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The majority of research on magnesium (Mg) electrolytes has
focused on enhancing reversible Mg deposition, often employ-
ing chloride-containing electrolytes. However, there is a notable
gap in the literature regarding the influence of chloride ions in
semi-solid Mg electrolytes. In this study, we systematically
explore the impact of chloride ions on Mg deposition/
dissolution on a copper (Cu) anode using a semi-solid electro-
lyte composed of Mg-based mixed metal-organic frameworks,
MgCl2 and Mg[TFSI]2. We separate the Mg deposition/dissolu-
tion process from changes in the anode’s surface morphology

In this respect, the morphological and compositional trans-
formations in the electrolyte and electrode following galvano-
static cycling are meticulously investigated. Initial potential
cycling reveals the feasibility of Mg deposition/dissolution on
Cu electrodes, albeit with reduced reversibility in subsequent
cycles. Extending the upper potential limit to 4.0 V vs. Mg/Mg2+

enhances Mg dissolution, attributed to chloride ions facilitating
Cu surface dissolution. Our findings provide insights into
optimizing semi-solid electrolytes for advanced Magnesium
battery technologies.

1. Introduction

In recent years, research has increasingly shifted towards
rechargeable multivalent-ion batteries, with magnesium-ion
batteries standing out as a compelling alternative to lithium-ion
technology.[1,2] In this context, Mg offers several advantages,
including abundant natural reserves, low cost (approximately
24 times cheaper than Li), high safety, a high theoretical energy
density (3832 Ah L� 1 vs. 2062 Ah L� 1 for Li), and a low electrode
potential (E°= � 2.37 V vs. SHE), making it an extremely
appealing option for large-scale battery applications.[1,3–6] How-
ever, one of the primary challenges in realizing the practical
application of Mg-ion batteries lies in the development of
suitable electrolytes. These electrolytes must possess several
key characteristics, including favorable ionic conductivity, non-
corrosiveness, efficient reversibility in the deposition and
stripping of Mg2+ ions, a wide electrochemical stability window,
and compatibility with various positive and negative electrode
materials.[7–10]

In the pursuit of suitable electrolytes for Mg-ion batteries,
various non-aqueous liquid electrolyte systems composed of
complex salts and organic solvents have been investigated.[8–12]

For example, Mg-chloride complex electrolytes, which combine
an Mg-containing Lewis base (e.g. Grignard reagents and
MgCl2) with a Lewis acid (e.g. AlCl3 and AlPh3) exhibit high
Coulombic efficiencies for magnesium batteries.[12–16] These
electrolytes feature active species characterized by Mg� Cl
coordination moieties. Several studies have demonstrated that
chloride ions facilitate both the deposition and the dissolution
of Mg and prevent the formation of passivation layers.[17–22] In
this respect, chloride ions inhibit Mg surface passivation by
forming adsorbed Cl� and/or MgCl2 on the Mg surface through
a dynamic competition with adventitious H2O impurities in the
double layer.[21,23] However, the presence of chloride (or other
highly electronegative anions) contributes to the corrosive
nature of these electrolytes. In particular, chloride ions would
corrode the battery components when the potential exceeds
2.5 V, thus affecting the electrochemical window and lifetime of
the battery.[24–26] Boron-based electrolytes have been proposed
as chloride-free alternatives for Mg batteries due to their
extended voltage window.[27–31] Despite being anodically stable,
those systems still suffer from relatively high cost, poor
reproducibility, and non-dendrite short-circuiting.[27,28,32,33] More-
over, electrolytes based on Mg(PF6)2 in THF, and Mg[TFSI]2 in
glymes, have also been reported, demonstrating significant Mg
deposition/dissolution capabilities.[34–38] However, even with
their ability to operate at voltages up to 3.4 V vs. Mg/Mg2+,
these electrolytes possess certain drawbacks. They are volatile,
flammable, and corrosive, particularly towards commonly used
current collectors and cell cases made of copper, aluminum,
nickel, and stainless steel.[34–38] Instead, semi-solid-state electro-
lytes, typically comprising polymers or inorganic frameworks,
magnesium salts, and minimal solvent contents, present
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numerous advantages.[39–46] These advantages include their
freestanding nature, non-volatility, enhanced safety, thermal
stability, improved electrode wettability, and shape flexibility.
Their capability to expand the electrochemical stability window
is particularly noteworthy, which helps alleviate undesirable
side reactions such as anodic corrosion and hydrogen evolution
at electrode surfaces.[39–46] These characteristics position semi-
solid electrolytes as promising candidates for advancing energy
storage technologies and overcoming the challenges associated
with conventional liquid electrolytes.

Recent endeavors have focused on developing semi-solid
electrolytes based on diverse materials such as inorganic
ceramics, organic polymers, metal coordination complexes, and
metal-organic frameworks (MOFs).[39–46] Among these, semi-solid
electrolytes based on MOFs stand out because MOFs offer a
large surface area, allowing for the accommodation of a high
density of charged species, which promotes efficient ion trans-
port and increased ion conductivity, while effectively suppress-
ing electronic contributions. Furthermore, the ordered porosity
of MOFs helps control the uniformity of Mg deposition,
preventing dendrite formation on the anode during charging.

Additionally, various parameters such as metal center proper-
ties, pore polarity, and pore diameter can be manipulated to
optimize the electrolyte performance systematically.[46–50]

In our previous work, we synthesized a mixture of Mg-based
MOFs (denoted as a-MOF1), through the hydrothermal reaction
of Mg(NO3)2·6H2O and 2,2’-bipyridine-3,3’-dicarboxylic acid
(bp3dca) in DMF as a solvent, as a possible semi-solid electro-
lyte for Mg-ion batteries.[50] Figure 1 illustrates the structure of
these MOFs. The electrolyte comprises a-Mg(bp3dc) and α-
Mg3(HCOO)6, which are mixed with MgCl2 and Mg[TFSI]2 in
tetraglyme (G4). After the evaporation of excess G4, the semi-
solid electrolyte exhibits a relatively high ionic conductivity of
38 μScm� 1 at 30 °C, with a low solvent content of 15–20%.
Furthermore, it exhibited a highly reversible Mg2+ deposition/
dissolution capability in a symmetric cell, Mg j90%a-MOF1–
10%(Mg[TFSI]2+MgCl2)-G4 jMg, and an asymmetric cell, Cu j
90%a-MOF1–10%(Mg[TFSI]2+MgCl2)-G4 jMg. In the present
investigation, we demonstrate new findings on the perform-
ance of the developed semi-solid electrolyte towards the
deposition (and dissolution) of Mg on a Cu anode in an
asymmetric cell configuration: Cu j90%a-MOF1–10%(Mg[TFSI]2

Figure 1. Molecular structure of the synthesized MOFs.
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+MgCl2)-G4 jMg. In particular, while there have been numerous
studies examining the impact of chloride ions on magnesium
deposition and dissolution processes,[17–22] as well as the
corrosion of metal electrodes in liquid electrolytes,[24,25] the
effects of chloride ions in semi-solid electrolytes remain unex-
plored. This study aims to bridge this research gap by system-
atically investigating the influence of chloride ions on anode
corrosion, specifically on Cu electrodes, in semi-solid electro-
lytes and how this affects the Mg deposition and dissolution
processes. We demonstrate through electrochemical measure-
ments and surface characterization that the structural and
compositional changes in Cu electrodes, as well as alterations in
Mg deposition/dissolution processes, are unambiguously linked
to the presence of chloride ions. The results indicate that the
impact of chloride ions in semi-solid electrolytes is comparably
significant to their effect in liquid electrolytes. Of note, in our
previous study, we thoroughly optimized the electrolyte
compositions with and without MgCl2, demonstrating that the
absence of MgCl2 results in lowering the ionic conductivity by
more than an order of magnitude.[50] Additionally, it is well
established that in chloride-free electrolytes, the passivation
layer is more pronounced. MgCl2 is an essential additive to
Mg[TFSI]2, as it prevents Mg passivation, lowers the Mg over-
potential, and enhances the reversibility.[12–23] Therefore, in this
study, we focus exclusively on investigating the changes in Cu
surfaces and the Mg deposition/dissolution process in the
presence of MgCl2.Furthermore, the stability of the electrolyte
upon galvanostatic cycling at various current densities is
explored.

Experimental

Material Synthesis and Solid Electrolytes Preparation

Synthesis of Mixed Metal-Organic Frameworks (MOFs)

Mixed metal organic frameworks of Mg(bp3dc)(H2O)4, [Mg-
(HCOO)3][NH2(CH3)2] and α-Mg3(HCOO)6 ·DMF were synthesized as
previously reported.[50] Briefly, 3.0 mmol Mg(NO3)2 · 6H2O (99.999%
trace metals basis, Sigma Aldrich) and 1.0 mmol 2,2’-bipyridine-3,3’-
dicarboxylic acid (bpdca; 97%, Sigma Aldrich) were dissolved in
10 mL anhydrous N,N-dimethylformamide (DMF; 98.8%, Sigma
Aldrich) solvent. The mixture was then transferred to a 50 mL
Teflon-lined autoclave followed by a hydrothermal reaction at
120 °C for 72 h. The mixture was gradually cooled down to room
temperature for 72 h (1.3 �C h� 1). The as-synthesized material (m-
MOF1), was collected by centrifugation at 9000 rpm, washed at
least three times with hot DMF, and dried at 70 °C.

Synthesis of a-Mg(bp3dc)-α-Mg3(HCOO)6 (a-MOF1)

A mixture of amorphous Mg(bp3dc) and α-Mg3(HCOO)6 (a-MOF1)
was obtained by thermal activation of the as-synthesized m-MOF1
at 200 °C under a vacuum of 10 mbar for 5 h. For the preparation of
solid electrolytes (SEs), a-MOF1 was directly stored in an Ar-filled
glovebox with O2 and H2O levels less than 0.5 ppm.

Solid Electrolyte Preparation

The solid electrolyte was prepared in an Ar-filled glovebox by
dispersing 0.2 gmL� 1 of 90 wt% of a-MOF1 (α-Mg3(HCOO)6-a-
Mgbp3dc), 5 wt% of MgCl2 (Sigma Aldrich) and 5 wt% of
Magnesium bis(trifluoromethanesulfonimide) (Mg[TFSI]2; Sigma Al-
drich) in tetraglyme (G4; �99%, Sigma Aldrich) under a continuous
stirring for 48 h. Afterwards, the excess G4 was evaporated under
vacuum and the SEs were subjected to vacuum drying at 80 °C
overnight under 10 mbar. This method has been used to minimize
the solvent extent in MOF-based SEs.

Cell Assembly and Electrochemical Characterizations

0.1 g of the SE powder was dispensed between two stainless steel
discs into a homemade cylindrical PEEK cell with an inner diameter
of 13 mm. The loaded material was then pressed at 5.2 tons for
3 min. The thickness of the formed pellets was between 0.45 to
0.58 mm. For asymmetric cell measurements, the SE pellet was
sandwiched between a Mg foil (0.025 mm thickness, Ø 12 mm, Alfa
Aesar) as a counter electrode and a Cu foil (0.015 mm thickness, Ø
12 mm,) as a working electrode. For electrochemical tests, the cell
with the SE pellet, Mg, and Cu electrodes was hosted in a stainless
steel case with an upper screw applying a force to the upper part
to ensure the electrical contact and mechanical stability of the cell.
The whole cell was further sealed in an aluminum case filled with
Ar to avoid exposure to air. All the cells were left at OCV (1.1 V vs.
Mg/Mg2+) for 24 h before the measurements. Cyclic voltammo-
grams, galvanostatic discharging–charging tests (GCD), and electro-
chemical impedance spectra (EIS) were recorded with a Biologic
VMP3 multichannel potentiostat at 40 °C in a thermostatic climate
chamber of a maximum deviation �1 °C unless mentioned
otherwise. All cyclic voltammograms were obtained at a scan rate
of 0.5 mVs� 1.

Surface and Structural Characterization

Powder diffraction X-ray (PXRD) patterns were recorded on STOE
Stadi P diffractometer under the following conditions – for
powders: 40 kV, 40 mA, Cu� Kα radiation (λ=1.54 Å) using the
transmission mode; and for electrodes: 50 kV, 40 mA Mo� Kα1
radiation (λ=0.7093 Å) using the diffraction mode. The powders of
SE were assembled in the sample holder inside the glovebox to
avoid contamination from the air. The electrodes were covered by
Kapton tape inside the glovebox for further protection. X’pert
PANalytical’s Highscore software was used for XRD pattern analyses.
The scanning electron microscope images and energy dispersive X-
ray spectroscopy were carried out using Zeiss LEO 1550 VP field
emission SEM (FE-SEM Carl Zeiss, Germany). X-ray photoelectron
spectroscopy (XPS) measurements were conducted utilizing a Specs
XPS system equipped with a Phoibos 150 energy analyzer.
Monochromatic Al� Kα radiation (1486.6 eV), a take-off angle set at
45°, and a pass energy of 30 eV at the analyzer were employed for
detailed spectra acquisition. Analysis of the XPS data was
performed using Casa XPS software, with all spectra calibrated to
the primary C-1 s peak (representing C� C species) at 284.8 eV. To
prevent surface contamination, the samples were prepared within
an Ar-filled glovebox and then transferred under an inert gas
atmosphere to the sample load-lock of the XPS system.

2. Results and Discussion

The reversibility of magnesium deposition on a Cu electrode is
explored with the asymmetric Cu j90%a-MOF1–10%(Mg[TFSI]2
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+MgCl2)-G4 jMg cell, utilizing the semi-solid electrolyte under
study. Figures S1a–e illustrate both ex-situ XRD and SEM-EDS
analyses of the Cu electrode after Mg deposition and
dissolution at �0.7 μAcm� 2, demonstrating the successful Mg
deposition and dissolution processes. The corresponding chro-
nopotentiometric curve for the Mg deposition and dissolution
processes is shown in Figure S1f. The XRD pattern of the Cu
electrode reveals a distinct diffraction peak observed at 2Θ=

36°, corresponding to the Mg (101) plane. The dissolution of
magnesium is inferred from the absence of this peak (Fig-
ure S1a). Additionally, the SEM image in Figure S1b illustrates
the formation of a Mg layer after Mg deposition, a finding
corroborated by EDS analysis (Figure S1c). Notably, an intrigu-

ing observation emerged: pitting corrosion is evident on the Cu
electrode after Mg dissolution at � 0.7 μAcm� 2, which is
attributed to Cu dissolution (Figure S1d). These initial findings
prompted a more in-depth exploration of the electrochemical
processes occurring at the Cu surface during cycling in the 90%
a-MOF1–10%(Mg[TFSI]2+MgCl2)-G4 electrolyte.

To distinguish Mg deposition/dissolution from other possi-
ble electrochemical processes on the Cu surface, cyclic
voltammograms of Cu electrodes in the electrolyte were
obtained at different potential regimes at a scan rate of
0.5 mVs� 1 (Figure 2a and b). In the first cycle of the cyclic
voltammetry for Cu within the potential range of 0.3 V to 3.0 V
vs. Mg/Mg2+, a low-current anodic peak is observed, which is

Figure 2. Cyclic voltammograms of Cu electrodes in 90%a-MOF1–10%(Mg[TFSI]2+MgCl2)-G4 at different potential regimes (a) from 0.3 V to 3.0 V and (b) from
� 2.0 up to 4.0 V vs. Mg/Mg2+ at a scan rate of 0.5 mVs� 1.
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diminished in the subsequent cycle (Figure 2a). The appearance
of the anodic peaks can be attributed to the oxidative corrosion
of the Cu surface as a consequence of the presence of chloride
anions. In the 2nd voltammetric cycle, the decrease in the
anodic and cathodic current reveals that the adsorption process
of chloride ions is irreversible. In comparison, upon lowering
the potential to access the Mg deposition regime, the
developed semi-solid electrolyte exhibits remarkable Mg depo-
sition and dissolution properties within the potential window of
� 2.0 to 3.0 V. Peaks corresponding to Mg deposition and
dissolution are observed at � 0.22 V and 2.46 V vs. Mg/Mg2+,
respectively. As shown in Figure 2b, the Mg deposition/
dissolution is feasible on Cu electrodes in the first cycle.
However, it should be noted that the amount of charge that
passed significantly decreases with cycle number (see Figur-
es 2b, S2 and S3) owing to the limited reversibility of Mg
deposition and thus the decrease in the surface centers
available for further Mg deposition. Additionally, the anodic
charge is higher than the cathodic charge referring to another
process that takes place and overlaps with the Mg deposition.
Interestingly, when the upper potential limit is extended to
4.0 V, as shown in the 8th cycle, the peaks corresponding to
deposition and dissolution intensify in the subsequent 9th and
10th cycles. Furthermore, Figure S2 shows up to the 14th cycle,
in which Mg deposition significantly improves following the
window expansion and remains more pronounced compared to
earlier cycles. The enhanced Mg dissolution results in the
formation of active centers available for subsequent Mg

deposition/dissolution. This is likely facilitated by the presence
of chloride ions, which promote the dissolution of the Cu
surface at relatively high positive potentials and, in turn,
enhance the Mg dissolution process.[51,52] Furthermore, a
pronounced peak arises at about 0.4 V vs. Mg/Mg2+, which can
be distinguished from Mg deposition. This might be due to Mg/
Cu alloy formation that is more likely to occur at a potential
more positive than 0 V vs. Mg/Mg2+.[53] However, this could not
be confirmed by ex-situ XRD (Figure S1a). Therefore, most
probably, this is connected to the re-deposition of Cu,
confirming the dissolution of Cu surfaces upon extending the
potential limit to 4.0 V vs. Mg/Mg2+.

To evaluate the durability of the electrolyte after several
successive cycles, we performed an additional Mg deposition–
dissolution cycle using a fresh Cu electrode in the same
electrolyte (Figure 3a). Notably, the Mg deposition and dissolu-
tion behavior is comparable to that obtained in the first cycle
with a fresh electrolyte (see Figures 2b and 3a). This indicates
that the enhancement in the Mg deposition/dissolution upon
extending the upper potential limit to 4.0 V is primarily related
to changes in the Cu surface upon oxidation, rather than to
changes in the electrolyte. The presence of chloride anions in
the electrolyte can impact not only the surface structure of the
Cu working electrode but also the Mg counter electrode, which
may result in potential shifts. To ascertain that the cathodic
current observed at E>0 V vs. Mg/Mg2+ (Figure 2b) is attributed
to Cu electrochemical processes rather than Mg deposition, the
electrochemical processes within this potential regime are

Figure 3. (a) Mg deposition–dissolution behavior on a fresh Cu electrode using a pre-used 90%a-MOF1–10%(Mg[TFSI]2+MgCl2)-G4 electrolyte and after
galvanostatic cycling. Galvanostatic cycling was conducted at various current densities as depicted in (b), (c,d) SEM images, and (e) the corresponding EDS
spectrum of Cu surfaces after galvanostatic cycling.
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studied. In this context, the asymmetrical cell was operated at
different current densities of 0.1, 0.2, and 0.3 μAcm� 2 for an
overall duration of 130 h (Figure 3b). The selected current
densities for the galvanostatic measurements are specifically
chosen to operate in potential regimes where no Mg deposi-
tion/dissolution occurs but rather the oxidation of the Cu
surface and the subsequent reduction of Cu surface oxide takes
place. As such, the galvanostatic measurements focus solely on
the electrochemical processes involving the Cu electrode with-
out interference from Mg deposition. Remarkably, the amount
of charge that passed significantly increases following the
galvanostatic cycling measurements (Figure 3a), revealing a
substantial increase in the electrochemically active surface area
(EASA) due to the formation of etch pits and triangular
nanoparticles, as observed in the SEM images (Figure 3c and d).
The formation of etch pits implies the dissolution of Cu surfaces
during the anodic treatment part of the galvanostatic cycling.
Additionally, a significant amount of chloride anions (4.6%) is
detected on the Cu surfaces by EDS (Figure 3e). It appears that
chloride anions are adsorbed at the electrode surface, facilitat-
ing Cu dissolution.[51,52] Furthermore, the formation of triangular
nanoparticles indicates the re-deposition of Cu during the
cathodic treatment.[54] To further demonstrate the role of
chloride anions in Cu dissolution and thereby nanoparticle
formation, a polarization experiment was conducted, employing
a fresh electrolyte and fresh Cu anodes, by applying a potential
of 0.4 V vs. Mg/Mg2+ for 10 h (Figure S4a). This potential value
corresponds to the first cathodic peak observed in the cyclic
voltammograms of Cu electrodes in the proposed semi-solid
electrolyte (see Figure 2b) and is expected to be related to the
re-deposition of Cu. Interestingly, after polarization at 0.4 V vs.
Mg/Mg2+, the SEM images show no particle formation and the
EDS analysis demonstrates the absence of chloride anions
(Figures S4b and 4c). These findings confirm that the adsorption
of chloride anions at relatively high potentials induces the
dissolution of the Cu surface and subsequent particle forma-
tion.

To trace these phenomena and the structural changes
during the electrochemical reactions, in-situ EIS measurements
of the Cu j90%a-MOF1–10%(Mg[TFSI]2+MgCl2)-G4 jMg system
were conducted at various stages: at open circuit voltage
(OCV=1.1 V), at the end of Mg deposition (� 0.7 μA for 20 h),
and at the end of Mg dissolution (+0.7 μA for 20 h), where the
lower and upper potential limits were held at � 2.0 and +4.0 V,
respectively (Figure 4a and b). The Nyquist plots in Figure 4a
display a depressed arc at the high-frequency region and a
slope (tail) at the low-frequency region. An increase in
impedance is observed after Mg deposition, which correlates
with an increase in polarization of the Cu electrode, resulting in
higher interfacial resistance. Notably, the cell reveals an addi-
tional increase in total impedance after Cu dissolution and does
not retain its initial performance, suggesting irreversible surface
changes. To obtain deeper insights into the surface changes
that occur after deposition and dissolution, equivalent circuit
models shown in Figure 4c (models A, B, and C) have been used
to fit the EIS data. Element parameters within these models
were estimated using Zview software to closely match the

simulated EIS spectra with the experimental data. The parame-
ters employed for fitting the EIS results are summarized in
Tables S1–S3. The equivalent circuit models consist of a series
of parallel Q/R elements representing the bulk resistance and
the interface. The last branch signifies the charge transfer and is
composed of a constant phase element (Qct) connected in
parallel with charge transfer resistance (Rct) and a Warburg
element (Zw) to represent diffusion-limited kinetics, as indicated
by the high-frequency tail. Moreover, we introduce an extra Q/R
element to the equivalent circuit after each step (deposition
and dissolution), as demonstrated in models B and C,
respectively. The constant phase element (Q) is incorporated to
account for non-ideal capacitive behavior. The origin of Q could
be attributed to the presence of impurities in the electro-
chemical system and anionic electrosorption, according to the
Frumkin and Melik–Gaykazyan kinetic model. This behavior is
an inherent aspect of even the cleanest electrochemical
systems, leading to the apparent Q behavior.[55]

The proposed scheme in Figure 4c can be explained as
follows: The Nyquist plot at the end of the deposition process
exhibits an increase in impedance at low frequency, which can
be attributed to two primary factors. Firstly, it is associated with
the deposition of Mg on the Cu electrode surface. Secondly, it is
related to the pitting or dissolution of the Mg counter
electrode. During the Mg dissolution process, the Cu electrode
corrodes in the presence of chloride anions. Simultaneously, Mg
is redeposited on the counter electrode, filling the pits formed
during corrosion. Since the dissolution process is not 100%
reversible, few Mg deposits remain on the Cu surface. These
surface changes contributed to an increase in the interfacial
resistance when compared to the fresh Cu electrode at OCP. To
represent these new surface changes, an additional Q/R
element (Qc and Rc) is introduced to account for the corrosion
of the Cu electrode. Consequently, the total interfacial resist-
ance is the sum of R1, Rp, and Rf, with a value of 5.35 ·105 Ω.

Since no information about time and frequency is included
in these Nyquist plots, Bode plots of Cu j90%a-MOF1–10%(Mg-
[TFSI]2+MgCl2)-G4 jMg at these three conditions are presented
in Figure 4b. At all conditions, they show similar impedance in
magnitude and phase shifts at the high-frequency region but
diverge at the mid-high to low-frequency regions due to the
change in the electrode morphology and surface area because
of the redox reaction (metal deposition and dissolution). Only
one broad phase maximum is observed, indicating that more
than a single time constant (overlapped) is involved in the
electrode processes. The characteristic variation in the phase
change at the low-frequency region (100–1 Hz) is mainly used
to elucidate the metal deposition where a significant decrease
in the phase shift is observed due to the growth of deposits.

On the other hand, we extended our study to explore
possible changes in the developed semi-solid electrolyte
following the previous galvanostatic cycling (refer to Figure 3b)
and after applying higher current densities of �0.5 and
1.0 μAcm� 2 (Mg deposition–dissolution regime) (Figure S5).
Notably, both the surface morphology and the chemical
composition are altered after galvanostatic cycling in both
regimes, as demonstrated by SEM images and EDS-mapping
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analysis, respectively (Figure 5a–f). The particles become more
agglomerated accompanied by the presence of a significant
amount of Cu ions (5.8 wt%) after galvanostatic cycling up to
�0.3 μAcm� 2 (Figure 5c and d), compared to the as-synthesized
semi-solid electrolyte (Figure 5a and b). This can be attributed
to the dissolution of the Cu anode. In comparison, expanding
the galvanostatic cycling to higher current densities of �0.5
and �1.0 μAcm� 2, more significant morphological changes in
the semi-solid electrolyte are observed. The electrolyte under-
goes a transition towards increased crystallinity, characterized
by the emergence of well-defined microcrystals (Figure 5e),
indicative of Mgbp3dc recrystallization, as corroborated by the
XRD pattern (Figure S6). Furthermore, the electrolyte contains
Cu ions (4.8 wt%) (Figure 5f), suggesting that dissolved Cu ions
may catalyze MOF recrystallization under relatively high current
densities, facilitating the formation of these microcrystals.

An XPS analysis was also conducted to identify alterations in
the chemical composition of the semi-solid electrolyte after the
galvanostatic cycling in the Mg deposition–dissolution regime.
Upon comparison with the XPS spectrum of the fresh electro-
lyte, the XPS analysis after galvanostatic cycling reveals the
appearance of Cu-2p signals (Figure 6a and b). The high-

resolution spectrum of Cu-2p can be deconvoluted into Cu-2p1/2

and Cu-2p3/2, with the presence of a satellite peak observed at
943.9 eV. The Cu-2p1/2 signal can be further deconvoluted into
two peaks at 953.3 and 951.4 eV, corresponding to Cu(II) and
Cu(I) states, respectively. Similarly, the Cu-2p3/2 signal exhibits
two peaks at 936.3 and 932.3 eV, attributed to Cu(II) and Cu(I)
states, respectively. Additionally, the satellite peak at around
943.5 eV arise from shake-ups of the 3d (9) states of Cu(II).[56]

The high-resolution XPS spectrum of Cl-2p indicates the
formation of Cu(I)Cl as a corrosion product of the Cu anode
during the galvanostatic cycling, as depicted in Figure 5a and
b.[57]

3. Conclusions

Our investigation delves into the impact of chloride ions on Mg
deposition/dissolution processes on Cu electrodes using a semi-
solid electrolyte with a low solvent content (15–20%), com-
posed of a blend of MOFs including a-Mg(bp3dc) and α-
Mg3(HCOO)6 along with MgCl2 and Mg[TFSI]2. We highlighted
the crucial role of chloride ions in enhancing Mg dissolution on

Figure 4. (a) Nyquist plots and (b) Bode plots illustrating the electrochemical behavior of the Cu j90%a-MOF1–10%(Mg[TFSI]2+MgCl2)-G4 jMg system. (c)
Schematic representation and corresponding models depicting the electrochemical processes occurring at the Cu working electrode and Mg counter
electrode under open circuit potential (OCP), during deposition, and dissolution stages.
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Cu electrodes. Extending the upper potential limit to 4.0 V vs.
Mg/Mg2+ intensified Mg dissolution. The chloride ions present
in the semi-solid electrolyte facilitate Cu surface dissolution
thereby providing new active sites for further Mg deposition.
Morphological and compositional analyses after cycling reveal
pitting corrosion, indicating the corrosive nature of chloride-
containing semi-solid electrolytes, akin to liquid electrolytes.
Galvanostatic measurements show oxidation of the Cu surface
and subsequent reduction of Cu surface oxide, forming
triangular nanoparticles. Chloride anions adsorbed at the
electrode surface trigger Cu dissolution followed by re-deposi-
tion during cathodic treatment, resulting in nanoparticle
formation. Structural changes during Mg deposition/dissolution
are analyzed using in-situ electrochemical impedance spectro-
scopy (EIS) and equivalent circuit models, providing insights

into the interfacial behavior. Moreover, the semi-solid electro-
lyte based on MOFs demonstrates stability and retains the
performance after repeated cycling, indicating its potential for
practical Mg-ion battery applications despite the high Mg
overpotential observed in this study, which can be further
optimized. In our recent work,[46] we explored the factors
affecting Mg overpotential, showing that adjustments to
various components of the MOF-based semi-solid electrolyte—
such as MOF structure and activation, guest solvent, and the
nature and composition of the Mg salt—can have a significant
impact on reducing the Mg overpotential.

Figure 5. SEM images and corresponding EDS spectra of (a, b) the as-synthesized semi-solid electrolyte and after galvanostatic cycling (c, d) at low current
densities where no Mg deposition occurs, and (e, f) at high current densities within the Mg deposition-dissolution region.
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Chloride anions in the semi-solid elec-
trolyte adsorb onto the electrode
surface, triggering Cu dissolution
followed by re-deposition during
cathodic treatment. This results in the

formation of triangular nanoparticles
and a significant increase in the elec-
trochemically active surface area,
providing new active sites for addi-
tional Mg deposition.
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