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One advantage of Mg batteries, which is often reported in the literature without further qualification such as the electrolyte system, is
the high safety due to dendrite-free Mg deposition. Here we report results of a study on the possibility for dendrite growth in Mg metal
cells using Mg(TFSI)2/glyme electrolytes. Dendrite growth and the subsequent internal short-circuit were proven electrochemically
via cyclic voltammetry, electrochemical impedance spectroscopy (EIS), and galvanostatic cycling. In addition, the structure and
chemical composition of the globular dendrites were investigated by scanning electrode microscopy (SEM), energy dispersive
X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and in situ optical microscopy. The
dendrites are structured in interconnected spherical deposits consisting of Mg metal, MgO, MgF2, and MgS. The results demonstrate
the necessity of considering dendrite growth when developing new electrolyte systems for Mg metal batteries.
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Rechargeable magnesium batteries have attracted significant in-
terest in the past few years, primarily due to their high theoretical
volumetric capacity. Mg metal anodes have almost double the volu-
metric capacity (3833 mAh cm−3) of lithium (2062 mAh cm−3), due
to the divalent charge of the Mg ion. Furthermore, they have a reduc-
tion potential of −2.4 V vs. SHE, which is one of the lowest reduction
potentials after Li (−3.0 V).1 In addition, Mg is the eighth most abun-
dant element with reserves i.a. in Western Europe. Therefore, low cost
and a reliable supply chain can be ensured. However, there are still
challenges to overcome before Mg can be implemented as an anode
in rechargeable batteries. As Mg is a highly reactive metal, it rapidly
forms a surface layer when it comes in contact with reducible species
such as water or oxygen. This surface layer passivates the electrode
completely and, unlike the solid electrolyte interphase in a lithium
battery, does not conduct Mg ions. Therefore, the electrolyte has to be
stable against Mg and prevent the passivation to ensure reversible Mg
stripping and plating. Moreover, the choice of the cathode material
is limited due to difficulties in intercalating Mg2+ ions in many host
materials and due to the poor compatibility with many electrolytes.2,3

Another potential advantage of Mg batteries, which has of-
ten been reported without further specification, e.g., by specifying
the electrolyte system, is the high safety due to dendrite-free Mg
deposition.4–13 However, only a few authors have given details about
the conditions for dendrite-free deposition, e.g., by referring to “good
electrolyte solutions”,14 or by stating less dendrite growth compared
to Li metal.1,15 A few examples of electrolyte systems which allowed
extended cycling of Mg metal without dendrite formation reported in
literature are, i.a., Mg(AlR2Cl2)2 (R-alkyl group) dissolved in THF or
tetraglyme,16 LiBH4/Mg(BH4)2 in monoglyme,17 and Mg(CB11H12)2

in tetraglyme.18

To the best of the authors’ knowledge, there are only two recent
publications by Hebié et al.19,20 that show Mg dendrite growth on
stainless steel (SS) in Mg/SS coin-cells based on electrochemical tests
and scanning electron microscopy. Hence, there is a need to clarify
the issue of dendrite growth during Mg deposition on Mg metal, as
their presence poses safety risks.

In this study, the possibility of dendritic growth of Mg metal was in-
vestigated in cells containing Mg(TFSI)2/glyme electrolytes, applying
electrochemical techniques such as cyclic voltammetry (CV), electro-
chemical impedance spectroscopy (EIS), and galvanostatic cycling.

∗Electrochemical Society Member.
aPresent address: Fraunhofer-Institut für Silicatforschung, D-97082 Würzburg,
Germany.

zE-mail: guinevere.giffin@kit.edu

In addition, scanning electron microscopy (SEM), energy dispersive
X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS),
X-ray diffraction (XRD), and in situ optical microscopy identify the
structure and chemical composition of the dendrites. These results
provide clear evidence for globular dendrite formation on Mg metal
in Mg(TFSI)2/glyme electrolytes that can cause soft short-circuits in
the cell.

Experimental

Materials.—Magnesium foil (99.95%, 0.05mm thickness) was
purchased from Solution Materials. 1,2-Dimethoxyethane (mono-
glyme, 99.5%, anhydrous), 1-Methoxy-2-(2-methoxyethoxy)ethane
(diglyme, 99.5%, anhydrous), and tetrahydrofuran (THF,
≥99.9%, anhydrous) were bought from Sigma-Aldrich. 2,5,8,11-
Tetraoxadodecane (triglyme, Alfa Aesar, ≥99%) was degassed via
the Freeze-Pump-Thaw method. It was frozen briefly in liquid
nitrogen and afterwards, vacuum was applied until a final pressure
of less than 10−3 mbar was reached. Then, the solvent was melted
under static vacuum. This step was repeated three times. Afterwards,
the solvent was transferred and stored in an Ar-filled glove-box.
2,5,8,11,14-Pentaoxapentadecane (Tetraglyme, Aldrich, >99%) was
dried over molecular sieves with a pore size of 4 Å. Magnesium(II)
bis(trifluoromethanesulfonyl)imide (Mg(TFSI)2, Solvionic, 99.5%)
was dried at 120◦C under vacuum for 20 h. The electrolytes were
mixed at a concentration of 0.3 M Mg(TFSI)2 in glyme (mono-, di-,
tri-, or tetraglyme) and stirred at least over night before use. The water
content in the electrolytes was measured using Karl Fischer titration
(C30, Mettler-Toledo) inside the dry room (dew point <-50◦C). The
water concentration of the 0.3 M Mg(TFSI)2 in monoglyme, diglyme,
triglyme, and tetraglyme solutions were 87.3 ppm (± 1.3 ppm),
103.6 ppm (± 5.9 ppm), 32.4 ppm (± 4.1 ppm), and 33.5 ppm
(± 4.7 ppm), respectively. The value in brackets is the standard
deviation from the mean value of different measurements. All
materials were stored in a glove box (O2 content < 0.1 ppm, H2O
content < 0.1 ppm, LABmaster Pro DP, MBraun).

Electrode and cell preparation.—Discs (15 mm diameter) were
punched out of the Mg foil and the surface was cleaned using a scalpel.
Symmetric CR2032 coin cells were assembled, which contained two
Mg metal electrodes, two Whatman GF/A separators or 2 spacers
(rings: Do = 16 mm, Di = 12 mm) made of polypropylene (PP),
and 260 μL electrolyte (using separators) or 100 μL (using spacers).
Surface cleaning and cell assembly were performed in a glove box.
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Physical and electrochemical characterization.—Electrochem-
ical impedance spectroscopy measurements were performed us-
ing a VMP3 (BioLogic) to monitor the change in the interfacial
resistance during cyclic voltammetry. The amplitude of the AC current
was 10 mV in the frequency range from 1 Hz to 200 kHz. The EIS
measurement was performed 6 times in a row. After the initial EIS
measurements, cyclic voltammetry of the cells was measured between
−1.5 V and 1.0 V (10 mV/s, 16 cycles). The EIS and CV measure-
ments were alternated until a total of 1500 CV cycles was reached or
short-circuiting occurred. A VMP3 (BioLogic) potentiostat was used
for cyclic voltammetry between −1.5 V and 1.0 V at different scan
rates (5, 10, 50, and 100 mV s−1, 3 cycles each). During the mea-
surements, the cells were stored in a KB115 climatic chamber (�T =
± 0.1◦C, Binder) at 20◦C. The cyclic voltammetry experiments were
repeated in triplicate.

Symmetric cells were galvanostatically cycled with a current den-
sity of 0.1 mA cm−2, which was reversed every 60 min, using a battery
cycler (S4000, Maccor Inc.) at 20◦C (KB115, KB400, Binder). Cut-
off voltages of −2 V and 8 V were used due to general safety settings
of the Maccor cycler. The cells were allowed to rest for 30 min before
each test. The galvanostatic cycling measurements were repeated in
triplicate.

The morphology of the electrodes was investigated using high res-
olution scanning electron microscopy (LEO 1550VP Field Emission
SEM, Zeiss) with an acceleration voltage of 3 kV. Each side of the
electrodes was rinsed using 1 mL THF to remove any salt residue.
Since the samples are air sensitive, an in-house designed transfer case
was used as described elsewhere,21 in which the samples can be trans-
ported under an argon atmosphere from the glove box into the SEM
antechamber.

SEM micrographs were also obtained with a Zeiss Gemini Cross-
beam 340 instrument equipped with a field emission gun, which
was operated at an acceleration voltage of 10 kV. Energy-dispersive
X-ray spectrometry (EDX) analyses were performed with an X-Max
Extreme Silicon Drift Detector (Oxford Instruments) at an acceler-
ation voltage of 10 kV. The samples were transferred under an Ar
atmosphere using a DME 2830 sample transfer shuttle (Semilab).

X-ray photoelectron spectroscopy (XPS, PHI 5800 MultiTech-
nique ESCA System, Physical Electronics) was performed using
monochromatic Al-Kα (1486.6 eV) radiation (250 W, 13 kV). The
measurements were performed with a detection angle of 45◦ and pass
energies at the analyzer of 93.9 and 29.35 eV for survey and detail
spectra, respectively. An electron flood gun was used for sample neu-
tralization. Each side of the Mg metal samples was rinsed with 1 mL
of THF to remove any salt residues before measurements. The sam-
ples were transferred under an Ar atmosphere to the instrument using
a sealed sample carrier to avoid air contamination. All XPS spectra
were calibrated to the C(1s) peak of adventitious carbon at 284.8 eV
and analyzed using the CasaXPS software (Shirley background; peak
shape: 70% Gaussian/30% Lorentzian).

X-ray diffractograms were recorded in Bragg-Brentano geometry
(Bruker D8 Advance). Si-single crystal sample holders were used and
were sealed inside the glove box. All diffractograms were recorded
with Cu-Kα radiation (λ = 0.154 nm) in the 2θ range of 30◦–65◦ with
a step size of 0.02154◦. A 1D energy-dispersive “Lynx-Eye” detector
was used.

The airtight in situ optical microscopy cell was developed in-house.
An Axio Zoom.V16 microscope (Zeiss) equipped with an Apo Z 1.5x
objective with a working distance of 30 mm was applied. In order to
show large areas the extended depth of focus (EDF) algorithm in the
microscope software (ZEN blue, Zeiss) was used.

Results and Discussion

Electrochemical characterization.—Irreversible electrodeposi-
tion/dissolution of Mg metal in oligoether-based electrolytes con-
taining Mg(TFSI)2 as the conductive salt has been reported by, e.g.,
Terada et al.22 and Ma et al.23 As shown in the inset of Fig. 1a, the
intensity of the Mg oxidation peak drops significantly during the first

three cycles, while the Mg reduction peak disappears in the second
cycle. This irreversible behavior is attributed to trace amounts of wa-
ter in the electrolyte, resulting in the passivation of the deposited Mg
surface.22,24

While the current is low in cycles 0 to 272 (between −0.19 and
0.37 mA cm−2), it rapidly rises in cycle 273 and continuously increases
up to 134 mA cm−2 (1 V) and −194 mA cm−2 (−1.5 V) during later
cycles (273 to 320) (Fig. 1a). For each scan after cycle 273, the current
increases almost linearly with increasing potential. Just two small
features at ca. 0.9 V (oxidation peak) and −0.7 V (reduction peak) are
apparent. The slope of the linear current-voltage curve is independent
of the sweep rate between 5 and 100 mV s−1 (Fig. S 1). These results
prove that the cell behaves like an ohmic resistor.25 Moreover, this
behavior, which does not show any evidence of oxidation or reduction
reactions, supports the conclusion that the cell is in internally short-
circuited.

During the CV experiments, EIS measurements were performed
every 16th cycle. In Fig. 1b the impedance before the 1st, 273rd (inset),
289th, 305th, and after the 320th cycle are shown in a Nyquist plot. The
impedance decreases by several orders of magnitudes during the CV
experiment. After cycle 273, the curves consist of two semicircles. As
it is difficult, if not impossible, to separate the contribution from the
charge transfer resistance Rct and the passivation layer resistance Rp

in a two electrode cell, they are summarized in the overall interfacial
resistance Rint. Along with Rint, the resistance of the bulk solution Rb

drops with increasing cycle number. The sharp decrease in Rb and
Rint is indicative of a short-circuit, supporting our above conclusion.
If the cell were to behave as an ohmic resistor (as indicated by the
CV measurements), the graph in the Nyquist plot would be a single
point,26 but this is not the case here. A decrease of both Rb and Rint

after the short-circuit has also been reported for symmetric lithium
metal cells,27,28 where it was attributed to dendritic lithium bridging
the electrodes. Those cells did not show a purely resistive behav-
ior. This phenomenon is described as “soft short-circuit”. Magnesium
electrodes contain a dense and highly resistive native oxide surface
layer. Only a fraction of the surface is electrochemically active if the
electrolyte used is not sufficiently aggressive to dissolve the passiva-
tion layer on the entire Mg electrode surface. This results in a high
local current density and dendrite formation.19 Due to the high reac-
tivity of the Mg metal, the dendrites are almost instantly passivated
in the electrolyte, which leads to a higher intrinsic resistance of the
dendrites compared to pure Mg metal and finally, a soft short-circuit
enabling current to flow between both electrodes inside the cell.19 This
model also fits well to the drop in Rb and Rint observed here.

In Fig. 1c, the cell voltage during galvanostatic cycling of a pristine
Mg coin cell and a cell with an internal short-circuit are compared.
In the beginning, the pristine Mg cell shows a high overvoltage of
ca. ± 2 V. During cycling, spikes are observed, while the cell voltage
decreases significantly to ± 0.05 V and the voltage profile changes to
a rectangular shape. The soft short-circuited cell shows a rectangular
shape from the first to the last cycle and a cell voltage within ± 0.002 V.
The spikes and the decrease in voltage for the pristine Mg cell can
be explained by dendrite formation and short-circuit during cycling,
which results in the rectangular voltage profile. Such kind of large
and irreversible drop in voltage during galvanostatic cycling has been
reported for symmetric lithium cells and was assigned to a dendrite-
induced short-circuit.28–31 The cell voltage does not reach 0 V because
of the high intrinsic resistance of the passivated dendrites (soft short-
circuit).

In summary, the CV and EIS data show clear evidence of a soft
short-circuit caused by dendrite growth in Mg metal cells contain-
ing Mg(TFSI)2 in diglyme as electrolyte. In the CV results, a rapid
increase in current and a linear dependency between voltage and cur-
rent were observed. EIS confirms this conclusion by a drastic drop in
impedance.

Surface and bulk characterization.—Fig. 2 shows photographs of
two Whatman GF/A separators from a Mg symmetric coin cell after
the cell was soft short-circuited during cyclic voltammetry.
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Figure 1. a: Cyclic voltammetry of a Mg/0.3 M Mg(TFSI)2 in a diglyme (Whatman GF/A)/Mg coin cell from cycle 1–16 and 273–320. Scan rate 10 mV s−1.
Inset: Magnification of cycles 1–3. b) Nyquist plot of the impedance of a Mg/0.3 M Mg(TFSI)2 in a diglyme (Whatman GF/A)/Mg coin cell. The EIS data were
collected at OCV in between the cyclic voltammetry measurements. Each impedance measurement was performed 6 times in a row. c) Cell voltage measured
during the galvanostatic stripping/plating of Mg/0.3 M Mg(TFSI)2 in a diglyme (Whatman GF/A)/Mg coin cell for 1000 cycles at ± 0.1 mA cm−2 for 1 h, using
a fresh Mg/Mg cell (black) and a cell with an internal short-circuit generated during CV measurements (green). Here the same cell was used that was investigated
in Figs. 1a and 1b. The graphs show selected cycles: 1–5, 28–32, and 996–1000.

Figure 2. Photographs of the two separators after a soft short-circuit by CV and a sketch of the Mg/0.3 M Mg(TFSI)2 in diglyme (Whatman GF/A)/Mg coin cell.
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Figure 3. SEM micrographs of Mg electrodes and separator of a Mg/0.3 M Mg(TFSI)2 in a diglyme (Whatman GF/A)/Mg coin cell after an internal short circuit.
(a) Mg electrode reduced in the last step, (b) separator surface, and (c) Mg electrode oxidized in the last step.

The photographs in Fig. 2 illustrate that some dendrites, e.g., the
ones circled in red, penetrate both separators. At spots where dendrites
penetrated both separators, the separators were stuck together (Figs.
2b and 2c).

XRD was used to investigate the bulk of the Mg electrode after
storage in the electrolyte for 20 min (Fig. S 2.a), aging in a symmetric
cell for 10 days at 20◦C (b), soft short-circuit (c), and soft short-
circuit followed by galvanostatic cycling (d). The patterns show sharp
reflections and Kα1 & Kα2 doublets (Cu-Kα), indicating a very regular
interlayer distance of the Mg electrode. The bulk of all electrodes
consists of only hexagonal Mg, mostly oriented in the (002) plane.
This is in contrast to the results of Orikasa et al., where the Mg
deposits formed during CV on a Pt electrode in a Mg(TFSI)2/triglyme
electrolyte were mostly oriented in the (101) plane.32 Ha et al. also
found that the (101) plane is favored for deposits generated during
galvanostatic deposition of Mg on a Cu electrode in 0.3 M Mg(TFSI)2

glyme/diglyme (1/1, volume/volume). However, they also showed that
the preferential growth orientation of Mg metal on a pristine electrode
is (002).33 This suggests that the Mg deposited on polycrystalline Pt
and Cu is organized with a different preferential plane as compared
to Mg metal. The diffraction pattern of deposits on Pt and Cu has
broader reflections than the pristine Mg metal, indicating smaller
crystalline domains in the Mg deposits as expected for crystal growth
on polycrystalline substrates due to lattice misfits.

The microstructure of the Mg dendrites was investigated by SEM.
The SEM micrographs of the Mg electrodes after an internal short
circuit are shown in Fig. 3.

Figs. 3a and 3c show the surface of a Mg electrode that was re-
duced and oxidized, respectively, in the last step. Similar structures
were obtained on electrodes from comparable cells. Both electrodes
show spherical deposits with diameters of ca. 6–8 μm. These deposits
have a substructure that can be described as lamellae. Fig. 3b shows
the surface of a separator. In the center and on the left side (bottom) of
the image a cluster of interconnected particles is visible that was con-
nected to the electrode before cell disassembly. Behind these globular
dendrites, more spherical deposits of different size are observed. In all
images, the dendrites are structured as interconnected spheres. This is
in good agreement with the SEM micrographs published by Ha et al.,
which also show spherical deposits on Mg metal.33 The structure of
the dendrites seems to be stabilized by the glass fibers of the separator.
The deposits are attached to the fibers or formed around the fibers, as
shown in Fig. 3 (highlighted in red). Shterenberg et al. observed small
floating Mg particles formed due to dendritic Mg deposition on a Pt
working electrode, if they increased the amount of charge per cycle
in a Mg(TFSI)2/MgCl2 in monoglyme electrolyte.14 Fig. 3 illustrates
that the spherical deposits are not disconnected and floating, but rather
interconnected and attached to separator fibers.

To investigate if the separator stimulates dendrite formation, they
were replaced by PP spacers. As shown in Fig. S 3, the current in-
creases rapidly during CV cycling and the impedance decreases by
orders of magnitudes, which closely resembles the observations for
the separator and confirms the dendrite growth and soft short-circuit.
Moreover, it was investigated if dendrites form during cell aging at
20◦C due to electrolyte decomposition. However, even after storing
the cells for 4 weeks in the oven they showed an unchanged impedance

and therefore, no evidence of dendrite formation and subsequent short-
circuit.

The surface composition of a Mg electrode from a short-circuited
cell was studied with EDX. Fig. 4a shows the SEM image of the
investigated electrode area. The originally flat Mg surface is visible in
area 1. On top of the flat surface, Mg was deposited (areas 2–5). Some
of the deposits are flattened as they came in contact with the spacer
ring or the other Mg electrode. During cell disassembly, the deposits
broke, and therefore, the image essentially shows a cross section of
the deposits.

The EDX mapping demonstrates that the flat Mg surface without
deposits (area 1 in Fig. 4a) mainly consists of Mg and traces of
electrolyte residue (C, F, S, and N). In this area negligible amounts
of oxygen were detected. The same results were detected on another
area of the same electrode, also without deposits (Fig. S 4). In areas
2–4 (cross sections of deposits), the EDX mapping shows higher
concentrations of Mg in the core of the deposits than on the surface
and higher concentrations of C, O, and N on the surface than in the
core. The concentration of F and S is similar in the core and on
the surface. These results suggest that the decomposition products
and/or the electrolyte residues are mostly located on the surface of the
deposits. In area 5, a cross section of several interconnected deposits
is shown, although it is hard to distinguish the different deposits. The
EDX mapping confirms the inhomogeneous chemical composition in
this cross section due to different connected deposits.

In Fig. S 5 the SEM micrograph and EDX map of deposits inside
the separator are illustrated. Although the mapping of the rough sur-
face is difficult, they provide clear evidence that the deposits contain
magnesium.

To further study the change in surface composition upon Mg depo-
sition, the Mg electrode was analyzed with XPS. In Fig. 5 the Mg(2p)
spectra of Mg electrodes and deposits are compared. For the peak fit
of the spectra, we considered four possible contributions: Mg metal
at 48.7 eV, MgF2 at 51.0 eV, Mg(TFSI)2 at 51.5 eV and a peak at
∼50.3 eV which is mainly due to MgO, although it may also contain
contributions of other species (like hydroxide and sulfide). Further-
more, the intensities of the MgF2 and the Mg(TFSI)2 peaks were
referenced to the results of the measurements in the F(1s) (intensity of
the fluoride peak at 685.3 eV) and the C(1s) (intensity of the CF3 peak
at 293.2 eV) range, taking into account the stoichiometry (Mg:F 1:2
for MgF2 and Mg:CF3 1:4 for Mg(TFSI)2) and the atomic sensitivity
factors of the corresponding signals (which we took from the manu-
facturer’s handbook). We note that the peak of metallic Mg appears
at ∼1 eV lower binding energy in our measurements compared with
what is usually reported in the literature.34 We attribute this down-
shift to a differential charging effect, which shifts the peaks of the
non-conducting phase and thus also that of the C 1s peak used for
calibration, but not that of the conducting Mg phase. This assignment
is also corroborated by XPS measurements after short Ar+ ion sput-
tering or after changing the take-off angle from 45 to 75◦ (spectra not
shown for sake of brevity), which both show an increase of the peak
assigned to metallic Mg.

In Fig. 5a the Mg metal electrode was analyzed after dipping into
the electrolyte. The spectrum is dominated by the peak at 51.5 eV,
which is assigned to Mg(TFSI)2 that was not fully removed by wash-
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Figure 4. EDX mapping of a Mg electrode from a cell soft short-circuited in a symmetric Mg/0.3 M Mg(TFSI)2 in diglyme (spacer)/Mg coin cell. a) SEM image
of the investigated electrode area. b–g) Elemental mappings for Mg (b), C (c), O (d), F (e), S (f), and N (g), respectively. h) Atomic percentages of the different
elements.

ing. Moreover, the characteristic peaks of TFSI are also observed in
the C(1s) and O(1s) spectra (Fig. S 6.a and Fig. S 7.a). The Mg metal
detected is mostly in the bulk, apparently the cover layer is not thick
enough to completely shield the Mg bulk. Magnesium oxide and fluo-
ride are mainly in the surface layer, as they were not detected by XRD.
These results are in good agreement with those of Yu et al., who de-
scribed the mechanism of the decomposition of Mg(TFSI)2 dissolved
in diglyme at a Mg metal anode. The reaction starts with OH− ions
produced from water trace impurities at the MgO/electrolyte interface
or released from Mg(OH)2 on the surface. The [Mg(TFSI)]+ ion pair

readily reacts with OH− ions via a nucleophilic attack, which results
in a metastable state with an overcoordinated sulfur atom and a weak-
ened C-S bond. This species could further decompose near surface
Mg- or O-defect sites to form Mg-CF3 and sulfites, which subse-
quently can produce MgF2 and MgS, respectively. These products
accumulate at the interface and passivate active sites on the electrode
surface, inhibiting further decomposition of the electrolyte solution.
The decomposition of [Mg(TFSI)]+ could become spontaneous if
the concentration of OH− ions at the electrode surface is sufficiently
high.35
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Figure 5. XPS detail spectra of the Mg(2p) region showing different con-
tributions: a) Mg metal electrode exposed to 0.3 M Mg(TFSI)2 in diglyme,
b) Mg metal electrode from an aged (10 days) symmetric cell, c) Mg metal
electrode soft short-circuited in a symmetric cell, d) Mg metal electrode soft
short-circuited, and cycled in a symmetric cell for 1000 cycles at ± 0.1 mA
cm−2 for 1 h, and e) deposits in the separator after soft short-circuit, and cy-
cling of a symmetric cell for 1000 cycles at ± 0.1 mA cm−2 for 1 h; electrolyte:
0.3 M Mg(TFSI)2 in diglyme.

The XPS spectrum of a Mg electrode that was removed from a
symmetric cell aged for 10 days is shown in (b). No Mg(TFSI)2 was
detected presumably because the salt was fully removed in the washing
process. This is also confirmed by the C(1s) and O(1s) spectra that
do not show peaks assigned to CF3 and TFSI, respectively (Fig. S
6.b and Fig. S 7.b). In the absence of Mg(TFSI)2, the peak intensities
of the Mg(2p) states of Mg metal (bulk), MgO, and MgF2 increased.
The relative intensities of the latter three peaks, however, remained
similar.

In the spectrum collected from a Mg electrode, which was re-
covered from a soft short-circuited cell (c), the ratio of the Mg(2p)
peaks assigned to Mg, MgO, and MgF2 changed; the intensity of the
Mg metal peak is relatively constant, but the MgF2 peak increased
significantly and the MgO peak decreased slightly. This trend is also
observed in the F(1s) (Fig. S 8) and O(1s) (Fig. S 7) spectra; it is
due to the decomposition of Mg(TFSI)2, which produces MgF2 and
MgS, as described by Yu et al.35 The increase in MgS is shown in the
S(2p) spectra by the increase of the sulfide peak doublet at 162.8 and
164.0 eV (Fig. 6).

Fig. 5d shows the spectrum of an electrode from a soft short-
circuited and further cycled Mg symmetric cell (as described in con-
junction with Fig. 1c). The intensity of the Mg metal Mg(2p) peak
remains unchanged, but the MgO related state increases and the MgF2

related state decreases tremendously (Fig. S 8). Obviously, the chemi-
cal composition of the interphase layer is not constant during cycling,
resulting in an increase of cell voltage.

We also analyzed the deposits in the separator from the same cell
(Fig. 5e). It is clear from the Mg(2p) spectra that the deposits consist
of Mg metal (48.6 eV), MgO (50.5 eV), and MgF2 (51.0 eV). MgO is
also observed in the O(1s) spectra at 529.7 eV (Fig. S 7). The peak of

Figure 6. XPS detail spectra of the S(2p) region showing different contribu-
tions: a) Mg metal electrode exposed to 0.3 M Mg(TFSI)2 in diglyme, b) Mg
metal electrode from an aged (10 days) symmetric cell, c) Mg metal electrode
soft short-circuited in a symmetric cell, d) Mg metal electrode soft short-
circuited, and cycled in a symmetric cell for 1000 cycles at ± 0.1 mA cm−2

for 1 h, and e) deposits in the separator after soft short-circuit, and cycling of
a symmetric cell for 1000 cycles at ± 0.1 mA cm−2 for 1 h; electrolyte: 0.3 M
Mg(TFSI)2 in diglyme.

MgF2 is detected in the F(1s) spectra at 685.3 eV (Fig. S 8). Moreover,
the S(2p) spectra (Fig. 6) indicates that the deposits also contain
MgS.

Overall, these results demonstrate that Mg metal is deposited
on electrochemically active areas of the electrode. The presence
of MgF2 and MgS demonstrates the decomposition of the TFSI−

anion, which is not stable against freshly deposited Mg and re-
sults in the passivation of the Mg deposits. Upon cycling, inter-
connected passivated spheres form dendrites that grow from one
electrode to the other one and internally short-circuit the cell.
Due to the passivation of the deposited Mg, the globular dendrites
show a high intrinsic resistance that was also identified in the EIS
measurements.

In order to further investigate dendrite growth upon stripping/
plating, particularly in the first cycles, a symmetric Mg in situ mi-
croscopy cell was cycled galvanostatically (±0.1 mA cm−2 for 1 h).
The voltage profile is shown in Fig. S 9 and Fig. S 10 (top). The
cell shows a large cell voltage (between −3.2 V and 2.2 V during
the first cycle) comparable with the ones shown in Fig. 1c (pristine
cell, black). The images of the magnesium electrode were recorded
at the beginning of each step and show the same area of the sur-
face. In order to minimize the effect of the imaging step on the cy-
cling, an additional step at open-circuit voltage was not added for
image acquisition. Thus, image A, e.g., shows the surface at the be-
ginning of Mg stripping, image B at the beginning of Mg plating.
During the first three half-cycles (0–3 h) no changes in the surface
structure are observed in the monitored area (images A-D). However,
inhomogeneous deposition is observed after the second plating (4 h).
The areas before and after inhomogeneous deposition are marked in
green in image D and red in image E, respectively. Inhomogeneous
deposition is also indicated by the erratic voltage profile of the second
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Figure 7. Representative stripping/plating curves of symmetric Mg metal coin cells using 0.3 M Mg(TFSI)2 in mono- (a), di- (b), tri- (c), and tetraglyme (d) as
electrolyte (±0.1 mA cm−2 for 1 h). Cut-off voltage: −2 V and 8 V. The dashed lines represent the point of short-circuit for each cell.

and third plating step that is similar to the one shown by Wood et al.
for lithium metal cells.36 After ca. 3.6 h, the increase in surface area
due to the inhomogeneous deposition (image D and E) may result in
the rapid increase in the voltage profile from −3.4 V to −2.3 V. From
image F it is clear that the inhomogeneous deposition was irreversible
and the deposits did not undergo electrochemical oxidation, since the
deposits had the same size after stripping. Upon further cycling (8 h-
32 h) more inhomogeneous irreversible deposition is observed. Fig. S
11 highlights a section of the surface shown in image K and L (Fig.
S 10) to illustrate the size of one deposit (∼35 μm) that was formed
upon 1 h of plating.

During cycling, the electrolyte changed color from transparent to
grayish most likely due to electrolyte decomposition and dissolution
of Mg surface components. Therefore, the images taken by the optical
microscope became darker and the software was not able to generate
sharp pictures out of the image stacks during post-processing. This
resulted in blurry areas on the images. As a result, it was not possible
to collect clear images after 30 h and to monitor a short-circuit by
in situ optical microscopy.

In summary, the Mg metal electrode consists of bulk magnesium
with a hexagonal crystal structure and (002) as preferential surface
plane, and a chemically different surface layer, which contains MgF2,
MgO, and MgS. Moreover, it was shown that the dendrites consist of
interconnected spherical deposits, which are plated irreversibly. There
is clear evidence that the deposits consist of Mg metal, MgO, MgF2,
and MgS.

Influence of the glyme chain length on the internal soft short-
circuit.—In their recent publication Yu et al. propose a mecha-

nism for the decomposition of diglyme in the Mg(TFSI)2-diglyme
electrolyte.35 Diglyme molecules easily chelate Mg2+ ions, partic-
ularly under-coordinated and sterically unhindered Mg2+ ions, in-
cluding those at kinks of MgO or Mg(OH)2 surfaces. The chela-
tion introduces strain in the backbone of the glyme and exposes a
proton for abstraction. OH− is present at the surface, generated ei-
ther from dissociation of trace impurities of water or released from
Mg(OH)2 by intersite hopping. Without direct access to Mg2+, the
nucleophilic OH− could easily deprotonate the deformed diglyme
molecules. This would result in diglyme cleavage and the formation
of water.35

In order to investigate the influence of the glyme chain length,
symmetric cells were assembled using 0.3 M Mg(TFSI)2 in mono-,
di-, tri-, and tetraglyme. In CV experiments, an internal soft short-
circuit was observed when mono- and diglyme was used as the
solvent; however, no short-circuit was detected with triglyme and
tetraglyme in up to 1500 CV scans. This is more than three times
the number of CVs necessary to short-circuit cells containing mono-
or diglyme. Additionally, symmetric cells with different glymes were
cycled galvanostatically. Fig. 7 illustrates that a symmetric cell con-
taining monoglyme (a) was internally short-circuited after 65 h, the
ones containing diglyme and triglyme (b, c) after 91 and 150 h,
respectively. Although, the voltage drop in Figs. 7a–7c is not as
large as in Fig. 1c, the internal short-circuits were confirmed by
CV and impedance measurements. For an electrolyte containing
tetraglyme (d), no short-circuit has been detected for 160 h. This
comparison indicates that a longer chain in the glyme might increase
the stability of the electrolyte even though the mechanism is not
clear yet.
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Conclusions

This work shows results of an extensive investigation on dendrite
growth with magnesium metal electrodes and the subsequent inter-
nal short-circuit in electrolytes consisting of Mg(TFSI)2 in different
glymes. It was shown that Mg symmetric cells can form globular
dendrites and short-circuit during CV or galvanostatic cycling. Sim-
ilar conclusions were derived from EIS measurements. Mg metal is
deposited only on the electrochemically active areas of the electrode.
Since the glyme/Mg(TFSI)2 electrolyte is not aggressive enough to
fully activate the electrode surface that is initially covered by a dense
and resistive passivation layer, the active areas are limited, which
leads to a high local current density and dendrite formation. As the
passivation of the dendrites occurs almost instantaneously, they show
a high intrinsic resistance, resulting in a “soft short-circuit”.

SEM imaging reveals that the deposits consist of spheres attached
to separator fibers. Upon cycling the interconnected spheres can form
dendrites that grow from one electrode to the other and internally
short-circuit the cell. Globular dendrites can also form in the absence
of separators (using spacers instead) and short-circuit the cell. Mg,
C, O, F, S, and N were found using EDX mapping in the Mg surface
layer and Mg deposits in the separator. The species of the surface
layer were analyzed by XPS. MgF2, MgO, and MgS were detected.
The presence of MgF2 and MgS confirms the decomposition of the
TFSI− anion that is not stable against Mg metal, resulting in a passi-
vation of the Mg surface. The bulk electrode was analyzed by XRD.
The preferential growth orientation is the (002) plane in a hexagonal
crystal structure. In situ optical microscopy illustrates that the inho-
mogeneous deposition was irreversible and that these deposits were
not electrochemically oxidized, since their size did not decrease after
stripping.

These results illustrate that dendrite growth with Mg anodes is pos-
sible (at least in glyme-based electrolytes in these specific experimen-
tal conditions), and as such, should be considered when developing
new electrolyte systems for Mg metal batteries. A detailed investiga-
tion of the influence of the voltage range, current, temperature, etc.
is ongoing. The chain length of the glyme solvent may influence the
electrolyte stability and, therefore, the dendrite growth and subsequent
short-circuiting. Moreover, the texture of separators or the use of solid
electrolyte might hinder dendritic growth.
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