvation effects were
included, while explicit solvent effects by coordination of
solvent molecules were not considered. Furthermore, we found
that the addition of one BMP-TFSI ion pair slightly reduces the
electron affinity EA. On the other hand, the reductive stability of
the coordinated TFSI� anion is significantly increased by the
addition of an 18-crown-6 ligand. Hence, even though there are
still two TFSI� anions weakly coordinated to the Mg2+ cation
also in the presence of the 18-crown-6 molecule, these are less
susceptible to reductive decomposition than the strongly
coordinated TFSI� species present in the absence of the crown
ether. The same trend is indicated by the spin density
distribution plots. A high electron affinity correlates with a
pronounced localization of the unpaired electron, whereas the
clusters with lower electron affinity show a more diffuse spin
distribution. In isolated 18-crown-6, the electron is delocalized
over the whole ring upon reduction, while the additional
electron is localized on the cation upon attachment to Mg2+,
reducing it to Mg+ and increasing the electron affinity. The
reduction of isolated TFSI� leads to the dissociation of a � CF3
group, but the spin density plot shows that the unpaired
electron is still shared between both fragments in the stable
configuration. Again, the interaction with Mg2+ leads to a
pronounced localization of the electron, which is then entirely
located on the dissociated � CF3 group. This leaves the other
fragment with a twofold negative charge, which is stabilized by
the cation. In the presence of 18-crown-6, the spin density
distribution becomes more diffuse again, which goes along
with a lower electron affinity.

Overall, on a qualitative scale these calculations can well
explain the experimental observation that i) the addition of 18-
crown-6 results in a pronounced suppression of the reductive
decomposition of TFSI� species, even though these are present
at large excess, and that ii) Mg2+ deposition is still possible
despite the rather strong coordination of the 18-crown-6
molecule to the Mg2+ cation. In the first case, this is due to the
fact that coordination to 18-crown-6 prohibits the two-fold

Figure 7. Coordination energies of different 18-crown-6 and BMP-TFSI-
containing clusters (MgTFSI2+X, X see Figure) with [Mg2+� TFSI2] or
[Mg+� TFSI2]

� as central unit. Coordination energies are referenced to the
energies of the respective MgTFSI2 clusters.
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coordination to the TFSI� anions and, thus, decreases their
binding energy to the Mg2+ cation. On the other hand, for the
partly reduced Mg+, the interaction of the 18-crown-6 additive
with the Mg+ cation is sufficiently weak that direct interaction
with the electrode as a first step for Mg deposition seems to be
feasible at room temperature.

3. Conclusions

Based on the results of a systematic electrochemical and
theoretical study on the influence of additives, in our case 18-
crown-6 and Mg(BH4)2, on the reversible deposition/dissolution
of Mg on a glassy carbon model electrode in the ionic liquid
BMP-TFSI, we could show that these can significantly improve
the extent and reversibility of Mg plating/stripping. While Mg2+

deposition is inhibited in purely MgTFSI2-containing BMP-TFSI,
it is improved upon addition of the crown ether and/or of
Mg(BH4)2. Varying the amount of the additives while keeping
the Mg2+ concentration constant reveals i) that either of them
can improve the deposition characteristics. However, ii) a
certain excess of these species together relative to the Mg2+

concentration is required for more facile and reversible Mg
deposition, and iii) regardless of the presence of the crown
ether, a minimum amount of BH4

� is required as well, most
likely to act as water scavenger. These trends can be
convincingly explained by the results of our quantum chemical
calculations. Including implicit and explicit solvent effects, they
reveal that i) the interaction between Mg2+ and the surround-
ing TFSI� anions is significantly weakened upon coordination of
an 18-crown-6 molecule to MgTFSI2 or to MgTFSI2+BMP-TFSI,
which severely reduces the tendency for Mg+-induced TFSI�

decomposition during Mg2+ reduction, that ii) increasing
coordination stabilizes the resulting cluster, but with a non-
linear effect, that iii) partial reduction of Mg2+ to Mg+, possibly
via an outer sphere reduction process, weakens the [Mg+

� TFSI2]
� interaction, which allows for coordination of the Mg

cation to the electrode at room temperature, and that iv) the
changes in Mg� TFSI interaction are reflected also by changes in
the electron affinity and in the equilibrium potential for
reduction of the respective clusters. When using a Mg substrate,
as common in realistic battery systems, instead of the model GC
electrode, the passivation process is far more efficient, but
otherwise the data appear to be in agreement with our
interpretation.

In combination, experiment and calculations result in a
detailed mechanistic picture of the role of additives on Mg
deposition/dissolution in an ionic liquid electrolyte, including
also synergistic effects. The observation of similar trends for
reversible Mg plating/stripping on GC model electrodes and
realistic Mg electrodes, only with higher currents, indicates that
the above picture is not electrode-specific, but of more general
validity.

Experimental Section

Electrochemical Methods

For the preparation of the electrolytes, the appropriate amounts of
Mg(BH4)2 (Sigma Aldrich, 95.0%), MgTFSI2 (Solvionic, 99.5%,
�250 ppm H2O) and 18-crown-6 (Alfa Aesar, 99.0+%, �0.29%
H2O) were dissolved in 1-butyl-1-methylpyrrolidinium bis(trifluoro-
methylsulfonyl)imide (BMP-TFSI, Solvionic, 99.9%, �20 ppm H2O)
by stirring. We prepared the following solutions: BMP-TFSI with a)
0.1 M Mg(BH4)2, b) 0.1 M Mg(BH4)2+0.1 M 18-crown-6, c) 0.05 M
Mg(BH4)2+0.05 M MgTFSI2+0.1 M 18-crown-6, d) 0.01 M Mg(BH4)2
+0.09 M MgTFSI2+0.1 M 18-crown-6, and e) 0.01 M Mg(BH4)2+

0.09 M MgTFSI2+0.2 M 18-crown-6. Karl Fischer Titration of
solutions of 0.1 M MgTFSI2+BMP-TFSI and 0.1 M MgTFSI2+0.1 M
18-crown-6 in BMP-TFSI yielded water contents of 23 and 35 ppm,
respectively. The water content of Mg(BH4)2-containing solutions
cannot be determined this way due to its reaction with iodide; here
we assumed similar water contents in the solvent and that all water
originally present in the Mg(BH4)2-containing electrolyte was
reactively removed. Electrochemical measurements were con-
ducted in a beaker cell-type three-electrode setup using glassy
carbon (GC, HTW Germany, Sigradur G, 4 mm thickness, d=8 mm)
or Mg disks (Goodfellow, 1.5 mm thickness, d=8 mm, 99.9%) as
working electrode (WE), a gold wire as counter electrode (CE) and a
Mg rod (Goodfellow, d=3.2 mm, 99.9%) as quasi-reference elec-
trode (RE).

The electrochemical cell consists of a KelF cell body with three
interconnected compartments and a total volume of 0.7 ml. CE and
RE are placed in the outermost and middle compartment,
respectively. With this configuration, the distance between counter
and working electrode is maximized to minimize effects of
oxidative reaction products formed at the CE on the processes
taking place at the WE. The WE compartment, finally, has an
opening at the bottom, with the edges of the opening pressing on
the WE. A Viton O-ring (FKM 75, inner diameter 5 mm, cross section
1 mm) between WE and cell body prevents electrolyte leakage.
Prior to the assembly, the GC substrates were polished and rinsed
with Caroic acid, acetone, and ultrapure water. The cell body and
O-rings were rinsed with acetone and then sonicated and boiled in
ultrapure water. All cell components were finally dried in Ar
atmosphere at 100 °C for 16 hrs. The Mg electrodes (both reference
and working electrodes) were polished in an Ar-filled glove box
(MBraun LabStar, O2<0.5 ppm; H2O<1 ppm) before use. The cell
was assembled inside the glove box, then quickly filled with
electrolyte. In addition, the Mg electrode was roughened immedi-
ately after electrolyte filling, using a sharp glass tip. The potential
was controlled by a Solartron Analytical Modulab (Pstat 1MS/s)
potentiostat. Cycling involved at least 25 and at maximum
100 cycles between 1.5 and � 1.0 V vs. Mg/Mg2+ at 10 mVs� 1. The
electrochemical measurements were always started with a potential
step from the OCV to the upper potential limit, with a rest time of
60 s at that point before the CV was initiated with the cathodic
scan.

Computational Methods

Classical molecular dynamics (MD) simulations of MgTFSI2 in BMP-
TFSI in the presence and absence of 18-crown-6 were performed
using the LAMMPS program package (version 17th of Nov, 2016),[69]

employing the OPLSA-AA force field[70] for Mg2+ and 18-crown-6
and the CL&P force field for the ionic liquid (BMP-TFSI).[71] In these
simulations, the solvent was represented by 256 BMP-TFSI ion pairs.
For selected compositions, clusters were cut from these simulations
using the post-processing tool TRAVIS.[72,73] The cluster structures
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were geometrically optimized to the local energy minimum using
density functional theory (DFT) with the ORCA program package,[74]

the BP86 functional[75,76] and def2-SVP[77] basis set with Grimme’s D3
dispersion correction.[78] Geometrical counterpoise (gCP) correction
was applied to deal with the inter-molecular as well as intra-
molecular basis set superposition error (BSSE).[79] Tight SCF con-
vergence criteria were applied in each geometry optimization.
Solvent effects were considered via the MD simulation; furthermore,
they were considered explicitly in the DFT calculations by BMP-TFSI
ion pairs in the cluster and implicitly by the conductor-like
polarizable continuum model (CPCM);[80] setting the dielectric
constant to 14.7[81] and the refractive index to 1.423.[82] Note that,
while electrostatic interactions are the dominant attractive force
between Mg2+ and oxygen, covalent interactions may also
contribute to this, leading to delocalization of electron density to
the cation’s empty 3s and 3p orbitals. Such effects are not included
in our classical MD simulations, which serve as starting point, but
are fully considered in the subsequent DFT optimizations. Cluster
coordination energies and ligand binding energies were obtained
by performing single-point calculations of isolated parts of the
optimized clusters at the same level of theory, maintaining their
frozen structure (see also Results – Simulation). Electron affinities EA
and the equilibrium potential for reduction Ered of the respective
clusters were obtained by explicitly calculating the adiabatic energy
difference between a cluster R and its reduced form R� (all
geometry-optimized) via Equation (1):

EA Rð Þ ¼ E Rð Þ � E R�ð Þ (1)

and Equation (2):

Ered Rð Þ ¼
EA Rð Þ
nF � Eref (2)

where E(R) and E(R� ) are the electronic energies of the solvated
clusters, n is the number of exchanged electrons, F is the Faraday
constant and Eref is the reference potential calculated for Mg/Mg2+.
This yields values very close to those obtained by via the
thermodynamic cycle method.[64–67]
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