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Diethylene Glycol Diethyl Ether as Electrolyte Solvent for
Reversible Electrochemical Magnesium Plating
Benjamin W. Schick, Matthias Uhl, Mohammad Al-Shakran, Joachim Bansmann,
Sibylle Riedel, Zhirong Zhao-Karger, and Timo Jacob*

Due to their high theoretical energy density and the abundance
of magnesium, rechargeable Mg batteries are promising candi-
date systems for future energy storage. However, finding suitable
electrolytes that are compatible with the metallic Mg electrode
and enable highly reversible Mg plating is still challenging.
Typical electrolytes for rechargeable magnesium batteries are
based on ether solvents such as tetrahydrofuran (THF), dime-
thoxyethane (DME), or higher glymes. Drawbacks are the high
volatilites and low flashpoints of THF and DME and their
harmfulness, problematic factors for industrial applicability.
One potential alternative is diethylene glycol diethyl ether

(DEGDEE) which is also an ether, but has significantly higher boil-
ing and flashpoints than THF and DME, and is from today’s per-
spective less harmful than any of the previously mentioned
solvents. To test the suitability and stability of this class of electro-
lytes, different Mg salts in combination with DEGDEE for their
electrochemical Mg plating and stripping properties are studied.
Although Mg deposition needs higher overpotentials than for
their DME-based counterparts, the investigated electrolytes
enable reversible Mg plating with relatively high Coulombic
efficiencies, making DEGDEE a promising alternative electrolyte
solvent for rechargeable Mg batteries.

1. Introduction

Electrochemical energy storage, especially Li-ion batteries (LIB),
are an integral part of today’s world and are playing an increas-
ingly important role. Examples include portable electronic
devices, battery electric vehicles, and stationary energy storage
applications.[1,2] Besides LIBs, new technologies are emerging,
which could offer improved properties such as higher energy
densities, abundance of raw materials, and higher safety.[3–5]

Among them, rechargeable magnesium batteries (RMBs) are

gaining more attention as Mg offers a high theoretical energy
density and abundance.[6,7] However, RMBs are still in their
infancy and a number of challenges need to be overcome for
realizing their practical application.[3,7] In addition to the search
for high-potential cathode materials, the development of suitable
electrolytes is one of the key tasks.[8] The electrolytes have to
enable highly reversible and smooth electrochemical magnesium
deposition without forming passivation layers.[9,10] This is only
possible if the electrolyte components are stable toward metallic
magnesium, meaning that most of the typical electrolytes
which are applied in LIBs are impractical for RMBs.[6,10,11]

Among them are carbonate- and ester-based electrolytes which
form passivation layers that block the deposition and dissolution
of Mg.[3,12] Furthermore, typical salts, such as Mg(PF6)2 and
Mg(ClO4)2, react with metallic Mg and are not suitable as electro-
lyte components.[9]

One of the very few classes of solvents which, in combination
with suitable salts, show good compatibility with metallic Mg are
ethers. The ethers being used most as solvent for Mg electrolytes
to date are tetrahydrofuran (THF) and dimethoxyethane
(DME, monoglyme).[13–15] In combination with certain Mg salts,
such as magnesium tetrakis (hexafluoroisopropyloxy) borate
(Mg[B(hfip)4]2), all phenyl complex (APC), or magnesium bis
(hexamethyldisilazide) (Mg(HMDS)2)/MgCl2, they show relatively
high ionic conductivities and good performance in Mg plating
and stripping[16–19] The drawbacks of these solvents are low boil-
ing points and high flammability. These cause problems in terms
of safety and commercialization.[20–24] Furthermore, they are
chemicals of high concern and are hence also problematic for
regulatory reasons.[25] Alternative solvents which have been suc-
cessfully studied for Mg plating include higher glymes such as
diglyme, triglyme, or tetraglyme. In combination with suitable
Mg salts, they enable Mg plating and stripping and show high
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conductivity.[26–29] However, despite their higher boiling points
and good electrochemical performance, these ethers are also
chemicals of high concern.[30] Besides ethers, Mg plating from
ionic liquid-based electrolytes has also been demonstrated.
Ionic liquids have beneficial safety properties, such as low flam-
mability and nonvolatility.[23] At the same time their high viscosity
is a drawback, which is why they are often used in combination
with ether cosolvents.[31–33] So far, the ionic–liquid-based Mg elec-
trolytes have not prevailed due to the usually limited perfor-
mance in Mg plating and stripping and higher costs.[23,33]

In the perspective article of Blázquez et al.[7] several improve-
ments and changes in RMB components, such as Mg salts and
cathodes, are predicted for improving the performance of
RMBs. But in their forecast, exclusively THF and DME are discussed
due to the lack of suitable alternatives. However, improvements
in this area are also essential for a successful commercialization of
RMBs.[10,25]

In this regard, diethylene glycol diethyl ether (DEGDEE) is a
promising candidate as possible solvent for Mg electrolytes.
DEGDEE is also an ether solvent, but in contrast to THF or DME,
less toxic, has a significantly higher boiling point, lower vapor pres-
sure, and higher flashpoint as shown in Figure 1.[20,24,34,35] The com-
parison of the structural formulae of DEGDEE and DME is also
illustrated in Figure 1. Although the vapor pressure of the structur-
ally related diglyme is still three times higher than that of DEGDEE,
one has to mention that higher glymes show comparable or even
lower vapor pressure.[13,30] However, from today’s perspective,
DEGDEE is less toxic than the other mentioned glymes.[25,30]

DEGDEE-based electrolytes have already been investigated
for LIBs and show promising properties.[20,34,36] There, the
DEGDEE-based electrolytes showed a broad electrochemical sta-
bility window, comparable to other glymes,[36] meaning that Mg
plating and stripping should occur within the electrochemical sta-
bility window of the solvent. Therefore, the question arises
whether DEGDEE could also be a suitable electrolyte solvent
for reversible Mg plating with regard to the application in RMBs.

For our study, we have chosen three typical Mg salts which
have shown reversible Mg plating and stripping with DME as sol-
vent. The investigated Mg salts for the combination with DEGDEE
are Mg(HMDS)2, magnesium bis (trifluoromethanesulfonyl) imide
(Mg(TFSI)2), and Mg[B(hfip)4]2. In combination with DME, they
show relatively high Coulombic efficiencies well over 90% for
Mg plating and stripping, especially when they are combined
with MgCl2.[16,18,19,37,38] The choice of the three different salts
makes it possible to test DEGDEE for its general applicability

as an electrolyte solvent for Mg plating and stripping.
Furthermore, we compared the influence of the different Mg salts
on the electrochemical performance and the morphology of the
deposits.

Borohydrides as an additive help to scavenge electrolyte
impurities, such as H2O, which leads to smoother Mg plating
and higher Coulombic efficiencies.[39,40] Therefore, we have added
a small amount of tetrabutylammonium borohydride (TBABH4) to
all of our electrolytes in this study.

Cyclic voltammetry, galvanostatic plating and stripping
cycles, and X-ray photoelectron specroscopy (XPS) and scanning
electron microscopy (SEM) with energy-dispersive spectroscopy
(EDS) of the deposits show the ability to deposit metallic Mg elec-
trochemically from all investigated DEGDEE-based electrolytes.
Mg plating and stripping occurs with relatively high Coulombic
efficiencies when using Mg(HMDS)2/MgCl2 or Mg[B(hfip)4]2 as
electrolyte salts, even comparable to the DME-based counter-
parts. However, due to lower electrolyte conductivities, the over-
potentials are relatively high compared to the DME-based
electrolytes, which emphasizes the need of further optimization
to achieve practical application of less critical DEGDEE in RMBs.

2. Results and Discussion

The first Mg salt of choice was Mg(HMDS)2 which shows relatively
good performance with respect to Mg plating and stripping in
DME.[38,41] It is known that the addition of MgCl2 significantly
improves the performance in Mg electrolytes; therefore, we used
a mixture of these salts for our studies.[19,41] The electrolyte was
prepared by dissolving 0.14 M Mg(HMDS)2, 0.14 M MgCl2, and
15mM TBABH4 in DEGDEE. For comparison, a DME-based electro-
lyte with the same salt combination was used as benchmark. The
Mg(HMDS)2/MgCl2 combination was less soluble in DME than in
DEGDEE; therefore, this electrolyte had concentrations of 0.1 M
Mg(HMDS)2, 0.05 M MgCl2, and 15 mM TBABH4.

Cyclic voltammetry was performed in a three-electrode setup
to test the ability of the DEGDEE-based electrolyte to reversibly
deposit Mg. Figure 2 shows typical cyclic voltammograms of the
electrolyte, using a platinum working electrode at a scan rate of
25mV s�1. During the negative scan, Mg deposition starts with an
overpotential of about 200mV vs. Mg. The presumption that the
observed currents are attributed to Mg deposition was confirmed
with EDS (Figure S1, Supporting Information). For the initial nucle-
ation, a higher overpotential is needed, which is typical for Mg
plating.[8,19,42] In the positive scan in Figure 2, Mg dissolution is
starting at slightly negative potentials vs. Mg. The Mg/Mg2þ redox
potential is shifted negatively compared to the 0 V one would
expect for a Mg metal reference electrode. The reason for this
is most probably passivation of the Mg reference electrode which
leads to a positive potential shift compared to freshly deposited
Mg as found by Yoo and co-authors.[43] Similar to the Mg deposi-
tion, the overpotential for the dissolution is relatively large, and
the stripping is not completed until>1 V vs.Mg. Compared to the
best performing electrolytes, such as Mg[B(hfip)4]2 in DME, the
current density in the investigated potential range is significantly
lower, assumed that the setups are comparable.[16] The different

Figure 1. Structural formulae and selected properties of the solvents
DEGDEE and DME.[20,24,35]
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current densities are most probably a result of different electro-
lyte conductivities. Mg[B(hfip)4]2 in DME has an electrolyte con-
ductivity of several mS cm�1,[27,37,39,44] while the DEGDEE-based
Mg(HMDS)2/MgCl2 electrolyte has a conductivity of about
34� 4 μS cm�1 at room temperature. Despite the lower solubility
of these salts in DME, the corresponding DME electrolyte also
showed higher ionic conductivity (0.28� 0.03mS cm�1), which
is in agreement with similar electrolytes reported in literature.[41]

The clear difference in conductivity is also reflected when com-
paring the potentiostatic impedance spectra at open circuit
potential (Figure S2, Supporting Information). One reason for
the difference in conductivity is the three times higher viscosity
of pure DEGDEE compared to DME.[20] Generally, the viscosity
increases with an increasing glyme length.[27] But the high con-
ductivity of Mg[B(hfip)4]2 in DME means that the Mg salt and its
solvation, mobility, and contact ion pair formation in the respec-
tive solvent also play a crucial role for the overall electrolyte
conductivity.[45]

Figure 2a shows that the reversibility of the plating and strip-
ping processes is lower in the first cycle at �86%. It increases
during the initial cycles and the Coulombic efficiency stabilizes
at high values of about 97% after 20 cycles (Figure S3,
Supporting Information). From literature this is known as the con-
ditioning process during which most probably impurities react
with Mg to form a passivation layer which afterward degrades
if the electrolyte itself is electrochemically stable.[46] It can also
be seen that the dissolution peak is getting sharper during this
process, which means that the current density drops faster after
the maximum peak current. TBABH4 as additive should scavenge
most of the residual H2O in the electrolyte. However, since both
Mg(MHDS)2 and DEGDEE are commercially not available in high-
est purities, the presence of other electrolyte impurities that react
with Mg cannot be excluded. The conditioning process is less pro-
nounced in the DME-based electrolyte (Figure S4, Supporting
Information), which could be explained by a higher purity of
DME compared to DEGDEE (99% for DEGDEE vs. 99.5% for
DME). At positive potentials, DEGDEE itself is supposed to be sta-
ble against oxidation,[36] where the limited anodic stability is most
likely related to the presence of borohydrides.[47] To achieve a
broader electrochemical stability window, the borohydride

concentration could be tuned to achieve an optimum balance
between the impurity scavenging effect and the anodic
stability.[29,48]

To further examine the Coulombic efficiency of the plating
and stripping process, macrocycling experiments in a two-
electrode setup were conducted as suggested by Attias
et al.[49,50] In these experiments, a reservoir of Mg is deposited
electrochemically (�200 μA cm�2 for 1 h). Subsequently, 5% of
this amount is repeatedly stripped and plated for 100 cycles
(�200 μA cm�2 for 3 min). In the final step, Mg is dissolved elec-
trochemically until the cut-off voltage of 2 V is reached. The
Coulombic efficiency is determined by the fraction of overall
stripping charges and plating charges.[49] Figure 3 shows the
potential profiles for the galvanostatic macrocycling experiments
with 5% depth of discharge. As the initial conditioning step, five
plating and stripping cycles were carried out with a current den-
sity of �200 μA cm�2 for 3 min each and a cut-off voltage of 2 V
(Figure S5, Supporting Information). As a benchmark, the same
procedure was performed with the DME-based electrolyte
(Figure 2b) in addition to the DEGDEE electrolyte. As expected
from the lower conductivity, the overpotentials for Mg plating
and stripping are significantly higher for the DEGDEE-based elec-
trolyte compared to the DME-based counterpart. The macrocy-
cling experiment was performed at a relatively low current
density of 200 μA cm�2, as higher currents would have led to even
higher overpotentials in the DEGDEE-based electrolyte. For the
DME electrolyte (Figure 3b), the overpotentials are relatively
low, which is consistent with reports from literature.[41] But
despite the differences in overpotential, the Coulombic efficiency
in the macrocycling experiment is between 97 and 98% in both
cases. This is relatively high and no significant differences were
observed between the DME- and the DEGDEE-based electrolytes.
The similar Coulombic efficiencies show that both ethers are
equally stable and there are no significant amount of side reac-
tions taking place in both electrolytes. Therefore, DEGDEE can
indeed compete with DME in this regard.

The potential decomposition of ether solvents has so far
predominantly been the subject of theoretical studies.[51–53]

Possible degradation pathways of ethers, such as DME, include
the decomposition under evolution of ethylene gas and the

Figure 2. a) Cyclic voltammogramm of selected cycles of the initial 20 cycles with the 0.14 M Mg(HMDS)2/0.14 M MgCl2/15 mM TBABH4 electrolyte in
DEGDEE with a Pt working electrode and a scan rate of 25 mV s�1. b) Corresponding typical cyclic voltammogram of the conditioned electrolyte with a scan
rate of 10 mV s�1.
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formation of Mg(OCH3)2(DME)2 species that block the Mg
surface[52,53] and the reaction between ethers and partially
reduced Mg cations via cleavage of the C─O bond.[51] However,
no indications of solvent decomposition were found in our
experiments, including nuclear magnetic resonance (NMR) spec-
troscopy (Figure S6, Supporting Information).

The comparison between the investigated DEGDEE-based
electrolyte and other electrolytes from literature which are based
on DME and higher glymes is difficult because of the huge variety
in electrolyte composition and experimental conditions.
Generally speaking, glymes enable Mg plating and stripping
and appear to be stable toward metallic Mg. The Coulombic
efficiency and conductivity is rather driven by the Mg salts
with which the ethers are combined.[26,28,29,47,54–56] While the
Coulombic efficiency was relatively low with higher glymes in
combination with Mg(TFSI)2, high Coulombic efficiencies and
conductivities were reached with stable and weakly coordinating
salts, such as Mg[B(hfip)4]2 and similar alkoxyaluminate
salts.[27–29,54,57]

To investigate the ability of DEGDEE to dissolve further
commonly used Mg salts, Mg[B(hfip)4]2 and Mg(TFSI)2 were also
explored by preparing the corresponding electrolytes.
Mg[B(hfip)4]2 has gained increasing attention within the last years

due to its good electrochemical stability and performance for Mg
plating and stripping.[14,16,44,48] In our case, each Mg[B(hfip)4]2 is
complexed with three DME molecules due to the synthesis pro-
cess. The salt is well soluble in DEGDEE and we prepared a mix-
ture of 0.14 MMg[B(hfip)4]2•3DME and 20mM TBABH4 in DEGDEE.
This means that the electrolyte is chloride free in contrast to the
previously described Mg(HMDS)2-containing electrolyte, which is
an advantage due to the corrosiveness of chloride toward stain-
less steel and aluminum cell components.[58] For the sake of
comparability and to elucidate the impact of the DME, we also
prepared a pure DME electrolyte with the same salt concentra-
tions. Figure 4a shows two typical cyclic voltammograms of
the DEGDEE and the DME electrolytes. As for the Mg(HMDS)2/
MgCl2 electrolyte, the plating charge and Coulombic efficiency
increases within the initial cycles (Figure S7, Supporting
Information). For the same negative potential limit as with the
Mg(HMDS)2-based electrolyte, the plating and stripping currents
are significantly higher with the Mg[B(hfip)4]2-based electrolyte.
For Mg[B(hfip)4]2 with DEGDEE, there is a peak in the Mg deposi-
tion region of the negative scan at about �0.5 V vs. Mg as well as
a shoulder in the Mg dissolution in the positive scan at about
0.3 V vs. Mg. The comparison with the corresponding DME-based
electrolyte reveals that these peaks are most probably attributed

Figure 4. a) Typical cyclic voltammogram of the conditioned 0.14 M Mg[B(hfip)4]2•3DME/20 mM TBABH4 electrolyte in DEGDEE and in DME with a Pt work-
ing electrode and a scan rate of 25mV s�1. b) Voltage profile of the macrocycling experiment of the conditioned 0.14 M Mg[B(hfip)4]2•3DME/20 mM TBABH4

electrolyte in DEGDEE.

Figure 3. a) Voltage profile of the macrocycling experiment in a two-electrode setup with Pt and Mg electrode for the conditioned 0.14 M Mg(HMDS)2/
0.14 M MgCl2/15 mM TBABH4 electrolyte in DEGDEE. b) Voltage profile of the macrocycling experiment in a two-electrode setup with Pt and Mg electrode
for the conditioned 0.1 M Mg(HMDS)2/0.05 M MgCl2/15 mM TBABH4 electrolyte in DME.
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to the deposition from the limited number of DME complexes in
the electrolyte which apparently require a lower overpotential
compared to the DEGDEE complexes. The conductivity of the
Mg[B(hfip)4]2/DME electrolyte is 7� 0.7 mS cm�1 and that of
the Mg[B(hfip)4]2/DEGDEE electrolyte is 2� 0.2 mS cm�1. Similar
to the Mg(HMDS)2/MgCl2 electrolytes, the DME variant therefore
has a higher conductivity than the DEGDEE one, which is also
reflected in the cyclic voltammogram and in comparison with
PEIS spectra (Figure S8, Supporting Information). This means that
the solvation shell of the ethers around the Mg salt in the elec-
trolyte obviously plays an important role for the electrolyte con-
ductivity and the plating and stripping overpotentials. Due to the
different denticities and chelations with different glyme lengths
(DME bidentate vs. DEGDEE tridentate), different coordination
structures were observed.[45] However, studies on diglyme-based
electrolytes with Mg[B(hfip)4]2 and similar Mg salts revealed that
these electrolytes show even lower overpotentials than the DME-
based ones and an overall good performance with Coulombic
efficiencies of nearly 100%.[27,54,59] This means that the terminal
ethoxy group of DEGDEE might be unfavorable in this aspect
compared to the methoxy groups of DME and diglyme. The mac-
rocycling experiment with the same conditions as for the
Mg(HMDS)2/MgCl2 electrolyte also shows low overpotentials
for Mg plating and stripping. The Coulombic efficiency of
93.8% is in the range of the already reported Coulombic efficiency
for the Mg[B(hfip)4]2 electrolyte in DME frommacrocycling experi-
ments.[49] At the same time, it is a little lower compared to a report
where the Coulombic efficiency of a Mg[B(hfip)4]2/MgBH4 electro-
lyte in DME was determined by cyclic voltammetry.[48] With the
Mg[B(hfip)4]2•3DME/DEGDEE electrolyte, it was also possible to
perform the macrocycling measurement at higher current densi-
ties due to the higher conductivity compared to the Mg(HMDS)2/
MgCl2 electrolyte with DEGDEE. The macrocycling experiment
with the same conditions, but with a current density of
1 mA cm�2, led to a Coulombic efficiency of even 96.5%
(Figure S9, Supporting Information). A higher concentration of
0.3 M Mg Mg[B(hfip)4]2•3DME in DEGDEE was also soluble and
showed a Coulombic efficiency of about 95% in the macrocycling
experiment with a current density of 200 μA cm�2 (Figure S9,
Supporting Information).

During the conditioning cycles (Figure S10, Supporting
Information), the Coulombic efficiency is low in the first cycle
(60%) and increases even after five cycles. The reason for the
more pronounced conditioning behavior could be the lack of
chloride.[46] The addition of MgCl2 would most probably minimize
the conditioning process and further improve the performance of
this electrolyte.[37,46]

The overall performance of the DEGDEE electrolyte with
Mg[B(hfip)4]2 is convincing as it combines good solubility with
good electrochemical performance in terms of conductivity, plat-
ing and stripping overpotential, and Coulombic efficiency.
Nevertheless, it does not reach the performance of the DME
counterpart with respect to conductivity.

The third salt of choice is Mg(TFSI)2 which is frequently used,
especially in combination with MgCl2.[19] Mg(TFSI)2 is not well
soluble in DEGDEE, so the concentration was only 0.05 M each
for Mg(TFSI)2 and MgCl2. Again, we added 15mM TBABH4 to
the Mg(TFSI)2-based electrolyte to scavenge water impurities.
Figure 5 shows a typical cyclic voltammogram after the initial
conditioning cycles (Figure S11, Supporting Information).
Mg plating and stripping also take place in this electrolyte, but
the Coulombic efficiency is significantly lower (about 86%
in the cyclic voltammogram in Figure 5a) than for the
Mg(HMDS)2/MgCl2- and the Mg[B(hfip)4]2-based electrolytes.
Although the solubility of the Mg(TFSI)2/MgCl2 mixture is very
low compared to the other investigated salts, the conductivity
is still clearly higher than for the Mg(HMDS)2/MgCl2 electrolyte,
which is reflected in the overpotentials and current densities
for Mg deposition and in the impedance spectra (Figure S5
and S9, Supporting Information). The clearly lower Coulombic
efficiency is also evident in the macrocycling experiment
(Figure 5b). The plating and stripping during the 100 cycles
already exceed the given potential limits (�2 V for �200 μA cm�2

and þ2 V for þ200 μA cm�2) which results in a Coulombic effi-
ciency of 57% when the charges up to the 30th dissolution step
are considered. The current limit is first reached for the dissolu-
tion of Mg from the Pt electrode after 20 cycles, which means that
the active Mg is depleted. About ten cycles later, the current limit
of �2 V is also exceeded for the Mg plating steps. One reason for
this is most probably a thick passivation layer of irreversibly

Figure 5. a) Typical cyclic voltammogram of the conditioned 0.05 M Mg(TFSI)2/0.05 M MgCl2/15 mM TBABH4 electrolyte in DEGDEE with a scan rate of
10 mV s�1. b) Voltage profile of the macrocycling experiment of the conditioned 0.05 M Mg(TFSI)2/0.05 M MgCl2/15 mM TBABH4 electrolyte in DEGDEE.
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deposited Mg due to side reactions between electroplated Mg
and the electrolyte, which hinders further Mg plating.[46]

Furthermore, the passivation of the Mg counter electrode leads
to highly positive potentials of the counter electrode during the
deposition process on the working electrode. The Coulombic effi-
ciency with this electrolyte is also considerably lower than for the
Mg(TFSI)2/MgCl2 electrolytes with DME as solvent.[19,49] One expla-
nation could be the formation of contact ion pairs and the result-
ing higher reactivity of undercoordinated [MgTFSI]þ complexes in
the DEGDEE electrolyte.[60,61] In electrolytes with Mg(TFSI)2 which
is dissolved in higher glymes the Coulombic efficiency did not
exceed 80% either.[28,29,57,62]

To sum up the comparison of the electrochemical results of
the three different DEGDEE-based electrolytes, all investigated
electrolytes show mostly reversible Mg plating and stripping.
The Mg(HMDS)2/MgCl2 electrolyte is characterized by a high
Coulombic efficiency although the electrolyte conductivity is rel-
atively low and therefore the overpotentials are high. The
Mg(TFSI)2/MgCl2 salts have a low solubility in DEGDEE but a
higher conductivity than the Mg(HMDS)2/MgCl2 electrolyte.
However, the Coulombic efficiency is significantly lower and
therefore this electrolyte would be unsuitable as electrolyte for
RMBs. The Mg[B(hfip)4]2 electrolyte shows a relatively high
conductivity and Coulombic efficiency and is a promising

candidate whose performance could be even enhanced by the
addition of MgCl2.

In addition to the electrochemical measurements, the mor-
phology of the electrodeposited Mg was also investigated and
compared. The procedure was the same for all three electrolytes.
After an initial impedance spectrum, again five plating and strip-
ping cycles were carried out under the same conditions as for the
macrocycling experiment (Figure S12, Supporting Information).
Subsequently, Mg plating was done with a current density of
�200 μA cm�2 for 1 h. Figure 6 shows the SEM images of the cor-
responding Mg deposits. In all three electrolytes, the plated Mg
was evenly distributed on the whole electrochemical active sur-
face area and the deposits had the same morphology on the
whole surface for the respective electrolytes (Figure S13,
Supporting Information). The bright fibers in the images are left-
overs of the glass fiber separator. In general, the deposition mor-
phology strongly depends on the electrolyte species, the Mg salt
concentration, and the deposition current.[39,49] The underlying
deposition mechanisms are not yet fully understood, but it is clear
that even low levels of impurities have a major influence on the
morphology of the deposits.[39,63] Side reactions during Mg plat-
ing and the resulting passivation layers might lead to less dense
deposits and filamentary growth, whereas efficient electroplating
with few side reactions leads to more densely packed Mg

Figure 6. SEM images of the electrodeposited Mg after five galvanostatic conditioning cycles and a deposition current density of –200 μA cm�2 for 1 h:
a,d) electrodeposition from the Mg(HMDS)2/MgCl2/TBABH4 electrolyte in DEGDEE; b,e) electrodeposition from the Mg[B(hfip)4]2/TBABH4 electrolyte in
DEGDEE; and c,f ) electrodeposition from the Mg(TFSI)2/MgCl2/TBABH4 electrolyte in DEGDEE. g,h,i) Detailed XPS spectra of the Mg deposits from the differ-
ent electrolytes for Mg 2p (g), F 1s (h) and C 1s (i). For the deposit from the Mg[B(hfip)4]2-based electrolyte, the spectra of the fresh surface (dark green)
and after 15 min of sputtering (light green) are shown.

ChemElectroChem 2025, 00, e202500046 (6 of 9) © 2025 The Author(s). ChemElectroChem published by Wiley-VCH GmbH

ChemElectroChem
Research Article
doi.org/10.1002/celc.202500046

 21960216, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/celc.202500046 by K
arlsruher Institut Für T

echnologie, W
iley O

nline L
ibrary on [26/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://doi.org/10.1002/celc.202500046


deposits.[46,49] It was further observed that the shape of the
deposits is influenced by the presence of chloride. In chloride-
containing electrolytes, the deposits were found to be sharper
and denser compared to chloride-free ones.[19,37,39,46] From the
SEM images in Figure 6, it becomes clear that, as expected,
the Mg morphology strongly depends on the Mg salt combina-
tion. A relatively close packing of Mg deposits is observed for the
Mg(HMDS)2/MgCl2 electrolyte. In contrast to that, larger spherical
crystallites are observed for the deposits from the Mg[B(hfip)4]2
electrolyte. For the Mg(TFSI)2/MgCl2, X-like structures are
observed and the packing is less dense than for the deposits from
the Mg(HMDS)2/MgCl2 electrolyte. As expected, Mg(HMDS)2/
MgCl2 electrolyte with the highest Coulombic efficiency in the
electrochemical experiments shows the smoothest and most
compact plating and the least efficient Mg(TFSI)2-based electro-
lyte the lowest. The XPS analyses in Figure 6 and Figure S14,
Supporting Information, show that, besides the electrolyte resi-
dues, MgF2 was present on the surface. After 15min of sputtering,
the signals in the F 1s spectrum related to the electrolyte salt (CF3)
vanished but the signals of MgF2 were still present. This means
that the reaction between deposited Mg and the Mg salts could
have occurred, which lowered the Coulombic efficiency and had
an influence on the morphology of the deposits. Compared to
DME-based electrolytes from literature, similar species, such as
fluorides, were found on the surface by XPS.[19,39,48]

The fact that sharper deposits are observed in the chloride-
containing DEGDEE electrolytes compared to the chloride-free
electrolytes in Figure 6 is in agreement with the abovementioned
observations in literature for other Mg electrolytes. Therefore, the
addition of chloride to the Mg[B(hfip)4]2 electrolyte would have
most probably also led to a smoother plating and more densely
packed Mg deposits as it was observed in DME-based electro-
lytes.[37] A close look with highmagnification (Figure 6d–f ) reveals
that the crystallites consist of multiple layers in all three
electrolytes.

3. Conclusion

To conclude, DEGDEE is broadly applicable as solvent for Mg elec-
trolytes and is electrochemically as stable as DME. In combination
with commonly used Mg salts, it enables Mg plating and stripping
with a high Coulombic efficiency, comparable to the DME-based
electrolytes. At the same time, the overpotentials are clearly
higher due to a lower electrolyte conductivity. As for DME electro-
lytes, the morphology of electroplated Mg strongly depends on
the Mg salt and the plated Mg is smoother and more compact
when few side reactions between Mg and electrolyte occur.
The application of DEGDEE in rechargeable Mg batteries would
bring the benefit of an increase in battery safety due to the lower
vapor pressure and higher flashpoint compared to DME and THF
and being less harmful than DME, THF, and the higher glymes
from today’s perspective. However, challenges still need to be
overcome, such as improving conductivity, so that the voltage
hysteresis between charge and discharge voltages of the full
RMB stays small. Further improvements could be tackled by
the addition of inert conductive salts and the screening for

alternative Mg salts which are better soluble and show higher
conductivity in combination with DEGDEE. Mg[B(hfip)4]2 appears
to be a promising salt in combination with DEGDEE, which among
further promising non-nucleophilic fluorinated Mg salts could be
synthesized in DEGDEE to investigate the purely DEGDEE-based
electrolytes. The combination of DEGDEE and DME in a mixed
electrolyte would probably also be an option to combine the pos-
itive aspects of both solvents, especially the higher conductivity
related to DME and the beneficial safety aspects of DEGDEE. With
this work, we have expanded the range of available ether
solvents for reversible electrochemical Mg deposition. Further,
it also highlights the importance of the electrolyte solvent and
motivates further research in this direction in order to achieve
the ultimate goal of a practical and safe rechargeable Mg battery.

4. Experimental Section

Electrolyte Preparation

As solvents, DEGDEE (99%, Alfa Aesar) and DME (99.5%, Sigma-
Aldrich) were used. Prior to use, both solvents were dried over
molecular sieves (3 and 4 Å) for several days, which resulted in a
water content below 10 ppm, tested by Karl–Fischer titration (KF-
Coulometer 851 by Metrohm, with Hydranal Coulmat AG electrolyte
by Honeywell). All chemicals were stored and the electrolytes were
mixed under inert atmosphere (<0.5 ppm H2O, <0.5 ppm O2).

The electrolytes were prepared by mixing the respective Mg salts and
TBABH4 with DEGDEE and DME respectively. For the Mg(HMDS)2-
based DEGDEE electrolyte, 0.14 M Mg(HMDS)2 (97%, Sigma-
Aldrich), 0.14 M MgCl2 (99.9%, Alfa Aesar), and 15mM TBABH4

(98%, Sigma-Aldrich) were mixed with dry DEGDEE and stirred at
40–60 °C for at least 24 h. For the Mg(HMDS)2-based DME electrolyte,
0.1 M Mg(HMDS)2 (97%, Sigma-Aldrich), 0.05 M MgCl2 (99.9%, Alfa
Aesar), and 15mM TBABH4 (98%, Sigma-Aldrich) were mixed with
dry DME and stirred at 40–50 °C for at least 24 h.

For the Mg[B(hfip)4]2-based DEGDEE electrolyte, 0.14 M
Mg[B(hfip)4]2•3DME[44,64] and 20mM TBABH4 (98%, Sigma-Aldrich)
were mixed with dry DEGDEE and stirred at 40–60 °C for at least
24 h. For the DME counterpart, the same molarity was dissolved in
dry DME.

For the Mg(TFSI)2-based DEGDEE electrolyte, 0.05 MMg(TFSI)2 (99.5%,
Solvionic), 0.05 MMgCl2 (99.9%, Alfa Aesar), and 15mM TBABH4 (98%,
Sigma-Aldrich) were mixed with dry DEGDEE and stirred at 40–60 °C
for at least 24 h. Mg(TFSI)2 was dried under vacuum at 80 °C for 24 h
prior to use.

Electrolyte conductivities were measured with the digital conductiv-
ity meter GMH 3410 (Greisinger electronic) at room temperature
(21 °C). It has to be mentioned that the values were not completely
stable, most probably due to the reaction of borohydride with con-
taminants, resulting in some gas formation. Therefore, we assumed
an error of 10%.

Electrochemical Measurements

Cyclic voltammetry was performed in a three-electrode setup with a
Swagelok-type Bola cell. A Pt foil (99.9%, MaTecK Jülich, diameter
12 mm, 1.13 cm2 geometrical electrode area) which was cleaned
and annealed before use served as the working electrode. Mg wire
with a diameter of 0.5 mm (99.9%, Goodfellow) was used as the ref-
erence electrode and Mg foil (99.9%, Goodfellow) as the counter
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electrode. Both Mg electrodes were cleaned with a sand paper under
inert atmosphere prior to use. Two glass fiber separators (Whatman,
GF/B) with a diameter of 12 mm were used and the Mg reference
electrode was placed between the two separators. Each separator
was soaked with 60 μL electrolyte, resulting in a total electrolyte vol-
ume of 120 μL.

Galvanostatic measurements were performed in a two-electrode
setup with a Swagelok-type Bola cell. A Pt foil (99.9%, MaTecK
Jülich, diameter 12 mm, 1.13 cm2 geometrical electrode area) which
was cleaned and annealed before use served as the working elec-
trode and a Mg foil which was cleaned with sand paper under inert
atmosphere prior to use as the counter electrode. One glass fiber sep-
arator (Whatman, GF/B) with a diameter of 12mm and soaked with
an electrolyte volume of 60mL was placed between the two
electrodes.

All electrochemical measurements were performed with a BioLogic
SP-300 potentiostat.

SEM/EDS/XPS

For the SEM measurements, the cell was disassembled in the glove-
box after the electrochemical Mg deposition step. The Pt electrode
was carefully immersed and rinsed in dry DEGDEE. Subsequently, the
electrode was dried with a lint-free paper tissue and dried in the ante-
chamber of the glovebox under vacuum. Afterward, the sample was
transferred to the SEM and kept under vacuum overnight to eliminate
any possible solvent residuals before the measurement. The images
were recorded with the Quattro S (Thermo Fischer Scientific) using a
secondary-electron mode and an acceleration voltage of 10 kV.

For the SEM/EDS measurements, the procedure was the same as for
the SEM measurements. The SEM measurement was performed with
the Scios 2 (Thermo Fisher Scientific) which was coupled with EDS
(Ametek, USA).

For the X-ray Photoelectron spectroscopy (XPS) measurements, the
Mg plating and cleaning of the samples was done with the same con-
ditions as for the SEM images. The XPS spectra were recorded with a
PHI 5800 Electron spectroscopy for chemical analysis (ESCA) system
(Physical Electronics), using monochromatic Al Kα radiation (1486 eV).
The pass energy was 93.9 eV for the survey and 58.7 eV for the
detailed spectra. The sputter gun worked with Ar ions and a voltage
of 5 keV. In all spectra, the reference for the energies was the C1s
peak which was set to 284.7 eV.
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