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ABSTRACT
Magnesium (Mg) is set as a viable alternative battery material to lithium (Li) owing to its cost, natural abundance, and safety.
Nevertheless, the formation of dendrites on Mg anodes remains controversial. While some studies refute their existence, others
report contradictory findings influenced by current density and the insufficiently understood roles of electrolyte formulation,
additives, and temperature. In thiswork, these parameters are systematically investigated using symmetricMg|Mg and asymmetric
Mg|TiS2 cells with tailored ionic-liquid-based electrolytes. Furthermore, operando optical microscopy is employed to visualize
nucleation and dendritic growth at different current densities. At low current densities (0.1–0.5 mA cm−2), non-uniform island-
like Mg deposits evolved into soft dendrites, finally leading to short-circuiting. Contrary, higher current densities (1–5 mA cm−2)
promote uniform, spherical deposits and facilitate stable cycling over 700 cycles. In Mg|TiS2 asymmetric cells, enhanced cycling
stability is observed at 50 mA g−1, whereas soft dendrite formation at 10 mA g−1 leads to cell failure within 30 cycles. Taking
advantage of Mg’s safety, cycling of symmetric cells are continued even beyond dendrite-forming to study morphological and
mechanical recovery. Notably, our analysis reveales self-healing due to dendrite fusion in previously short-circuited cells. These
findings reveal conditions affecting Mg dendrite behavior, highlighting the key roles of current density and temperature in
developing stable, rechargeable Mg batteries, and reporting self-healing in Mg batteries for the first time.

1 Introduction

Rechargeable magnesium batteries (RMBs) have gained consid-
erable attention as one of the promising candidates to replace
lithium-ion batteries. This is primarily owing to their merit prop-
erties, including bivalency of Mg2+ ions, abundant availability,
and substantial volumetric capacity by a factor of 1.8 times com-
pared to Li metal [1–3]. One of the main challenges of Li-metal
batteries is the formation of sharp dendrites during cycling,which
can lead to short circuits and thermal runaway, posing serious
risks of fire or explosion [4]. It was previously believed that Mg

batteries are dendrite-free, making them safer than their lithium
counterparts [5–10]. However, recent studies have shown that Mg
electrodes can indeed form dendrites [11–16]. The main cause
for dendrite formation in RMBs is still uncertain, and different
causal factors have been reported. One of the main reasons is the
irregularity and irreversibility ofMg deposition and stripping. For
instance, the non-uniform Mg dissolution leads to degradation
of the Mg anode and consequently to dendrite formation [11,
17]. The trigger for irreversible Mg deposition/stripping is the
high Mg reactivity that undergoes a passivation reaction in most
of the known electrolytes [11, 18, 19]. Furthermore, electrolyte
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decomposition as well as trace amounts of water are key factors
for Mg surface passivation [20, 21]. Such a phenomenon reduces
the active sites on the Mg electrode surface and results in high
local current densities [11, 22]. Another significant factor is the
applied current density; however, the relationship between the
applied current density and dendrite formation is debatable, with
a considerable degree of discrepancies reported in the literature.
A few studies report that Mg dendrite formation accelerates at
relatively high current densities (≥ 5 mA cm−2), with current
density strongly influencing dendrite morphology, for instance,
mossy-like structures at 5 mA cm−2 versus interconnected islands
at 10 mA cm−2 [13, 15]. However, other reports have detected Mg
dendrites at current densities below the previously mentioned
value, likely due to irreversible Mg deposition and stripping
reactions. This results in a rougher and more intricate structure,
resembling dendrite growth in Li batteries [11, 14, 17, 23]. To
address this issue, various strategies have been proposed to
suppress or prevent dendrite formation in Mg metal batteries.
Modification of the Mg anode by introducing an artificial solid
electrolyte interface (SEI)was proposed to avoid passivation of the
Mg electrode [24]. Here, the formation of an ionically conducting
and electronically insulating MgF2 layer on the Mg electrode
surface improved its voltage stability, cyclic performance, as
well as coulombic efficiency [24]. Furthermore, introducing
magnesiophilic sites on the Mg anode has been found to inhibit
needle-like Mg dendrites and promote spherical Mg deposition
even at very high current densities [13, 25]. This has been achieved
by coating with Au nanoseeds, leading to a thermodynamically
spontaneous reaction and the formation of a Mg–Au alloy [13].
On the other hand, the introduction of 1-chloropropane to the
Mg(OTF)2/DME system enhanced the planar Mg deposition
associated with the formation of a protective interphase [26].

While many studies have focused on Mg dendrite formation
or current density effects, overlooking cycle number, electrolyte
composition, additives (chloride-free vs. chloride-containing),
and operating temperature must be addressed. Safety concerns
and thermal runaway were entirely ignored. Thus, due to limited
understanding of Mg dendrite growth parameters, we investi-
gated factors influencing dendrite formation and short-circuiting
in Mg|Mg symmetric cells using our optimized MIDS electrolyte,
0.1mMg(TFSI)2 + 0.01mMg(BH4)2 in (1:3)MPPip-TFSI: diglyme,
by utilizing galvanostatic cyclic and electrochemical impedance
spectroscopy (EIS). Different factors affecting the Mg growth
mechanism, including current density, electrolyte additives,
and measurement temperature, were studied. Scanning electron
microscopy (SEM) with energy dispersive X-ray spectroscopy
(EDS) was utilized to visualize the formation and suppression
of dendrites upon cycling. Interestingly, upon cycling, the short-
circuited cell did not exhibit any thermal runaway; rather, a cell
recovery was observed, followed by a long-range cycling stability.
Moreover, a layered TiS2 was utilized in this study as a proof-
of-concept since it has been widely explored in Mg batteries
[27–30], due to the improved Mg mobility in sulfide structures
compared to the sluggish diffusion in oxides [27]. It is found that
achieving a high performance and long-term stability is highly
dependent on the water content inside the cathode material and
the current density. An improved cycling stability was achieved at
a relatively high specific current of 50mAg−1, while soft dendrites
were observed at a lower specific current of 10 mA g−1. At room
temperature, and without prior modification of TiS2 prepared

inside the glovebox, a maximum capacity of 200 mAh g−1 was
achieved.

2 Results and Discussion

2.1 Mg Dendrite Formation in MIDS Electrolytes

Since the applied current is a crucial factor for electrolyte stability
and the formation of the solid–electrolyte interphase (SEI), an
initial investigation was conducted to gain detailed insights into
its impact. Galvanostatic measurements at different currents
were performed to study the voltage profile. During galvanostatic
cycling, in situ EIS was recorded every 20 cycles to track SEI
evolution as well as possible surface changes since it is one
of the most straightforward, sensitive, and highly informative
analytical methods [31]. Figure 1a illustrates galvanostatic cycling
profiles accompanied byEIS in aMg|Mg symmetric cell at applied
currents of 0.01, 0.025, 0.05, 0.1, 0.15, 0.2, 0.4, and 0.5 mA cm−2,
consecutively. For each current from 0.01 to 0.4 mA cm−2, 20
cycles were conducted, and the voltage profile was analysed. For
currents from 0.01 to 0.2 mA cm−2, a nearly constant voltage
profile can be observed, with Mg depositing at −0.3 V and
dissolving at 0.3 V vs. Mg|Mg2+, as shown in Figure 1b. However,
upon doubling the current from 0.2 to 0.4 mA cm−2, a higher
overpotential was observed; thus, the voltage profile increased
to a range from −0.6 to 0.6 V. After a few cycles, a short circuit
occurred with an overpotential between −0.005 and 0.005 V vs.
Mg|Mg2+ [32]. At this point, EIS showed a small semicircle with
a very low resistance of 12 Ω compared to a total impedance of
approximately 6000 Ω at open-circuit voltage (OCV), as shown
in Figure 1c, indicating dendrite formation. Hard short circuits
create a permanent electronic path with resistance similar to that
of a metal wire (electron transport). In contrast, soft short circuits
resulting from small localized electronic connections between
the working and counter electrodes enable both direct electron
transfer and interfacial electrochemical reactions (electronic and
ionic) [33, 34]. The absence of a single-point EIS response, typical
of hard dendrites, indicates soft dendrites are more likely.

This phenomenon suggests that either the increase in applied
current is responsible for dendrite formation and the subsequent
short circuit, as reported in Ref. [35], or long-term cycling is the
primary cause, which will be investigated later. Figure 1d shows
optical images of the WE, CE, and GF separator of a cell that
was stopped at the short circuit. It is clearly shown that dendrites
had formed at a small, localized spot, which is in agreement
with previous reports [11, 14]. The actual current density in this
case is questionable due to partial surface passivation or non-
uniform deposition, resulting in a highly inhomogeneous current
density distribution. Given the fact that Mg is safer than Li in
terms of thermal runaway, cycling of the short-circuited cell was
continued at 0.1 mA cm−2. After approximately 25 cycles, voltage
plateaus at −1.2 and 0.6 V vs. Mg|Mg2+ were observed, which
stabilized at −0.4 and 0.4 V vs. Mg|Mg2+ after a few additional
cycles for approximately 50 cycles, indicating unexpected cell
recovery.

Subsequently, enhanced performance was observed in the con-
secutive cycles, with voltage plateaus at −0.2 and 0.2 V vs.
Mg|Mg2+. The current was then increased fivefold in order to
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FIGURE 1 (a) Galvanostatic cycling of a symmetric Mg cell in the MIDS electrolyte at different currents of 0.01, 0.025, 0.05, 0.1, 0.15, 0.2, 0.4, 0.5
mA cm−2 tested in a BOLA cell; (b) Voltage profiles for the first six cycles, at short circuit (cycle 146 to 154), and after recovery (cycle 412 to 418); (c)
Nyquist plots of the Mg|Mg cell at OCV, at the short circuit and after 450 cycles (i.e., after recovery), respectively; (d) Optical images of the working
electrode (WE), counter electrode (CE) and glass fibre (GF) separator of the dendritic cell (at short circuit).

investigate the potential reformation of dendrites; however, this
did not occur, and enhanced cyclability was observed instead.
As shown in Figure 1b, voltage plateaus at −0.2 and 0.2 V vs.
Mg|Mg2+ were maintained for over 200 cycles, slightly increasing
to −0.3 and 0.3 V vs. Mg|Mg2+, which are identical to the overpo-
tentials observed during the initial cycles. The Nyquist plot after
450 cycles, shown in Figure 1c left, reveals Warburg impedance,
indicating a diffusion-controlled process with relatively lower
impedance compared to before cycling. The retention of cell
impedance and galvanostatic cycling performance, including
deposition/ stripping overpotentials, provides strong evidence for
cell healing after a short circuit.

Furthermore, to investigate whether or not the higher current
density or the repeated cyclability is the primary reason for
dendrite formation, a new investigation was conducted using
galvanostatic cycling for symmetric Mg|Mg cells operated for up
to 500 cycles at 0.1 mA cm−2 as shown in Figure 2a. SEM, and
operando EIS were used to reveal the microstructure evolution
of Mg deposits during cycling, at and after dendrite formation,
and after cell recovery. As shown in Figure 2b, the Nyquist plot
of the symmetric cell at OCV revealed a semicircle indicating a
charge transfer resistance related to a diffusion-limited process
or sluggish reaction kinetics [36]. While the SEM micrograph of
the pristine Mg electrode at OCV exhibited a rough plain surface
due to the mechanical polishing of the surface, removing the thin

oxide layer, as shown in Figure 2c. After 50 cycles, the Nyquist
plot exhibited a semicircle in the high-frequency region and a
diffusion tail in the low-frequency region with a lower overall
impedance compared to the initial EIS, indicating the formation
of the SEI layer (Figure 2d). At this point, the SEM micrograph
showed a fine and uniform deposition of Mg over the surface
of the electrode as observed in Figure 2e. After 140 cycles, a
very low voltage profile was observed with a cell impedance of
30 Ω, as observed in Figure 2f, indicating the formation of soft
dendrites. At the short circuit, the dendritic electrode showed
dense mossy-like structures as shown in Figure 2g, rather than
the typical needle- or filament-like structures characteristic of
hard dendrites [37–39]. This is in contrast to the interconnected
spherical deposits with lamellae substructure that were reported
previously by Ding et al. and Ha et al [11, 40]. This difference
in morphology is attributed to changes in the electrolyte com-
position as reported in our previous work [41]. Further cycling
resulted in cell healing, where the Nyquist plot (Figure 2h), as
well as the voltage profiles were partially recovered but showed
some fluctuations and instabilities for approximately 100 cycles,
as shown in Figure 2a. The SEM micrograph of the electrode
at this stage showed a less dense and relatively smooth surface,
as shown in Figure 2i. No further dendrites formed for up to
500 cycles; instead, the galvanostatic cycling stabilized, as clearly
shown in Figure 2a. The Nyquist plot at the end of cycling
(Figure 2j) displayed a diffusion tail forming a 45◦ angle with the
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FIGURE 2 (a) Galvanostatic cycling of a symmetric Mg cell in the MIDS electrolyte at 0.1 mA cm−2, (b) Nyquist plots of the pristine Mg electrode
at OCV, (c) SEMmicrographs of Mg electrode at OCV, (d) Nyquist plot after 50 cycles, (e) The corresponding SEMmicrographs of Mg electrode after 50
cycles (f) Nyquist plot at the short circuit, (g) The corresponding SEM micrographs of the Mg electrode at short circuit (h) Nyquist plot after 50 cycles
from cell healing, (i) The corresponding SEM micrographs of Mg electrode after 50 cycles from self-healing, (j) Nyquist plot at the end of cycling, and
(k) The corresponding SEM micrograph of Mg electrode at the end of cycling. The measurements were taken from four different cells that were tested
under the same conditions but stopped at different cycling stages for SEM imaging.

x-axis, revealing a diffusion-controlled process and confirming
cell recovery, while a highly smooth dendrite-free surface could
be observed by SEM (Figure 2k).

Since dendrite formation is a fatal issue, understanding its growth
kinetics is crucial. Metal dendrites usually tend to nucleate
and grow during electrochemical cycling, manifested in a low
columbic efficiency [37]. Parasitic side reactions, irreversible
capacity loss at the anode, and continuous growth of the SEI layer
also result in dendrite growth [37]. Previous reports claimed that
high current densities (5–20 mA cm−2) as well as a high surface
reactivity of magnesium trigger passivation layer formation [13,
42].

Although this layer suppresses surface reactions, it simultane-
ously hinders Mg2+ ion transport and self-diffusion. Due to its
inhomogeneous distribution, this passivation process promotes
non-uniform Mg deposition and dendrite formation [12–15, 43].
On the contrary, a discrepancy has been noticed for the role of
the current density. For instance, other reports claimed dendrite
formation already at relatively low current densities [4, 12, 14,
44–46]. Furthermore, the influence of deposition potential on
the morphology of the deposited Mg was found to be highly
dependent on the nature of the surface [12]. For instance, the
Mg(0001) surface showed very weak potential dependency that

did not influence the formation of packed morphologies on the
surface [12, 47]. Several other reports proposed that the diffusion
barrier is a good descriptor for dendrite growth [43, 48–50].
However, theoretical calculations revealed that the diffusion bar-
rier on the most prevalent Mg surface under standard operating
conditions is sixfold higher than that on Li electrodes. As the
terrace self-diffusion of an atom is almost zero on Mg(0001),
while with a higher activation energy on Mg(101̄1)) Those
findings point out that Mg could be more susceptible to dendrite
formation than Li [12, 47]. Consequently, diffusion barriers are
insufficient to describe dendrite growth [12]. Ding et al. attributed
dendrite formation to the spontaneous decomposition of TFSI−
anions on freshly deposited Mg in the electrolyte, which has a
pronounced tendency to decompose upon cycling, triggering the
formation of MgF2 and MgS that passivate deposited Mg. Upon
cycling, these interconnected passivated islands form dendrites
that grow toward the other electrode, causing a short circuit [11].
However, in another study by Li et al., MgF2 was reported as
an artificial interphase that successfully prevented soft dendrite
formation and protected the Mg anode [24]. The high porosity,
electronic insulating properties, and high ionic conductivity of
MgF2 facilitatedMg2+ diffusion to bulkMg, enabling interactions
beneath the protective film [24]. Thus, the primary cause of
dendrite formation remains uncertain, and further fundamental
investigations are required.
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FIGURE 3 (a–h) Operando optical microscopy images for the Mg|Mg cell operating with an apparent current density of 0.12 mA cm−2recorded
at different times in a corresponding electrochemical cell. On each image, the exact time is indicated, as well as yellow dotted rectangles that highlight
surface regeneration and inactive Mg. (i) Galvanostatic cycling of the symmetric Mg cell, where the color of each point indicates the corresponding
image, (j–m) zoomed-in galvanostatic cycling to show the voltage profiles of the cell after 50, 100, 150, 200 cycles.

To gain deeper insights into the formation of dendrites and
cell recovery after a short circuit, operando optical microscopy
was utilized to visualize morphological changes. Thanks to the
stability of our MIDS electrolyte, it was possible to record images
for more than 500 h of operation at a current of 0.102 mA.
Optical images of the Pouch cell electrodes as well as the full
galvanostatic cycling are illustrated in Figure S1 and Figure
S2, respectively. Visualization of the cell operation presented
important insights into the Mg growth and its morphology at
different stages, as illustrated in Figure 3a–h. During preparation
of the Mg electrodes, only edges were sanded and polished to
remove the oxide layer and facilitate activation. However, after
the initial cycling process, the upper surface of the electrodes
gradually became activated and exhibited increased conductivity,
as observed after 10 h of cycling (Figure 3b). The high reducing
property of Mg(BH4)2 has a vital and crucial role in the surface
activation as it interacts with the electrode surface by removing
the passivating oxide layer [51, 52]. However, this resulted in
changes in the applied current densities. Meanwhile, a non-
uniform Mg deposition was observed already from the early
cycles, as shown in Figure 3a–f. It could also be observed that
Mg prefers to deposit on freshly deposited clusters instead of

initiating additional nucleation centers, resulting in a vertical
growth of Mg dendrites. It is also noticed that some spots stopped
growing, indicating the formation of inactive Mg (yellow marked
in Figure 3g,h) that are electronically disconnected from the
conductive Mg surface. One of the reasons for the formation
of this inactive Mg could be the spontaneous adsorption and
decomposition of TFSI− anions on the surface of freshly deposited
Mg into electronically insulating products [11, 24]. The formation
of inactive Mg led to changes in the local current distribution and
forced vertical Mg growth. Afterward, the uneven Mg deposits
continued forming coral-like structures for up to 150 cycles,
as shown in Figure 3h and Video S1. Until this stage, the
galvanostatic cycling exhibited a uniform voltage profile ±0.25 V
vs. Mg|Mg2+ that maintained for 210 cycles as shown in Figure 3i,
where each colored bullet point corresponds to its perspective
optical image. Additionally, the zoomed-in galvanostatic cycling
plots with green, purple, blue, and brown show the voltage profile
after 50, 100, 150, and 200 cycles, indicating no further changes
(see Figure 3j–m).

Thereafter, the microscope focus was switched to the left side
at the corner, where the distance between both electrodes was
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FIGURE 4 (a–f) Operando optical microscopy images for the Mg|Mg cell operating at an apparent current density of 0.12 mA cm−2 at different
times, focusing on the cell corners, where on each image the exact time is indicated as well as red, black and greendotted-circles or rectangles highlight
the short circuit and the surface changes after the short circuit, respectively. The red and green-framed images are a zoom-in of the previous image; (g)
Galvanostatic cycling of the symmetric Mg cell at different stages.

narrower by 0.25 mm as observed in Figure S1. The coral- or
mossy-like structure continues growing for up to cycle number
300 without any significant changes in the voltage profile, as
illustrated in Figure 4a. The mossy-like dendrites grown on both
electrodes upon further cycling finally interconnected, causing
a short circuit as shown in Figure 4b (also in Video S2). At this
point, a significant voltage drop to a value of±0.025Vvs.Mg|Mg2+
was observed (see the corresponding galvanostatic cycling in
Figure 4g). Further, the cell was kept under operation after the
short circuit was reached to investigate the cell healing process
under operating conditions. Interestingly, after approximately
170 h from the short circuit, some regions started to reactivate
and white deposits and some cracks in the coral structure started
to appear, as black-marked in Figure 4d (also see Video S3). At
this stage, the voltage profile of the galvanostatic cycling went
up to ±0.1 V vs. Mg|Mg2+, as displayed in the corresponding
galvanostatic cycling in Figure 4g. Later, the voltage profile
dropped significantly again to ±0.0125 V vs. Mg|Mg2+, indicating
another internal short circuit, as displayed in Figure S2. Similarly,
after 50 more cycles, another crack appeared at the junction
between dendrites, as shown in Figure 4f,g. The voltage profile
went up to ±0.1 V vs. Mg|Mg2+ again, then the galvanostatic
cycling profile remained stable as presented in Figure 4g. In the

final six cycles, the applied current was doubled to test the cell
response; this led to a notable increase in the voltage profile to
±0.2 V vs. Mg|Mg2+, nearly restoring the initial voltage profile.

Unlike the results obtained with the BOLA cells, the reforma-
tion of Mg dendrites was observed in the optical microscopy,
indicating a decisive effect of cell pressure and cell geometry.

2.2 Mg Deposition/Stripping at High Current
Densities

Since the relatively low current density of ±0.1 mA cm−2 resulted
in a non-uniform deposition causing dendrites, in the next step,
we investigated the impact of the applied current on dendrite
formation or aversion. As previously discussed and illustrated
in Figure 2a, at low current densities of ±0.1 mA cm−2, stable
cycling was observed with a slight increase in the overpotential
up to 120–135 cycles before an internal short circuit occurred,
confirming the formation of soft dendrites. Increasing the current
density by a factor of five to ±0.5 mA cm−2 (see Figure 5a), the
overpotential scarcely increased compared to the behavior at 0.1
mA cm−2, and the cycling was stable for 25 cycles. Afterward,
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FIGURE 5 Galvanostatic cycling of the Mg|Mg symmetric cell at (a) 0.5 mA cm−2, (b) 1, 2, 5, 10 mA cm−2, and (c) SEM micrograph of the Mg
electrode after galvanostatic cycling shown in b.

the overpotential doubled until it reached ±0.5 V vs. Mg|Mg2+
for another 25 cycles. Then, irregularities in the voltage profile
could be observed, followed by a stable cycling with a voltage
profile varying at ±0.25 V vs. Mg|Mg2+ for 90 cycles with a minor
increase in the overpotential, due to uneven Mg deposition and
formation of inactiveMg. Thereafter, similar to the±0.1 mA cm−2

measurement, a short circuit occurred after 150 cycles with a
sudden drop in the cell voltage. Surprisingly, upon operating the
cell at±1mA cm−2, the galvanostatic cycling showed an improved
voltage profile upon cycling, then stabilized for approximately
400 cycles without any signs of internal short circuit. Afterward,
with the same cell, the current was doubled to ±2 mA cm−2,
then to 5 mA cm−2, where stable cycling for 100 cycles at each
current was observed with a voltage profile around ±0.35 V vs.
Mg|Mg2+. Further current density increase to±10mA cm−2 led to
a significant increase of the overpotential to ±1.5 V vs. Mg|Mg2+,
with a stable cycling behavior for 100 more cycles (see Figure 5b).
The electrodes were then extracted from the cell and analyzed
by SEM. As depicted in Figure 5c, the surface appears smooth
and homogeneous compared to the measurements at low current
densities.

As for the cells operated at lower current densities, in the next
step operando optical microscopy measurements were carried
out at 6.67 mA cm−2

. The observed behavior is summarized
in Figure 6 and Figure S3, which were recorded in Video S4.
Surface activation was more pronounced in the first few cycles,
and an extensive deposition rate could be achieved compared
to the low current density case. Unlike the measurement at
lower currents, uniform, smooth, and granular Mg deposits were
formed during the initial cycles, as shown in Figure 6. This
phenomenon is in good agreement with a previously reported
study for Li [53], where smaller and smoother Li deposits were
formed upon increasing the current density [53]. Tracking theMg
microstructure evolution during the first 2 h provides information
about the initial nucleation. As shown in Figure 6, a uniform
Mg deposition could be observed during the first 10 min that
fully covered the whole Mg’s cross section, followed by an
increase in its thickness with time until the first full deposition
cycle was completed. Increasing the deposition/stripping rate
triggers extensive surface diffusion of Mg adatoms, resulting in
spreading Mg deposits in a uniform layer. During the stripping
process, the surface of the WE was not fully restored, while
Mg deposition began at the CE. In the second deposition cycle,

the undissolved Mg layer deposited from the previous cycle on
the WE served as nucleation sites for subsequent Mg growth,
with no change in the morphology of the deposited particles.
Meanwhile, larger deposited particles formed on the Mg sheet’s
surface, and reversibly disappeared completely by the end of
the second stripping, whereas the initial deposition layer at the
sheet’s edge persisted and remained undissolved throughout the
experiment, which might refer to a stable SEI layer.

For up to 30 h, this uniform Mg deposition continued growing
on both electrodes during the forward and reverse scans, as
shown in Figure S3a. A slightly higher overpotential occurred
compared to the measurements at lower current densities, as
shown in Figure 3. Upon further cycling, the Mg deposits tend to
increase at the nearer sides of the electrodes due to imperfectly
aligned Mg electrodes. Since the cell is assembled inside the
glovebox, ensuring the perfect position of both Mg electrodes is
exactly parallel to each other is highly challenging. This causes an
inhomogeneous electric field distribution with higher values at
the corners, preferring deposition at the corners compared to the
central region, as displayed in Figure S3f–h. With further cycling,
the galvanostaticmeasurements showed a higher overpotential of
±0.6 V vs. Mg|Mg2+ compared to the behavior at lower current
densities, with a slight increase up to ±0.75 V vs. Mg|Mg2+, as
shown in Figure S3j–m. Therefore, one can conclude that higher
current densities lead to a more uniform Mg deposition, while
coral-like Mg deposits that might facilitate internal short circuit
in our system can be avoided. However, 6.67 mA cm−2 is already a
rather high current density that led to significant surface changes,
particularlywith long cycling. This suggests that a current density
between 1 and 5 mA cm−2 might be a good compromise between
system stability and efficiency.

To validate that (comparably) higher current densities are pre-
ferred in IL-based Mg batteries, a cell of Mg|TiS2 was studied as a
comparison, and its cycling stability was investigated at different
specific current rates as well. The first cycle in CV showed two
reduction and three oxidation peaks (see Figure 7a). Mg interca-
lation into the layered TiS2 structure took place at 1.5 and 1.3 V,
followed byMgdeintercalation at 1.5, 1.8, and 2.2 V vs.Mg|Mg2+ in
the reverse scan. On the other hand, the charge/discharge profile
of TiS2 at different current rates showed a notable decrease in the
capacity after the first cycle, as shown in Figure 7b, which is also
in agreement with previous studies on TiS2 [27, 30, 54]. During

Advanced Energy Materials, 2025 7 of 15

 16146840, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202505315 by K
arlsruher Institut Für T

echnologie, W
iley O

nline L
ibrary on [04/12/2025]. 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



FIGURE 6 Optical microscopy images of the Mg|Mg cell operated at 6.67 mA cm−2 during the first two cycles. Orange- and yellow-framed images
are for the surface at full deposition and full stripping stages, respectively.

the first cycle of Mg intercalation/deintercalation, an irreversible
phase transformation occurred, accompanied by capacity loss in
the subsequent cycling, where a partial Mg deception within the
TiS2 structure took place due to the influence ofMg2+ ion kinetics
aswell as complex ordering [27, 30]. Thus, in Figure 7b the voltage
profiles of the second cycle at different specific current rates (100,
80, 50, 30, 20, 10, 5, and 2 mA g−1) were plotted, and specific
capacities of 7.5, 62, 65, 68, 73, 101.5, 200 mAh g−1 were achieved,
respectively.

To further investigate this phase transformation, post-mortem
analyses, such as XRD, SEM, and elemental mapping, were
utilized. As illustrated in Figure 7c, the XRD pattern shows
that after the discharge process, the peak at 17.1◦ disappears,
and the intensity of the peak at 28.5◦ decreases significantly
after discharging and charging, confirming the structural change
in TiS2 from phase 1 to phase 2/3 [27, 30]. Further, the SEM
micrographs displayed in Figure 7d demonstrate a platelet mor-
phology without any significant morphological changes before
and after discharging or charging processes. Interestingly, in
Figure 7e, the SEM micrograph (with higher magnification)
for a tilted sample after the second discharging process shows
the clear layered structure of TiS2, and the elemental mapping
shows the homogeneous distribution of Ti, S, and Mg inserted
inside the layered structure. Herein, it is worth highlighting the
importance of performing all the preparation processes from the
electrode slurry to cell assembly inside the glove box. All the
trials to fabricate the electrode outside the glovebox, followed
by the conventional drying under vacuum, were not successful
in avoiding the drastic effect of water traces that resulted in
unsuccessful Mg intercalation, as shown in Figure S4.

Furthermore, the cyclic stability of TiS2 (prepared inside the
glovebox) was investigated at different current rates from a
relatively low specific current of 10 mA g−1 to a relatively high
specific current rate of 50 mA g−1, as displayed in Figure 7f,g
andFigure S5. Interestingly, higher stability, coulombic efficiency,
and capacity retention could be achieved at the high specific
current rate of 50 mA g−1 (see Figure 7f), where the capacity
retention of the initial capacity is 80% after 50 cycles. Further,
as demonstrated in Figure 7g, the lower the specific current rate,
the lower the capacity retention achievable. Surprisingly, after
30 cycles of operation at 10 mA g−1, an irregularity occurred
during the charging process, indicating the occurrence of soft
dendrites that resulted in a significant drop in capacity retention,
as apparent in Figure S5b. From Figure 7f,g and Figure S5b, it
is clear that selecting safe operating currents has a significant
influence on the suppression of dendrites and on achieving high
cycle stability. Additionally, increasing the current rate enhances
the stripping homogeneity, which is associated with an increase
in the concentration of the Mg salts constituents and their
distribution on the interface, resulting from faster reaction rates
as well as higher polarization concentration [17, 55].

Based on the previous insights from the electrochemical and
optical microscopy investigations, the discrepancy of applied
current density and dendrite formation in previously reported
studies, as illustrated in Table S1, seems to be related mainly to
the actual active surface area, local current density, operating
conditions, and electrolyte composition. Consequently, the use
of terms such as “low” or “high” currents requires re-evaluation.
Defining safe operating conditions and the critical current density
(CCD) is essential. Notably, mitigation strategies such as artificial
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FIGURE 7 (a) Cyclic voltammetry of the Mg|TiS2 cell at a scan rate of 5 mV s−1; (b) Charge–discharge profile of TiS2 at different current densities;
(c) XRD pattern for TiS2: pristine, after a full discharge, and after full charge; (d) The corresponding SEM micrographs; (e) SEM micrograph and the
corresponding elemental mapping of TiS2 at full discharge showing its layered structure; (f) Stability of TiS2 electrode up to 50 cycles at 50 mA g−1; and
(g) Capacity retention vs. number of cycles for the cells operated at different current densities of 50, 20, 10 mA g−1.

interphases and anode modifications have successfully promoted
uniform Mg deposition, thereby suppressing dendrite growth, as
detailed in Table S1. However, some of these reports did not show
an extensive number of cycles to prove the potential of their
mitigation strategies, where 90 or 100 cycles are not sufficient to
prove the absence of dendrites. Thus, understanding the factors
affecting Mg deposition from each system should be the first
step toward a successful mitigation strategy for dendrite-free Mg
batteries.

2.3 Mg Dendrites Growth and Cell Healing
Mechanisms

To understand the Mg dendrite formation mechanism in the
MIDS electrolyte, it is essential to understand the role of each
component and the limiting process/processes governing the
Mg deposition process. Eom et al. showed that the cations of
the ionic liquid adsorb on the anode surface as well as on
freshly deposited Mg. In the presence of high donor number
(DN) co-solvents (such as glymes), the co-solvent molecules
prefer occupying the metal ion’s solvation sheath, promoting
organic cation–anion association that prevents decomposition of
the organic cations [56]. Adsorption of the protected IL cations

expels the upcoming Mg2+ ions away from the tips. This results
in an electrostatic shielding effect that accelerates the lateral
deposition and consequently a stable interphase [57]. At the same
time, Mg(BH4)2 modifies the solvation structure, neutralizing the
formed active intermediate Mg2+ clusters, which results in the
formation of a highly stable SEI and consequently a reversible
Mg deposition/stripping process [58].Moreover, the adsorption of
active clusters was found to be the vital step toward reversible Mg
deposition and stripping [58, 59], which at the same time limits
dendrite growth as well as any morphological surface changes
[60]. Combining previous findings with our results provides a
clear picture of the formation of Mg dendrites at low and high
currents and their disappearance upon cycling in our system,
while they remain in other systems. Since the adsorption of
protected active clusters is vital to achieve a uniform deposition,
the adsorption rate will be highly dependent on the current
value. At low currents, i.e., low electric fields, the adsorption
affinity is reduced, with a high competition between adsorption
of active Mg2+ clusters and the occurrence of reduction pro-
cesses, resulting in low surface coverages and a non-uniform
deposition. In contrast, at high currents, i.e., high electric fields,
ion diffusion is enhanced, increasing the adsorption rate and
resulting in a faster deposition and a Mg electrode fully covered
with adsorbed protected IL-cations. This adlayer facilitated lateral
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SCHEME 1 Mechanism of Mg dendrite growth showing the difference between applying low and high current rates.

deposition, resulting in a more uniform deposition as shown in
Scheme 1.

In order to investigate the reasons behind the observed cell-
healing, a chronoamperometry measurement was conducted to
investigate current flow during the internal short circuit in a
magnesium-based electrochemical cell. The potential was cycled
between −0.4 and 0.4 V vs. Mg|Mg2+, and the current was
recorded over time (see Figure 8). In the initial cycles, the current
reached±4mA, stabilizing at plateaus of±0.2 mA. Upon cycling,
both features (the maximum as well as the plateau currents)
decrease as a result of the formation of an SEI layer, resulting
in a change in cell impedance. After 80 cycles, a sudden current
spike to +100 and −60 mA was observed, coinciding with corre-
sponding in situ EIS measurements (Figure S6b), indicating an
internal short circuit. Achieving a very low resistance at the short
circuit and after dendrite formation results in a non-controllable
increase in the local currents and consequently an increase in
the local temperature due to self-heating. The elevated local
temperature facilitates cell recovery from soft dendrites via den-
drite fusion, indicating a self-healing mechanism as illustrated in
Figure 8c. Here, we consider the fusion of Mg deposits with parti-
cle sizes in the submicron range. At such scales, themelting point
is significantly lowered owing to the high surface-to-volume ratio,
where surface atoms experience fewer neighboring interactions
and thus reduced cohesive forces. This process enables dendrite
recovery and cell self-healing through atomic migration and
defect relaxation at deposit interfaces and tips. Surface and grain
boundary diffusion govern mass transport, permitting atoms to
migrate from high-curvature regions (dendrite tips) to lower-
curvature areas, thereby promoting morphological smoothing
and electrical reconnection.

In a previous study by Ding et al., the formation of Mg dendrites
was recorded after 320 cycles in a symmetric Mg cell using 0.3 m
Mg(TFSI)2/diglyme as electrolyte [11]. At the short circuit, a
cell voltage profile of ±0.002 V vs. Mg|Mg2+ was observed, and
the short circuit persisted for up to 2000 cycles, indicating cell
failure. In contrast, in our study, the healing of the short circuit

was achieved and upheld up to 500 cycles. The incorporation
of MPPip-TFSI ionic liquid and Mg(BH4)2 into the electrolyte
likely facilitated cell recovery. These additives altered the physic-
ochemical characteristics of the glyme-Mg(TFSI)2-containing
electrolytes, enhancing anodic stability to better tolerate abrupt
changes in local current and temperature without degrading.

In order to prove the thermally-induced self-heating assumption,
symmetric Mg|Mg cells operated at 0.1 mA cm−2 and stopped
right after the short circuit were subjected to an annealing
process at different temperatures. The first cell was annealed
at 80◦C for 72 h, then EIS and SEM were recorded to track
the surface changes (see Figure S7). The Nyquist plot after the
annealing process showed an increase in the cell impedance as
well as a diffusion tail in the low-frequency region, indicating cell
healing. This is in agreement with other reports on lithium-based
systems that showed healing from dendrites after cell annealing
at 70◦C–80◦C [45, 61]. However, in our case, when the cell was
operated again at the same current density, the previous voltage
profile could not be fully restored, and the cell stopped after a
few cycles due to passivation. This suggests that the annealing
process for three days at 80◦C resulted in parasitic side reactions
and accelerated electrolyte decomposition, and consequently
passivated the Mg electrode. Both dendrite fusion and electrolyte
decomposition after cell annealing at 80◦C could be confirmed by
SEM imaging and elemental mapping (see Figure S7e). The SEM
micrograph showed a complete fusion of Mg dendrites. At the
same time, an increase in S, F, N, and C elemental concentrations
can be observed in some regions as an indication of electrolyte
decomposition.

The second cell thatwas stopped at the short circuitwas annealed,
but this time at a lower temperature and for a much shorter
time (40◦C for 24 h). The Nyquist plot after cell annealing again
exhibited an increase in cell impedance with the appearance
of a diffusion tail in the low-frequency region, indicating the
restoration of an electric connection and, consequently, the cell
healing from dendrites. Figure 9a displays the SEM micrograph
of the electrode after annealing for 24 h at 40◦C, where the
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FIGURE 8 Chronoamperometry study of a symmetric Mg|Mg cell measured at RT using a constant potential of ±0.4 V: (a) Current profile before
the short circuit, (b) current profile showing the current spikes at the short-circuit, and (c) sketch of the proposed self-healing mechanism.

fusion ofMgdendrites could be observed.After annealing, the cell
was operated again at room temperature under the same current
density (0.1 mA cm−2) to test whether or not the cell performance
was restored. As shown in Figure 9b, at the beginning of the
reoperation, Mg deposition/stripping was possible again and the
cell impedance was restored (see Figure 9c). Afterward, the
voltage profile showed some irregularities and a dynamic change
in the overpotential before it stabilized after approximately 75
cycles. No further change in the cell impedance was recorded;
rather the Nyquist plots showed a stable behavior for up to 350
cycles. This suggests a perturbation in the SEI after annealing that
got stabilized upon further cycling [62].

Furthermore, in order to investigate whether or not a higher
temperature is preferred in our system to obtain a stable
dendrite-free cycling, a freshly-assembled symmetric Mg|Mg cell
was operated at 40◦C (see Figure S8a). The overpotential for
Mg deposition/stripping was comparable to that measured at
room temperature, with a gradual increase in the overpotential
observed upon cycling. Notably, irregularities in the voltage pro-
file persisted for nearly 90 cycles. After approximately 30 cycles,
a temporary drop in both the voltage and cell impedance was
observed, followed by a recovery. A similar but more pronounced
drop occurred around cycle 70. At this stage, the Nyquist plot
(Figure S8f) did not indicate a short circuit but rather showed two
distinct semicircles with a total resistance of approximately 300

Ω, which is attributed to the growth of an SEI. Around 20 cycles
later, the voltage profile began increasing again, accompanied by a
significant change in the Nyquist plot: a diffusion tail emerged in
the low-frequency region, indicating a mass transport limitation.
This behavior could be associated with the formation of inactive
Mg, the growth of Mg dendrites, or partial surface passivation
that blocks active sites and increases impedance. With continued
cycling, a partial regeneration of the electrode surface led to
a stabilization of the voltage profile, retaining the impedance
shape, although the overall cell impedance continued rising,
suggesting a progressive thickening of the SEI layer.

3 Conclusion

In summary, we systematically investigated the influence of
current density on dendrite growth mechanisms in symmetric
Mg|Mg as well as asymmetric Mg|TiS2 cells. The applied current
density shows a direct correlation with the morphology of the
deposited magnesium: at low current densities (0.01–0.5 mA
cm−2), non-uniform, coral-like Mg deposits were formed, which
promoted the growth of soft dendrites, finally causing a short
circuit. In contrast, higher currents (1–5 mA cm−2) resulted in
uniform spherical Mg deposits with a stable cycling up to 700
cycles. Ex situ characterization and operando optical microscopy
provided detailed insights into the nucleation and growth of the
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FIGURE 9 (a) SEM micrograph of the Mg electrode in the dendritic cell after annealing at 40◦C for 24 h; (b) Galvanostatic behavior of the
symmetric Mg|Mg cell operated at 0.1 mA cm−2 after recovering from dendrites due to annealing at 40◦C for 24 h; (c) Nyquist plot of the cell directly
after annealing at 40◦C for 24 h; (d) Nyquist plot at point B; (e) Nyquist plots of the cell during the last 230 cycles at points C, where an EIS spectrum
was recorded every 20 cycles; (f) Enlarged voltage profile on the D range.

Mg deposits. Furthermore, our investigations on the asymmetric
Mg|TiS2 cell highlighted the impact of higher specific current
rates (50 mA g−1) on cyclic stability, contrasted to failure due to
soft dendrites at 10 mA g−1. Further, at 50 mA g−1 and after 50
cycles, 80% of the initial capacity is maintained with a coulombic
efficiency of about 100%, while a high specific capacity of 200
mAh g−1 at 2 mA g−1 could be obtained. Interestingly, after the
occurrence of a soft dendrite-induced short circuit, cells recovered
by means of further cycling, with dendrite fusion demonstrated
via SEM imaging. Those findings contribute to deeper insights
and understanding of the mechanism of dendrite formation
in Mg batteries that can show a self-healing behaviour under
certain conditions. This study emphasizes the critical impact
of electrolyte constituents and electrochemical parameters on
dendrite formation and cell recovery, which offers a route to
develop safer and more durable rechargeable batteries.

4 Experimental Section

4.1 Chemicals

1-Methyl-1-propylpiperidiniumbis(trifluoromethylsulfonyl)imide
(MPPip-TFSI) IL (>99% purity, water content <100 mg L−1 and
halides <100 mg L−1) was bought from Iolitec. Diglyme (G2)
(99.5%), magnesium borohydride (Mg(BH4)2, 95%), and titanium
disulfide (TiS2, 99.9%) were purchased from Sigma–Aldrich.
Magnesium(II) bis(trifluoromethanesulfonyl)imide (Mg(TFSI)2,
99.5%) was obtained from Solvionic. Carbon black was ordered
from the Cabot corporation. Additionally, poly (vinylidene
fluoride) (PVDF) was bought from Alfa Aesar. N-Methyl-2-
pyrrolidone (NMP) ≥99% was purchased from VWR chemicals.

Diglyme was pre-dried over 4 Å molecular sieves for one week
before mixing with the ionic liquid. Mg(TFSI)2 was dried for 16 h
at 120◦C under vacuum, then stored in the glovebox, whereas
Mg(BH4)2 was used as received without additional drying.

4.2 Electrolyte Preparation

The electrolyte used in our measurements was the optimized
electrolyte reported in our previous study [41]. It was composed
of 0.1 m Mg(TFSI)2 and 0.01 m Mg(BH4)2 dissolved in 1:3 MPPip-
TFSI:diglyme. Briefly,MPPip-TFSI ionic liquidwas dried by using
4 Å molecular sieves at 80◦C for 20 h under a low pressure
of 10−3 mbar. The detailed drying method was reported in our
previous study [20]. Inside an Ar-filled LABStar glovebox from
mBRAUN (O2 and H2O level ≤ 0.5 ppm), diglyme was mixed
with MPPip-TFSI in a volume ratio of 3:1 before adding the cor-
responding amounts of Mg(TFSI)2 and Mg(BH4)2. The mixture
was then stirred overnight at 40◦C to obtain a clear solution,
then stored inside the glovebox for further use. For simplicity,
the abbreviation MIDS was used throughout the manuscript to
refer to our optimized magnesium ionic liquid-diglyme-Mg salt
electrolyte.

4.3 TiS2 Cathode Electrode Preparation

Commercial TiS2 powder (CAS-No:12039-13-3) was used as
received without any pre-treatment. Inside the glovebox, TiS2
electrodes were fabricated by mixing the active material (TiS2)
with carbon black and PVDF in NMP solvent in a weight ratio
of 80:10:10, respectively. The mixture was then stirred until a
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homogeneous slurry was obtained. Further, the slurry was coated
on an Al foil by using a doctor blade placed inside the glovebox,
having an average active mass of 2.3 mg. Similarly, a slurry of the
same components was prepared in a fume hood for comparison.
Thereafter, the coated foils were dried in a vacuum oven at 120◦C
for 2 h, then at 80◦C for 12 h. Further, the foil was cut down
into ∅12 mm disks and stored in the glovebox for further use.
The electrodes that have been prepared outside the gloveboxwere
subjected to further drying in a Büchi glass oven at 70◦C for
2 h before transferring to the glovebox. All measurements were
carried out at RT. The galvanostatic cycling was performed at
different current rates ranging from 2 to 100mA g−1 in the voltage
range from 0.2 to 2.3 V. The cycling stability was performed in the
same voltage range at different current rates of 50, 20, and 10 mA
g−1, each for 50 cycles.

4.4 Structural Characterization

The scanning electron microscope (SEM) imaging and energy
dispersive X-ray spectroscopy (EDX) measurements were carried
out using an Apero 2 from Thermo Fisher Scientific. A clean
connect set-up was utilized to transfer the samples from the
glovebox to the SEM without air exposure.

X-ray powder diffraction (XRD) patterns were recorded on a
STOE Stadi P diffractometer with the following conditions: Cu-
Kα radiation (λ= 0.154 nm; 40 kV, 40mA) using the transmission
mode. The electrodes were assembled in the sample holder inside
the glovebox to avoid air exposure and covered by Kapton. The
reflection mode was used to measure the XRD of the coated
electrodes.

4.5 Operando Optical Microscopy (OM)

Operandomicroscopy was conducted using a Keyence VHX-7000
digital microscope. A Palmsens potentiostat was utilized for the
galvanostatic charging and discharging of a custom-fabricated
pouch cell, which featured an integrated transparent glass win-
dow. Prior to assembly, the edges of two magnesiummetal sheets
(1.0mm thick) weremechanically polished to remove any surface
oxide layer. Aluminum tabs were ultrasonically welded to the
magnesium metal electrodes to function as current collectors.
The symmetric magnesium pouch cell was cycled at two different
constant currents of 102.8 or 822.4 µA, which were reversed every
30 min for a total number of 500 and 200 cycles, respectively.
Images were taken under 50-fold magnification every minute
during electrochemical cycling.

4.6 Electrochemical Characterization

Galvanostatic cycling and electrochemical impedance spec-
troscopy (EIS) were conducted in a BOLA cell, similar to a
Swagelok, but with an outer lining made of Teflon, using a PG2
potentiostat from BioLogic. Galvanostatic cycling was conducted
at different currents ranging from 0.01 to 10 mA, which were
reversed every 30 min. Further, the EIS was recorded with an
AC amplitude of 10 mV in the frequency range from 100 kHz
to 100 mHz. In the symmetric Mg|Mg cell, magnesium sheets

(HMW Hauner GmbH, 99.8%) with a diameter of ∅12 mm
and a thickness of 0.1 mm were used as counter and working
electrodes, respectively. Both surfaces of the sheet were polished
with sandpaper to remove any oxide layer. OneWhatman (GF/B)
glass fiber separator soaked with 70 µL of our MIDS electrolyte
was placed between both Mg electrodes. For the asymmetric
Mg|TiS2 cell, TiS2 was used as the working electrode and a Mg
sheet as the counter electrode. The cells were kept at the open
circuit voltage (OCV) and at room temperature for 12 h before
starting any measurement. Cycling voltammograms (CV) were
recorded at a scan rate of 5 mV s−1 in a potential window from 0.6
to 2.3 V. Galvanostatic cycling was measured at current densities
ranging from 2 to 100 mA g−1 in a potential window from 0.2 to
2.5 V. All measurements of the asymmetric cells were recorded
at 25◦C. The cells were placed in a climate chamber (KB 115,
Binder, ± 0.1◦C) to keep a constant temperature throughout the
measurements Mg batteries.
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