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Abstract Mg-ion batteries (MIBs) have emerged
as a promising alternative to Li-ion batteries (LIBs)
since Mg metal is more abundant, cheaper, and safer
than Li metal. However, the growth of Mg dendrites
on metal Mg anodes is still very controversial, while
several studies claim that Mg dendrites do not form
on Mg metal anodes; other studies claim the opposite.
Recently, a new class of MIB electrolytes which we
refer to here as MACT has received extensive atten-
tion due to its higher ionic conductivity and wider
potential window. MACT is made of magnesium
bis(trifluoromethanesulfonyl)imide (Mg(TFSI),),
aluminum chloride (AICl;), and magnesium chloride
(MgCl,) in 1,2-dimethoxyethane (DME). Previous
studies have claimed that Mg dendrites do not grow in
conditioned MACT electrolytes. This article explores
the formation of magnesium (Mg) dendrites in a
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conditioned MACT electrolyte during electrodeposi-
tion. A symmetric cell configuration, MgIMACTIMg,
was utilized to investigate the dendrite formation at
different current densities. The morphology, chemi-
cal composition, and crystal structure of the depo-
sition products were characterized using scanning
electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS), and X-ray diffraction (XRD).
Our findings demonstrate the growth of Mg dendrites
within the MACT electrolyte. We observed that the
morphology of these dendrites undergoes evolution
with varying the electrodeposition current density,
transitioning between mossy clusters, granular struc-
tures, and porous mesh formations in a size range
from approximately 10 to 125 pm. These results sig-
nificantly enhance our understanding of Mg dendrite
formation in MIBs.
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Introduction

Mg-ion batteries (MIBs) have attracted considerable
attention as a promising alternative to Li-ion bat-
teries (LIBs) because Mg metal is more abundant,
cheaper, and safer than Li metal [1-7]. The use of Mg
metal as a practical anode in MIBs is possible only
if Mg dendrites do not grow during (dis)charging,
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since these dendrites can penetrate through the sepa-
rator and come into direct contact with the cathode,
potentially causing short-circuits and safety hazards
[8-10]. However, whether Mg dendrites will form
remains highly controversial: (i) While several early
studies including in sifu scanning tunneling micros-
copy (in situ STM) studies [11], in situ atomic force
microscopy (in situ AFM) analysis combined with
optical imaging [12], and theoretical simulation [13,
14], suggested that Mg dendrites do not grow; new
studies suggested the opposite. For example, Baner-
jee’s group demonstrated the growth of Mg dendrites
during electrodeposition in 0.5 M methylmagnesium
chloride (MeMgCl) electrolyte in tetrahydrofuran
(THF) electrolyte [15], and in 0.25 M, 0.5 M, 1.0
M, and 1.5 M MeMgCl in THF [16]; Zhang’s group
showed that Mg dendrites form in 0.3 M all-phenyl-
complex (APC) electrolyte [17]; Lim’s group also
visualized the growth of Mg dendrites in APC elec-
trolytes [18]. (ii) Recently, MIB electrolytes based on
magnesium bis(trifluoromethanesulfonyl)imide salt—
Mg(TFSI),—have received extensive attention due
to their higher ionic conductivity and wider potential
window [8, 19-24]. While Choi’s group first claimed
that Mg dendrites do not form in Mg(TFSI),-based
electrolytes such as 0.3 M Mg(TFSI), in glyme/
diglyme [19]; Giffin’s group observed the growth
of Mg dendrites in 0.3 M Mg(TFSI), in glyme [8].
Meanwhile, many other studies claimed that Mg den-
drites do not form in hybrid Mg(TFSI),/aluminum
chloride (AlCl;)/magnesium chloride (MgCl,) in 1,
2-dimethoxyethane (DME) electrolytes [21-24]. The
hybrid Mg(TFSI),/AlCl;/MgCl,/DME is abbreviated
in this article as MACT.

The aim of this study is to verify whether Mg
dendrites will form in a conditioned MACT electro-
lyte. With this aim in mind, we electrodeposited Mg
in galvanostatic mode at various current densities
using a symmetric MgIMACTIMg cell, visualized and
recorded the deposition products. In our study, we
employed scanning electron microscopy (SEM) for
visualizing the morphology, energy dispersive X-ray
spectroscopy (EDS) for determining the elemental
composition, and X-ray diffraction (XRD) for ana-
lyzing the crystalline phases of the deposited prod-
ucts across varying current densities. Our findings
present compelling evidence of dendrite formation
on Mg metal anodes within conditioned MACT elec-
trolytes. Moreover, our results strongly indicate that
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the morphology of Mg dendrites is influenced by the
applied electrodeposition current density.

Experimental
Materials and chemicals

A 0.1-mm thick magnesium (Mg) foil with a purity
of 99.9% was purchased from MTI Corporation,
serving as the working, counter, and reference elec-
trodes. Magnesium (II) bis(trifluoromethanesulfonyl)
imide—Mg(TFSI),—with 99.5% purity was pur-
chased from Solvionic and dried overnight at 150 °C
to remove residual moisture. Aluminum trichloride
(AICL;, 99.985%) and magnesium chloride (MgCl,,
99.99%) were purchased from Alfa-Aesar and used
without further purification. Anhydrous 1, 2-dimeth-
oxyethane (DME, 99.5%) was purchased from Sigma-
Aldrich and dried for 72 hours using activated molec-
ular sieves with a pore size of 4 A for 72 hours. All
materials and chemicals were stored in an argon-filled
glovebox (< 0.1 ppm H,O and O,).

Electrolyte and cell preparation

MACT electrolyte with a concentration of 0.25 M is
composed of 0.25 M Mg(TFSI),, 0.25 M AICl;, and
0.5 M MgCl, with a molar ratio of 1:1:2 in DME.
To prepare 10 mL of 0.25 M MACT electrolyte,
0.005 mol (476 mg) of MgCl, was added to 10 mL
of dried DME solvent in an argon-filled glovebox.
Then 0.0025 mol (333 mg) of AICl; was added in a
round bottom flask with a rubber stopper on. About
0.5 M MgCl, in DME was added to the round bot-
tom flask drop by drop. Then, 0.0025 mol (1.46 g) of
Mg(TFSI), was added while stirring. The electrolyte
was stirred overnight to mix fully. The MACT elec-
trolyte was then conditioned before use by running
cyclic voltammetry (CV) experiments at the scan rate
of 1 mV s, and the voltage window was from —1
V to 1 V using a MgIMACTIMg cell configuration
with a polished Mg foil as the working electrode, and
another polished Mg foil as the counter and reference
electrodes until stable CV curves were achieved [18,
21]. The MACT electrolyte performance is improved
after conditioning through the removal of possible
impurities [21]. In Fig. S1, we present the selected
CV curves during the conditioning process of MACT
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electrolyte. These CV scans, conducted at a scan rate
of 1 mV s~! within the potential range of —0.8 to 2.0
V, clearly demonstrate the improved reversibility of
the Mg deposition process over consecutive cycles,
from light blue to dark blue curves. This enhance-
ment is evident through reduced overpotentials and
higher cycling efficiencies. The MgIMACTIMg sym-
metric cell (with 0.25 M-conditioned MACT elec-
trolyte) was used for subsequent experiments. A
schematic of this cell is shown in Fig. 1 a, with the
corresponding accurate picture shown in Fig. 1 b. The
distance between two Mg foils is approximately 1
cm. All experiments are conducted in an argon-filled
glovebox with residual O, and H,O below 0.1 ppm.

Electrochemical characterization

Electrochemical tests were performed using a Bio-
Logic VMP-300 multichannel potentiostat. The
MgIMACTIMg symmetric cell was cycled between
—3 and 1 V in galvanostatic mode using different
areal current densities while keeping the areal capac-
ity constant by varying the cycling time.

Material characterization

Scanning electron microscopy (SEM) images were
captured using a JEOL 7500F high-resolution scan-
ning electron microscope. For morphology and com-
positional analysis, energy dispersive X-ray spectros-
copy (EDS) was performed using an Octane Elect
Super detector. X-ray diffraction (XRD) patterns were
obtained on a Rigaku Miniflex powder diffractometer,
equipped with a Cu X-ray source operating at 40 kV

Fig. 1 (a) Schematic of the
electrochemical symmetric
cell setup. At the Mg foil
working electrode, Mg ions
accept electrons and are
reduced to metal Mg (left
side, purple). At the Mg
foil counter and reference
electrode, metal Mg lose
electrons to become Mg
ions (right side, yellow).
(b) Image of the actual
cell. The cell operates in an
argon environment

Mg?* + 2e” > Mg

and 15 mA. The measurements were taken with a step
size of 0.01° and a scanning speed of 5°/min.

Results and discussion

To investigate the formation of Mg dendrites in the
MACT electrolyte, we conducted electrodeposition
experiments using a symmetric MgIMACTIMg cell.
The MACT electrolyte was properly conditioned for
the study. The electrodeposition of Mg was carried
out at various current densities: 5, 6, 7, 8, 9, and 10
mA cm~2. This approach allowed us to determine
whether Mg dendrites were formed in the MACT
electrolyte under different current density conditions.

The areal capacity achieved at each of these cur-
rent densities is maintained constant at 10 m Ah cm™>
by controlling the electrodeposition time. The cor-
responding voltage vs. capacity plots for all current
densities are shown in Fig. 2 a. The relatively high
negative voltage is associated with the high overpo-
tential needed to reduce Mg ions (Mg**) to metal Mg
onto the working electrode through the following half
reaction: Mgt + 2e~ => Mg, with the reverse half
reaction (i.e., Mg => Mg?* +2e") taking place on the
counter electrode. It is a striking phenomenon that the
overpotential at 5 mA cm™2 (pink curve in Fig. 2 a)
is higher than others. A possible explanation is that
the system initially requires high activation energy to
grow Mg dendrite onto the Mg foil electrode. Once
a “layer” of Mg dendrite is deposited on the Mg foil
electrode, subsequent Mg dendrites are deposited on
top of Mg dendrites and this may require lower acti-
vation energy. In other words, it may be kinetically

(b)
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Fig. 2 (a) Voltage vs. areal capacity curves for all current densities. (b) Images of the front and back sides of the Mg foil working

electrodes at different current densities

easier to grow Mg dendrites on top of Mg dendrite
than growing Mg dendrites on top of Mg foil. At
low current densities, Mg dendrites are grown on
Mg foil. At high current densities, Mg dendrites are
initially grown on the Mg foil electrode and further
on Mg dendrites. The formation of Mg deposits onto
the working electrode during electrodeposition was
recorded for all current densities (see supporting vid-
eos S1, S2, S3, S4, S5, S6). Fig. 2 b displays repre-
sentative images of the front and back sides of the Mg
foil working electrodes obtained after electrodeposi-
tion at various current densities. A black deposit can
be observed on each working electrode. The mor-
phology of these deposits was investigated by SEM
(Fig. 3). At 5 mA cm™2 mossy-like deposits were
observed at low magnification (Fig. 3a). The diam-
eter of each mossy cluster was ~125 pm. This mossy-
like morphology aligns well with the morphology of
the Mg dendrites found by Ding et al., which simi-
larly observed the presence of dendrites on Mg metal
with Mg(TFSI), in glyme electrolyte [8]. Upon closer
inspection at a higher magnification (Fig. 3b), we
found that the mossy-like dendrites exhibit lamellar
structures with nano-sized thickness. At 6 mA cm™2,
the dendrites are still mossy-like, but with a smaller
cluster diameter of ~100 pm, as shown in Fig. 3 c.
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The zoomed-in image in Fig. 3 d showed a thicker
nano-sized lamellae structure. At a current density of
7 mA cm™, the dendrites displayed an interconnected
granular morphology with grain sizes of approxi-
mately 10 pm, as depicted in Fig. 3 e and f. At an
applied current density of 8 mA cm™2, the mossy-like
dendrites reemerged, characterized by a diminished
cluster diameter of approximately 75 pm (Fig. 3g).
Additionally, the presence of lamellar structures with
a nano-sized thickness was observed (Fig. 3h). At
9 mA cm™, the dendrites exhibit the porous mesh
structure in Fig. 3 i and j. Finally, at 10 mA cm™2,
the dendrites appear as interconnected islands with
significant surface undulations. The SEM results sug-
gest that the morphology of Mg dendrites seems to be
impacted by the electrodeposition current density.
Next, the chemical composition and the crystal
structure of the Mg deposition products were inves-
tigated at all current densities using EDS and XRD.
Typical EDS and XRD data for Mg deposits formed
at 10 mA cm™2 are shown in Fig. 4. Note that because
EDS and XRD data were similar in all current densi-
ties, here, we only show the XRD and EDS obtained
at 10 mA cm™. In Fig. 4 a, the EDS spectrum of the
Mg deposits reveals the presence of C, O, F, S, Al, Cl,
and Mg signals. The Al and CI signals were attributed
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Fig. 3 SEM images of Mg dendrites formed on Mg working electrodes at a and b 5 mA cm2, (c,d) 6 mA cm2, (e, f) 7mA cm2,
(g, h) 8 mA cm™, (i, j) 9 mA ecm ™2, and (k, 1) 10 mA cm™2, respectively

to AICl; salt from the MACT electrolyte. The C, O, F,
and S signals were ascribed to Mg (TFSI), salt from
the MACT. In Fig. 4 b, the XRD analysis shows the
presence of Mg (PDF#35-0821), MgCl, (PDF#03-
0854), AICl; (PDF#01-1133), MgO (PDF#87-0651),
MgF (PDF#70-2269), MgS (PDF#75-0897), and
MgCO; (PDF#86-0175). The identification of MgF

and MgS within the deposited products serves as
compelling evidence for the presence of a solid inter-
facial layer. This finding is supported by previous
studies [20, 22]. However, it should be noted that the
XRD data of all deposited products could not be fully
fitted, likely due to the relatively lower crystallinity of
certain deposition products.
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Fig. 4 Typical a EDS spectra and b XRD pattern of the deposition products formed at 10 mA cm™

Conclusion

This study successfully demonstrates the formation
and growth of Mg dendrites in a conditioned MACT
electrolyte through electrodeposition at varying cur-
rent densities. The morphology, chemical composi-
tion, and crystal structure of the resulting Mg den-
drite deposits were thoroughly investigated using
SEM, EDS, and XRD techniques. Our findings
indicate that the morphologies of the dendrites are
directly influenced by the employed current density
during electrodeposition. By carefully analyzing
the results, we observed distinct variations in den-
drite structures corresponding to different current
densities. This discovery elucidates the intricate
relationship between electrodeposition parameters
and resulting dendrite formations. The utilization
of SEM, EDS, and XRD allowed for comprehensive
characterization of the Mg dendrite deposits, pro-
viding valuable insights into their properties. These
findings have significant implications for the devel-
opment and optimization of electrolyte and elec-
trodeposition processes in Mg-based electrochemi-
cal systems. In conclusion, this research expands
our understanding of Mg dendrite formation and
growth, emphasizing the crucial role of controlling
current density in achieving desired dendrite mor-
phologies. Further investigations should explore
additional factors that may impact dendrite growth,
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aiming to develop strategies to mitigate or regulate
dendrite formation in Mg-based systems.
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