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Abstract: Unlike ferrocene, bis(y’-cyclopentadienyl)magne-
sium (magnesocene, MgCp,) is slightly dissociated in solvents,
such as ethers, resulting in electrolyte solutions with low
conductivity. MgCp/tetrahydrofuran solutions make possible
reversible magnesium plating and stripping with low over-
potentials for many cycles. The Mg deposits appear with
a cauliflower-like morphology. IR and NMR spectroscopy
confirm that the electrolyte is stable and not decomposed
during prolonged cycling. The anodic stability limit is in the
range of 1.5V (at platinum) and 1.8V versus Mg/Mg*" (at
stainless steel), which may be sufficient for low-voltage cathode
materials. MgCp, is a first example of a completely new class of
halide-free electrolytes, which may open up a new research
direction for future magnesium metal and magnesium-ion
batteries.

With the advent of the digital age, the electrification of non-
stationary devices puts up an ever-growing demand on energy
storage—challenging today’s technology. Since the end of the
20th century, lithium-ion batteries have been predominantly
used in non-stationary devices. However, future needs for
efficiency, capacity and availability of energy-storage solu-
tions exceed the current state-of-the-art technology by far.l:!

Alternatives such as sodium- or magnesium-based secon-
dary batteries are still in the research stage. Magnesium offers
a good match to those future needs—a divalent ion with
a comparatively small ionic radius of 86 pm, a feasible
magnesium metal anode with a theoretical capacity of
2205 mAhg !, abundancy (magnesium is the 5th most abun-
dant element in the earth crust) and significant commercial
edge.*

Despite these promising properties, magnesium-based
batteries still face major roadblocks until their commercial-
ization. The favored, high energy density, magnesium metal
anode is at the current state of research only compatible with
a few different classes of magnesium salts or complexes
dissolved in ethereal solution. Reversible magnesium depo-
sition and stripping was first demonstrated in a variety of
different magnesium-organic compounds, including Grignard
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compounds and magnesium organoborates.”! This approach
saw a great improvement in anodic stability by reacting strong
chloroaluminate Lewis acids with the magnesium-organic
Lewis bases.*” It led to the recent development of a broad
variety of different organo-halo-aluminate complexes with
greatly enhanced anodic stabilities up to 3.5V versus Mg/
Mg?*, lower oxygen sensitivity and low nucleophilicity,® as
well as of inorganic chloroaluminate complexes.”” ! Most of
these electrolytes contain chlorine. It appears that they act as
a source for CI” ions which helps to depassivate the Mg
electrode and to facilitate the Mg deposition process.['!!

A different approach, pursuing a halide-free electrolyte,
uses ethereal solutions of Mg(BH,),,' the electrochemical
properties of which can be further enhanced by using
mixtures of Mg(BH,), and LiBH,.'*'¥ Thereupon magne-
sium-carboranyl salts have been developed, which exhibit an
increased anodic stability of greater than 3.0 V versus Mg/
Mg2+.“5’16]

Conventional magnesium salts, such as halides, perhalates
or imides seem to be incompatible with the magnesium metal
surface.”” As in lithium-ion batteries, the electrolyte degen-
erates at the surface of the magnesium metal anode. But
instead of a solid electrolyte interphase with good magnesium
ion conductivity a rather passivating, magnesium ion imper-
meable, surface layer forms, which blocks magnesium depo-
sition. It is still under investigation if the inherent hygroscopic
behavior, water content, other impurities or other properties
of these conventional magnesium salts are the reason for their
incompatibility with the metallic anode. Recent studies have
shown that a “conditioning” of the electrolyte leads to
a reaction within in the electrolyte solution, altering the
electrochemical behavior and physicochemical properties, for
example, solubility, of such."®

Here, we report a new class of halide-free electrolytes for
magnesium batteries, based upon the bis(n’-cyclopentadie-
nyl)magnesium (magnesocene, MgCp,) complex.

MgCp, was first synthesized in 1954. In its crystalline,
solvent-free form the complex is built up by a magnesium ion
sandwiched in between two parallel, antiprismatically stag-
gered cyclopentadienyl rings. It is isostructural to the well-
known ferrocene complex.['”?!

In contrast to the highly stable ferrocene, MgCp, shows
a very slight dissociation and ion association in solvents with
electron donor properties, such as ethers [Eq. (1)].*"%!

MgCp, = MgCp* + Cp~
MgCp, + MgCp* = Mg,Cp;* 1)
MgCp, + Cp~ = MgCp;~
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In tetrahydrofuran (THF) the dissociation constant of
MgCp, has been determined as 1 x 107”1 MgCp, solutions
exhibit a small conductivity because of this dissociative
behavior. For instance, for a solution of 0.28m MgCp, in
THF a conductivity of 12.3 uScm™' has been reported.*
Although the conductivity of MgCp, and similar transition
metal complexes in ethereal solutions, such as diethyl ether,
THF, and 1,2-dimethoxyethane (DME), have been investi-
gated early on,”?! the use of such complexes as an electro-
lyte salt in secondary magnesium-ion batteries has not been
considered, so far.

Here, we investigate the electrochemical behavior and
stability limits of a 0.5m solution of MgCp, in THF in
combination with a rechargeable magnesium metal anode.

The magnesium plating and stripping behavior in a 0.5m
solution of MgCp, in THF was investigated by extended cyclic
voltammetry (CV) cycling. Figure 1a shows selected cyclic
voltammograms obtained over 500 cycles at a scan rate of
10 mVs ™! in a potential range of —0.5V to 1.2 V versus Mg/
Mg*,

The cathodic sweep of the first cycle shows a first
reductive signal with an onset at 0.6V versus Mg/Mg*",
which is assigned to a minor side reaction. The actual
magnesium deposition starts at —130 mV versus Mg/Mg*".
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Figure 1. a) Cyclic voltammogram of the magnesium deposition and
stripping reaction in a solution of 0.5m MgCp, in THF, obtained at

a scan rate of 10 mVs ™' in a potential range of —0.5 V to 1.2 V versus
Mg/Mg** for 500 cycles. (Working electrode: Cu, counter and reference
electrodes: Mg.) b) According coulombic efficiencies for the deposition
and stripping process.
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At the cut-off potential of —0.5 V versus Mg/Mg*" a current
density of —0.6 mAcm 2 is reached, with no indication of
a limitation to the reaction. In the anodic scans no magnesium
stripping overpotential is observed and a peak current density
of likewise 0.6 mAcm™? is reached at a potential of 0.55V
versus Mg/Mg*". From the peak current potential to the upper
cut-off potential the current decays to a residual current
density of 0.03 mA cm~2. It fully recedes to zero at a potential
of 0.7 V versus Mg/Mg*" only during the following cathodic
scan, which leads to “tailing” in the cyclic voltammogram.

The deposition and stripping behavior of magnesium in
this electrolyte, 0.5mM MgCp, in THF, is highly reversible
resulting in outstanding cycling stability. In the 1st cycle the
efficiency is 83 % because of the side reaction. Within the first
five cycles it improves to approximately 97 %, to reach 98 %
after 70 cycles for the remaining time of the experiment, as
shown in Figure 1b.

A second set of CV experiments at a slow scan rate of
0.1 mV's~! was performed within the same potential range and
in the same cell set-up. The obtained voltammogram for the
first cycle is shown in Figure 2 a. For the cathodic scan a lower
magnesium plating overpotential of —60 mV versus Mg/Mg*"
is observed, and at the cut-off potential of —0.5 V versus Mg/
Mg*" a peak current density of 0.3 mAcm ? is reached, with
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Figure 2. a) Cyclic voltammogram of the magnesium deposition and
stripping reaction in a solution of 0.5m MgCp, in THF, obtained at

a scan rate of 0.1 mVs ™" in a potential range of —0.5V to 1.2 V versus
Mg/Mg* for 10 cycles. (Working electrode: Cu, counter and reference
electrodes: Mg.) b) According coulombic efficiencies for the deposition
and stripping process.
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no indication of diffusion limitation to the reaction. In the
anodic scans no magnesium stripping overpotential is
observed and a peak current density of 0.45mAcm? is
reached at a potential of —0.55 V versus Mg/Mg*". From the
peak current potential the current decays sharply to zero at
a potential of 0.62 V versus Mg/Mg?".

A third set of CV experiments at a scan rate of SmVs™!
(shown in Figure S1 in the Supporting Information) shows
intermediate behavior.

Expectably, the peak current densities decline with
decreasing scan rate, and the average charge throughput per
cycle increases, from about 61 mC at 10mVs ' to 2.3C at
0.1 mVs~'. The minimal side reaction, which is observed in
the first cathodic scan between OCV and the onset of Mg
deposition for the 10 mVs™! experiment, is also present in the
0.1 mVs™' experiment, but only visible at proper magnifica-
tion. When integrated, the reaction requires a similar amount
of charge of 5.5mC in both experiments. The irreversible
capacity does hence not scale with the amount of deposited
Mg or the surface of deposited Mg (which increases with the
amount of deposited Mg), which could indicate, that it is
either related with the reduction of surface groups of the Cu
substrate or impurities in the electrolyte.

At 0.1 mVs™, the coulombic efficiency reaches 99% in
the first cycle, because of the smaller relative contribution of
the side reaction (Figure 2b). However, it decreases at higher
cycle numbers to reach a value of 80% after 10 cycles.
Compared to the faster scan rate, more Mg is deposited
during the experiment, and the deposited Mg particles grow
bigger in size. During discharge some of the particles may lose
contact to the current collector and cannot be completely
dissolved any longer, which lowers the efficiency. This effect
can be seen in scanning electron micrographs in Figure S4,
which show two different types of Mg deposits, one with
compact morphology and flat facets and another with
irregular, porous (or “leached”) morphology. Most likely
the compact Mg represents freshly deposited material, which
is in full contact with the current collector, whereas the
leached Mg is a rest of a previous cycle, which lost contact
during discharge and could not be completely dissolved. This
effect of decreasing efficiency with decreasing scan rate (and
increasing charge throughput) is not limited to the MgCp,
electrolyte, but is observed for other electrolytes, such as
Mg(BH,),, as well.*’]

In comparison, the 0.5M MgCp,/THF electrolyte shows
a better performance than other electrolytes, such as 0.5Mm
Mg(BH,), in THF (Figure S2) or 0.1m Mg(BH,), in DME
(Figure S3), when cycled in the same cell set-up and under the
same conditions.

The anodic stability of the electrolyte solution was
determined with linear sweep voltammetry (LSV) at various
sweep rates. Figure 3a shows the stabilities at 10 mVs™' and
Figure 3b at 0.1 mVs ™!, respectively. The onset potentials
have been determined at the point with the highest change in
slope of the potential curve, which corresponds to the first
maximum in the 2nd derivative of the curve.

For a scan rate of 10 mVs™! the onset potentials are 1.6 V
at platinum, 1.7 V at copper and 1.8 V versus Mg/Mg*" at
stainless steel (316 L). At a scan rate of 0.1 mVs™' the onset
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Figure 3. Linear sweep voltammogram of a solution of 0.5 M MgCp, in
THF obtained at a scan rate of a) 10 mVs™' and b) 0.1 mVs™'. (Work-
ing electrode: Cu (red), Pt (green), stainless steel 316 L (blue), counter
and reference electrodes: Mg. Dashed and solid lines: independent
measurements with fresh electrodes and electrolyte.)

potentials are 1.5V at platinum, 1.7 V at copper and 1.8 V
versus Mg/Mg”" at stainless steel (316 L). Therewith the
oxidation stability is higher than for conventional Grignard
reagents, such as n-butyl magnesium chloride (1.3 V vs. Mg/
Mg** on Pt),l”! which have been investigated as electrolyte in
the early stages of magnesium battery research. The CV and
LSV results show that within the used potential range of 0.5 V
to 1.2V versus Mg/Mg*" the electrolyte solution is fully
stable. The oxidation stability of 1.5V to 1.8 V versus Mg/
Mg** offers a large enough potential window for applications
in full cells with a magnesium metal anode and a Chevrel
phase Mo4Sg cathode, working at potentials between 1.0 V
and 1.6V versus Mg/Mg*" ! For higher voltage cathode
materials, like V,05PY the anodic stability needs to be
improved. It should be mentioned that MgCp, is a nucleo-
phile, and as such not stable in combination with cathodes
such as oxygen/air or sulfur, which require non-nucleophilic
electrolytes.'**!

The morphology and structure of the magnesium deposits
have been investigated with scanning electron microscopy
(SEM) and X-ray diffraction (XRD). Therefore, magnesium
was deposited onto a dendritic copper foil as substrate, at
a constant potential of —1.0 V versus Mg/Mg®" and with
a total amount of 8.25 Ccm™ being conducted through the
cell.
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Figure 4. SEM images of magnesium plated onto a Cu working
electrode at different magnifications.

As seen in Figure 4, the magnesium deposits appear in
a cauliflower-like morphology, with an average particle size of
15 um, evenly spread over the surface. The magnesium
surface growth is thus less smooth and less homogenous
than reported for 1M BuMgCl/THF or EtMgCl-2Me,AlCl/
THFE."*! However, there is no dendrite formation observed,
which would pose a severe risk to safe operation through
potential internal short-circuiting. A similar crystal morphol-
ogy is observed after several charge/ discharge cycles, as
shown in Figure S4 (Supporting Information).

The X-ray diffractogram of the magnesium deposit is
shown in Figure 5. The diffraction pattern can be completely
indexed to magnesium,”” copper® (for the substrate) and
aluminum® (for the sample holder). No other phases are
identified. The microscopic and diffraction methods thus
prove the plating of pure metallic magnesium onto the
working electrode.

Attenuated total reflectance Fourier-transform infrared
(ATR-FTIR) and nuclear magnetic resonance (NMR) spec-
troscopy results verify the electrochemical stability of the
magnesocene complex and electrolyte solution during pro-
longed magnesium plating and stripping. The spectroscopic
data and a detailed discussion are enclosed in the Supporting
Information (Figures S5 and S6).
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Figure 5. XRD patterns for magnesium deposited onto a copper work-
ing electrode.

The electrochemical deposition process of magnesium
from 0.5M MgCp, solution in THF has been studied for the
first time. The electrochemical data show, that the use of the
MgCp, complex provides a highly effective electrolyte,
enabling magnesium stripping and plating with minimal
overpotentials, high coulombic efficiency, and excellent
cycling stability. Apparently the Mg electrode is not or not
strongly passivated in this type of electrolyte. The electro-
deposition of magnesium was confirmed by SEM observa-
tions, which show magnesium deposits with a cauliflower-like
morphology and by XRD measurements, which confirm the
crystalline metallic nature of these magnesium deposits. IR
and NMR spectroscopy prove the stability of the electrolyte
solution upon cycling, without electrolyte degradation or
changes in the electrolyte composition—at least within the
detection limits of the methods.

MgCp, is a first example towards what might be a new
class of halide-free magnesium electrolytes. With an anodic
stability limit of approximately 1.5 to 1.8 V versus Mg/Mg*"
the electrochemical stability window was found to be rather
narrow—large enough for low voltage cathode materials, but
too narrow for higher voltage cathode materials under
investigation today. However, an improvement of the
anodic stability and reduction of nucleophilicity is expected
for a suitable functionalization of the Cp ring, for example,
with electron-withdrawing substituents and sterically hinder-
ing groups. The ionic conductivity of these aromatic sandwich
complexes, acting as weak electrolytes, needs to be improved
and their performance needs to be confirmed in more suitable
electrolyte solvents. These studies are in progress at the
moment. This new approach to Mg electrolytes may open up
opportunities for future interesting developments in the field
of magnesium batteries and magnesium-ion batteries.

Experimental Section

For all experiments, materials and samples were stored, handled,
and prepared in an argon-filled glovebox (MBraun 200B) with oxygen
and water levels below 0.5 ppm.

Materials: The solvent, THF (99.9%, inhibitor free, Sigma
Aldrich), was dried with sodium and benzophenone prior to use.
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The conductive salt, bis(n>-cyclopentadienyl)magnesium (MgCp,)
(99.99%, ABCR), was received ampuled under argon and was used
without further purification. Dendritic copper foil (99.95%, d=
0.01 mm, Schlenk), magnesium foil (99.95%, d=0.1 mm, Gallium-
Source) and magnesium wire (99.9 %, d =1 mm, Goodfellow) were
used as working, counter, and reference electrodes, respectively. Prior
to use, the copper foil was dried under vacuum at 120°C and the
surface of the magnesium electrodes was mechanically cleaned with
a 1200-grain abrasive paper. The electrolytes were prepared by
mixing the respective amounts of MgCp, and solvent inside the
glovebox.

Further experimental details are included in the Supporting
Information.
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