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ARTICLE INFO ABSTRACT

Keywords: The instability of the Mg-electrolyte interface in nonaqueous electrolytes hinders the realization of rechargeable
Magnesium electrode Mg batteries (RMBs). Herein, we adopted surface engineering to address this issue by alleviating the passivation
Interface

characteristics of reductive Mg electrodes. Among a series of artificial interfaces derived from different elements,
the Mg-Zn-Cl-integrated artificial interface imparted outstanding Mg deposition—dissolution cycling perfor-
mance upon combination with a halide-free weakly coordinated anion-based electrolyte. The artificial interface
allowed Mg deposition-dissolution reactions beneath the interface, as evidenced by systematic scanning electron
microscopy observations combined with electron backscatter diffraction analyses, and such interfacial charac-
teristics suppressed the intrusion of Mg deposits into microporous separators, leading to remarkably stable
cycling even under exceptionally high utilization conditions (>30 %). The amorphous nature induced by Cl
integration improved interfacial stability during the successive morphological changes of Mg electrodes owing to
electrochemical deposition-dissolution cycling. In addition, the artificial interface enabled the employment of a
thin PTFE-based separator, which was unattainable using unmodified Mg. The developed techniques can pave
the way for assessing the interfacial behavior under harsh, lean electrolyte conditions, which is an extremely
important but unexplored research area of RMB chemistry.

Surface modification
Short-circuit
Separator

1. Introduction

Mg and its alloys have attracted remarkable interest in the structural
materials field as they possess the lowest densities among conventional
metallic materials and exhibit efficient recyclability. The applications of
Mg-based materials have been extended to vehicles, planes, and laptops,
as well as active materials for energy storage devices. Rechargeable Mg
batteries (RMBs), where Mg serves as an active negative electrode ma-
terial, offer high abundance, cost-effectiveness, high chemical stability,
sufficiently low standard electrode potential, and high specific/volu-
metric capacities for the realization of next-generation batteries [1,2].
However, despite the potential of RMBs and recent dramatic advance-
ment in the development of individual battery components [3-10],
several challenges impede the realization of RMBs.

One of the significant obstacles to RMB realization is the instability
of the Mg-electrolyte interface. Mg cells often suffer from cell failure
despite the morphological (spherical, nevertheless nondendritic) aspects
of Mg deposits [11,12]. Cui and co-workers reported a

current-density-driven dissolution behavior of the Mg metal [13]. The
self-accelerating pit growth mechanism of neither kinetically controlled
nor homogenizing regions at certain current densities can lead to the
failure of Mg electrodes. In addition, the systematic morphological and
metallurgical analyses revealed inhomogeneous passivation-driven
peculiar three-dimensional (3D) deposition behavior [6]. The passiv-
ation characteristics of Mg electrodes, caused by the side reactions of Mg
with electrolyte components and atmospheric impurities [10,14-17],
can even hinder effective Mg?" conduction at the Mg-electrolyte inter-
face, reducing electrochemical performance. To overcome these inter-
facial issues, considerable research efforts have been devoted to
stabilizing the interface using bulk and interfacial approaches.
Establishing an artificial interface that possesses good Mg?' con-
duction characteristics while simultaneously suppressing passivation
due to electrolytes can be a straightforward approach to effective
interface control. Several interfacial engineering techniques have been
reported for Mg electrodes, such as coating the nonpassivating Mg?*
conductive layer [18,19], chemical pretreatment with certain elements
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[20-25], and the in situ construction of the protective layer using
functional additives [26-30]. Interfacial engineering can modulate the
highly reductive nature of the Mg metal and provide favorable Mg
deposition—dissolution characteristics. Coupling these pretreatment ap-
proaches with highly reactive organohaloaluminate-based electrolytes
results in excellent cycling properties even at high current densities [20,
31]. Functional additives mostly involve halide species (mainly chlo-
ride). The addition of halides in electrolytes results in electrochemically
active Mg-Cl-bridged complex formation in these
organohaloaluminate-based electrolytes [32,33] and simultaneously
regulates interfacial kinetics upon functional layer formation. However,
the poor compatibility of halide-containing electrolytes against non-
noble metals and positive-electrode materials hinders their application
to RMBs [34]. Moreover, the combination of highly thick microporous
glass fiber (GF) separators, e.g., GF/D (t = 0.680 mm) and thick Mg
metal, e.g., t = 0.100 mm, as often employed in the preceding works,
makes it difficult to reveal the role of interfacial engineering under
practical conditions. Indeed, the cycling characteristics of metal elec-
trodes strongly depend on the utilization ratio [35-37]. Thus, the
cycling performance must be tested under practical conditions using
relatively thin separators to realize high-energy-density batteries [6,38].

In this study, we demonstrate a surface engineering approach com-
bined with the use of halide-free electrolytes to achieve a robust inter-
face, which enables the construction of high-energy-density RMBs. The
recently developed weakly coordinated anion (WCA)-based electrolytes
exhibit remarkable compatibility with Mg negative and high-voltage
positive electrodes [8,39,40]. Among them, Mg[AI(HFIP)4]5/G2
(HFIP: hexafluoro-iso-propoxyl group) electrolyte exhibits excellent Mg
deposition—dissolution efficiencies and superior compatibility with
various positive-electrode materials, including MogSg, poly-
anthraquinone, and elemental sulfur [41,42]. By combining a
ZnCly-derived artificial interface with the proposed electrolyte, the Mg
deposition—dissolution characteristics are enhanced even with a rela-
tively thin GF separator at a high utilization ratio of >30 % for the ul-
trathin Mg foil electrode. In addition, the obtained Mg-electrolyte
interface allows stable cycling in the presence of a thin PTFE separator,
whereas the cells employing nontreated Mg fail immediately. The sys-
tematic microscopic and structural analyses reveal the formation of a
Mg%*-conductive amorphous Mg-Zn-Cl-integrated functional interface,
which is bound to the Mg metal surface strongly and allows Mg depo-
sition—dissolution beneath the interface.

2. Experimental
2.1. Materials

Mg[AI(HFIP)4]2 and Zn[B(HFIP)4], were synthesized according to
the established procedures [41,43]. Diglyme (G2), monoglyme (G1),
and tetrahydrofuran (THF) designated for electrochemical measure-
ments were purchased from Kanto Chemical CO., Inc., and used without
further purification. A THF solution of CoHsMgCl (ca. 2 mol dm 3 asa
representative Grignard reagent) was purchased from Tokyo Chemical
Industry CO., Ltd. Triflate and chloride salts of Bi, Sn, Zn, and Mg were
obtained in the solid form, except ZnCly, and used for the surface en-
gineering of Mg and as electrolyte additives, after drying under vacuum
heating at 80 °C for 3 days. ZnCly was purchased as an anhydrous THF
solution (ca. 0.5 mol dm™3). CuyMogSg was purchased from Kojundo
Chemical Laboratory Co. Ltd. and oxidized to obtain Cu-free MogSg
powder following a standard oxidation protocol [44].

2.2. Preparation of electrolytes

The base electrolyte solution of 0.3 mol dm™3 Mg[AI(HFIP)4]5/G2
was prepared by dissolving predetermined amounts of the salt in G2.
This solution was then vigorously stirred overnight at 30 °C within an
Ar-filled glovebox (O3, H20 <1 ppm, UNICO). For obtaining the Zn- or
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Cl-integrated solutions, a predetermined amount of Zn[B(HFIP)4]s,
ZnCly, or MgCl, was added to the base electrolyte. The concentration of
the Mg[AI(HFIP)4] salt in these solutions was fixed at 0.3 mol dm’g,
unless specified otherwise. The water content of each electrolyte was
measured to be <30 ppm, as determined using the Karl Fischer titration.

2.3. Preparation of an artificial interface on Mg electrodes

An artificial interface was formed on Mg electrodes to improve
cyclability. Mechanically polished Mg disks (99.94 %, ¢ = 16 mm, t =
0.04 mm) were soaked in various pretreatment solutions, predominantly
in 0.1 mol dm 3 ethereal solutions, for 1 and 5 h at a temperature of 30
°C. The treated Mg disks were then washed with anhydrous G1 to
remove any residual pretreatment solutions followed by vacuum drying
to obtain the working electrodes for galvanostatic Mg dis-
solution-deposition measurements and battery tests.

2.4. Electrochemistry

Galvanostatic measurements were conducted for asymmetric and
symmetric two-electrode cells. Asymmetric cells were fabricated using
Cu foil and the treated Mg metal, whereas two treated Mg metals were
used for the symmetric cell assembly. The cells using untreated Mg
metals were also fabricated as a reference. A series of GF filters with
different microstructures and thicknesses, purchased from ADVANTEC
and Whatman, and conventional polyolefin-based microporous mem-
branes were used as separators. The physical parameters of the GF filters
are summarized in Table S1. To observe the step-by-step morphological
evolution of the cycled Mg via SEM analyses, a PTFE ring spacer was
utilized in the cell assemblies to prevent the peeling off of the interface
from electrode samples during disassembly. All cell assemblies were
performed within an Ar-filled glovebox. All galvanostatic cycling mea-
surements were conducted using an automatic charge-discharge in-
strument (HJ0610SD8C, Hokuto-Denko Co., Ltd.) at a current density of
0.5 and 1 mA cm ™2 for predetermined periods. For cyclic voltammetry,
typical three-electrode-type cells were used to examine the electro-
chemical Mg deposition—dissolution behavior of the Zn- and CI-
integrated electrolytes. A platinum disk (¢ = 3 mm, BAS), Mg ribbon
(98.5 % purity, FUJIFILM Wako Chemicals), and Ag*/Ag electrodes
served as the working, counter, and reference electrodes, respectively.
The electrode potential of the reference Ag*/Ag was determined to be
+2.49 V vs. Mg2+/Mg, as reported elsewhere [11,41]. Each test was
repeated at least three times separately to ensure experimental repro-
ducibility. For the charge-discharge cycling tests, composite positive
electrodes were fabricated by mixing MoeSg powder, carbon nano-
tube/fluoropolymer dispersion (NEOFLON VTD-475N; Daikin In-
dustries, Ltd.), acetylene black (AB), and polyvinylidene difluoride
(PVdF) in a weight ratio of 92:0.5:3.5:4. This mixture was homogenized
in N-methylpyrrolidone to obtain slurry, which was then spread onto an
Al foil current collector and dried at 80 °C for several days. To enhance
electrical conductivity, the resultant composite sheet was compressed.
The average loading of MogSg was fixed at ca. 4 mg cm™~2. Two-electrode
cells comprising the MogSg composite electrode (¢ = 16 mm), Mg
negative electrode (¢ = 16 mm), glass fiber separator (GF/A, t = 0.260
mm, ¢ = 17 mm), and the base electrolyte (150 pL) were assembled in a
glovebox. The cycling test was conducted within a voltage range of
0.3-1.8 V at 30 °C with a current density of 12.2 mA g~ ! based on the
MogSg mass using an automatic charge-discharge instrument.

2.5. Chemical, structural, and morphological analysis

The surface chemical/structural nature and morphological aspects of
the treated Mg samples were characterized using X-ray photoelectron
spectroscopy (XPS; VersaProbe II, ULVAC-PHI), X-ray diffraction (XRD;
SmartLab, Rigaku), and scanning and transmission electron microscopy
(SEM, JSM-7800F, JEOL; STEM, EM-ARM200F, JEOL) combined with
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energy-dispersive X-ray spectrometry (EDX) and electron energy loss
spectroscopy (EELS). XPS measurements were conducted with an Al Ka
X-ray source under a base pressure of less than 6.7 x 1078 Pa. The
binding energy of the obtained spectra was calibrated using the C 1 s
peak of sp2-hybridized carbon at 284.5 eV as a reference. Grazing
incidence (GI)-XRD profiles were acquired using Cu Ka radiation (1 =
1.54078 A) to examine the surface nature of the treated and cycled Mg
electrodes. The surface and cross-sectional morphologies of the treated
Mg and separators were observed using SEM and TEM, and the distri-
bution of elements was subsequently characterized using EDX and EELS.
The retrieved electrode and separator samples were processed using a
focused ion beam to obtain a smooth cross-sectional view. To avoid any
exposure to the air, the processed samples were placed in a designated
airtight chamber and transferred for each analysis or measurement.

The solubility of Zn-based artificial interfaces was investigated by
inductively coupled plasma mass spectrometry (ICP-MS). The electro-
lyte solutions were extracted using G1 from the cycled asymmetric [Zn-
treated Mg || Cu] cells, followed by dilution with deionized water, and
then subjected to the ICP-MS instrument. Two individual cells were
prepared for each experiment, and the average of the concentrations of
Zn leached out from the artificial interfaces was determined.
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3. Results and discussion
3.1. Revisiting the short-circuiting of Mg cells

Prior to examining the role of interfacial engineering, it is useful to
review the interfacial behavior and consequent short-circuit phenomena
of Mg cells. The electrochemical cells with Mg electrodes often suffer
from the shortage phenomena upon repeated electrochemical cycling
despite the characteristic morphological aspects of Mg deposits in
nonaqueous electrolytes. Recent studies demonstrated typical fractal,
dendritic growth of Mg under a specific diffusion-limited (high-current-
density) condition [45,46]. However, as shown in Fig. S1, undesired
short-circuit phenomena took place immediately after applying suffi-
ciently low current density for typical two-electrode assemblies using
organic microporous separators (t = 20 pm). The SEM images and cor-
responding EDX profiles of the cross-sectional view of the representative
polyolefin-based separator after a single deposition process at 0.5 mA
em ™2 for 0.5 h (0.25 mAh cm 2, which corresponds to only 0.5 pm-thick
Mg deposition) indicate severe intrusion of deposits into the micropore
of the separator (Fig. S2). The thicker polyolefin-based separators, i.e.,
>100 pm thickness, do not allow stable galvanostatic cycling, whereas
thick PTFE-based separators showed relatively stable cycling profiles
(Fig. S3). These results strongly imply the exceptionally poor compati-
bility of polyolefin-based separators against Mg.

Using inorganic thick separators, ie.,

GF separators, these
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Fig. 1. (a) Galvanostatic Mg deposition—dissolution cycling profiles of [Mg || Cu] cells using representative GF separators. The measurements were conducted using
0.3 mol dm ™3 Mg[AI(HFIP)4]./G2 electrolyte at a geometrical current density of 1 mA cm ™2 for 1 h. (b) Relationship between the thickness of GF separators and cycle
life of [Mg || Cu] cells. The result of the linear fitting analysis is included as a straight line. (c), (d), (g), and (h) Cross-sectional SEM images and (e), (f), (i), and (j) the
corresponding Mg and Si EDX profiles of the cycled (c—f) GF/A separator and (g—j) Mg electrode. The thickness of the retrieved separator considerably decreased from
the original value (t = 0.260 mm) owing to the compression during cell fabrication. Arrows in insets of (a) indicate the timing where short circuits occur.
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catastrophic events can be mitigated but cannot be addressed
completely. Fig. 1 summarizes the cycle lives of the asymmetric [Mg ||
Cu] cells against the thickness of the employed GF separators. In this
study, the cycle life is defined as the cycle number at which symmetric
square waves are observed for the galvanostatic cycling of asymmetric
cells. An intriguing relationship between the thickness and cycle life is
observed (Fig. 1a and b), whereas the cycle life is independent of the
other GF parameters, such as the nominal filtration rating and bulk
density (Table S1, Fig. S4). These results indicate the peculiar 3D growth
of Mg upon repeated cycling. The thickness-dependent capable cumu-
lative capacities of Mg electrodes were reported by Pint et al. [12]. They
attributed the 3D hemispherical growth of Mg deposits in conventional
ethereal solutions of Mg[N(CF3S0,)2] to unexpected cell failure. The pit
growth mechanisms of Mg electrodes during dissolution processes also
accelerate uneven utilization and enhance highly localized 3D
morphological evolution [13]. Although the localization of 3D
morphological evolution can be modulated upon increasing applied
current densities over the homogenizing region, i.e., >10 mA cm ™2, the
intrinsic uneven distribution of the active sites of bulk Mg metal leads to
uneven utilization and nonuniform current density distribution for the
subsequent cycles [6]. Indeed, a relatively poor correlation between the
applied geometrical current densities and cycle lives was observed using
GF separators with different thicknesses (Fig. S5).

The cross-sectional views of the cycled separators exhibit cell failure.
Fig. 1c and d display the SEM images of the GF/A separator retrieved
from the cycled cells (the corresponding profile is shown in Fig. 1a). The
separator is partly filled with deposited Mg; hence, it no longer functions
as an electron-insulating layer. The deposited Mg left in the separator
comes from the Mg counter electrode. Indeed, the morphology of the Mg
electrode drastically changed upon galvanostatic cycling, as shown in
Fig. 1g and h. The uneven active-site distribution and peculiar electro-
chemical deposition behavior of Mg metals may cause such destructive
morphological evolution.
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3.2. Electrochemical characteristics of surface-modified Mg

Simple galvanic replacement reactions were adopted in this study to
enhance the cycle lives of Mg electrodes upon interfacial modification.
Owing to the reductive nature of Mg, spontaneous reactions take place
upon immersing Mg metals in certain solutions containing ions of less
reductive metals, such as Bi, In, Ga, Sn, and Zn. According to previous
works on the Mg surface modification using different elements [22,24,
27,471, Bi, Sn, and Zn were selected, and their effects on the cycling
performance were investigated. To highlight the efficacy of the surface
modification on the performance, a relatively thin GF separator, GF/A (t
= 0.260 mm), was employed unless otherwise specified.

The galvanostatic Mg deposition/dissolution profiles of asymmetric
[Mg || Cu] cells using modified Mg electrodes are summarized in Fig. 2.
Surface-modified Mg electrodes were prepared by immersing mechani-
cally polished Mg disks (® = 16 mm) in 0.1 mol dm > ethereal solutions
of Bi, Sn, and Zn chloride for 5 h, followed by washing with an anhy-
drous G1 solvent several times, and then dried under vacuum. The for-
mation of each element-based interlayer was confirmed using SEM and
EDX (Fig. S6). As shown in Fig. 2, the modified element-dependent
cycling performance was observed. An exceptionally significant
improvement was achieved for the cells with the ZnCly,-modified Mg,
whereas the magnitude of the improvement was modest for the BiCls-
modified Mg. In the case of the cells with the SnCly-modified Mg, an
inferior performance was observed. Surface modification using SnCly/
G1 was shown to be effective in improving interfacial ion transport
characteristics upon artificial alloy layer formation [53]. The opposite
results obtained here may be due to the difference in the composition of
the interlayer. For the reported procedure, the modified Mg was pre-
pared by dropping the SnCly/G1 solution, followed by drying. Thus, Sn
and Cl species remained on the surface. In contrast, our modified Mg
electrode surface was washed with G1 to remove remaining chemicals,
such as unreacted SnCly and MgCly by-products. Indeed, the interface
contained a strong contribution of Cl species for the reported electrodes,
as evidenced by EDX and XPS analyses, whereas the contribution of Cl
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Fig. 2. (a, d) Galvanostatic cycling profiles, (b, e) corresponding Coulombic efficiencies, and (c, f) magnified initial deposition profiles of asymmetric [modified Mg ||
Cu] cells at a current density of 1 mA cm 2 Mg electrodes were modified using a series of 0.1 mol dm~2 (a—¢) Cl and (d-f) Zn salt solutions. A typical GF film, GF/A (t
= 0.260 mm), was employed as a separator. The results obtained using untreated Mg electrodes are included as a reference. Arrows in insets of (a) and (d) indicate

the timing when short circuits occur.
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components was considerably weak in this study compared to those of
Bi, Sn, and Zn, suggesting the effective removal of Cl species from the
modified interface, except for the ZnCl,-treated Mg (Fig. S7). As the
remaining Cl affects electrochemical properties, the absence of such
active species resulted in relatively inferior performance for the SnCl,-
and BiClz-modified Mg electrodes. Conversely, the integration of Cl
species resulted in the effective stabilization of electrochemical Mg
dissolution—-deposition behavior. Undesired penetration of deposits into
the porous GF separator was suppressed upon utilizing the ZnCly-mo-
dified Mg electrodes even after substantially extended galvanostatic
cycling (Fig. S8). The inferior cycling performances of the cells
employing the Mg electrodes modified with Cl-free Zn-based compounds
further support the effectiveness of the integration of Cl species to
improve the electrochemical activity of Mg electrodes. Neither positive
nor negative effects were found for the Mg electrodes modified with Zn
(TfO)2, Zn(TFSA),, and Zn[B(HFIP)4]; solutions (Fig. 2d); nevertheless,
certain Zn species were involved in the modified interface (Fig. S9).

In addition to the cycle life, interfacial modification considerably
affects the initial dissolution overpotential. For the unmodified Mg
electrode, repeated alternating positive and negative polarization pro-
cesses, so-called activation processes, are required to initiate the elec-
trochemical dissolution—deposition activity owing to the highly
insulating nature of the native surface film (Fig. S10). Such activation
processes disappeared for the cells employing the Cl-modified Mg
electrodes (Fig. 2¢ and f), indicative of the removal of the native insu-
lating film upon chemical treatment with Cl-containing solutions.

Reducing the Mg pretreatment time without compromising the
remarkable characteristics of modified Mg electrodes is vital from an
industrial and manufacturing perspective. Unfortunately, attempts to
reduce the immersion time from 5 h to 1 h were unsuccessful, resulting
in an interface with inferior performance (Fig. S11). The limited activity
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of Zn(II) species is due to its low dissociativity (~107°%S em ™! for 0.1
mol dm~3 ZnClp/G1l at 30 °C) and resulting slow kinetics of the
replacement reaction contributed to this outcome. The surface of Mg
electrodes immersed for 1 h was covered inhomogeneously with reac-
tion products (Fig. S11).

The electrochemical Mg dissolution-deposition characteristics of the
ZnCly-modified Mg electrodes were further examined using various
experimental conditions. The immersion time for modification by ZnCl,
was set to 5 h. The ZnClp-modified electrodes allowed remarkably stable
galvanostatic cycling over 1500 h (>750 cycles) at a current density of 1
mA cm ™2, whereas a short circuit took place for the unmodified coun-
terpart (Fig. 3a). In addition, the ZnCly-modified electrodes enabled
cycling for a larger areal capacity of 5 mAh cm ™2, which corresponds to
approximately 30 % utilization ratio against the 40-pm-thick Mg metal.
To achieve a Mg battery with an energy density of 300 Wh kg™!, Mg
electrodes with a thickness of less than 40 pm must be coupled with
cathodes having an areal capacity of at least 4 mAh cm ™2 based on the
energy density calculator [38]. At such a large areal capacity, the un-
modified electrode did not support galvanostatic cycling as a short cir-
cuit took place at an initial step owing to the severe intrusion of deposits
into the separator and consequent percolation driven by uneven utili-
zation. In stark contrast, the ZnCly-modified electrode allowed stable
galvanostatic cycling over 70 cycles with extremely high Coulombic
efficiencies of >99.9 % at a sufficiently high utilization ratio (Fig. 3b).

Moreover, the ZnCl, modification on Mg electrodes was effective in
improving the rate capability. For the unmodified Mg electrodes, the
overpotential for Mg dissolution and deposition gradually increased
with increasing current density; however, the overpotential suddenly
decreased to ca. 20 mV at a current density of 2 mA cm ™2, which in-
dicates a short circuit as the symmetric square wave can be seen in their
subsequent cycling profiles (Fig. 3c). By contrast, for the ZnCly,-modified
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Fig. 3. (a) Long-term galvanostatic cycling profiles of symmetric cells with a GF/A separator at a current density of 1 mA cm™2 for 1 h. (b) Galvanostatic cycling
profiles of asymmetric [Mg || Cu] cells at a current density of 1 mA cm™2 for 5 h (5 mAh ecm™2), corresponding to the 32.5 % utilization ratio of a Mg foil with a
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favorable electrochemical performance, regardless of the experimental conditions. Arrows in (c) and insets of (a), (b), and (d) indicate the timing when the short
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electrodes, the typical galvanostatic cycling profiles of symmetrical cells
were obtained even at a current density of 10 mA cm ™2, indicating that
Mg deposition—dissolution processes are not limited by mass transport
but by the charge transfer at the interface, and the ZnCly-modified
interface effectively promotes interfacial charge transport kinetics. The
overpotential at an applied current density of 0.5 mA cm™2 after 60
cycles of galvanostatic cycling was identical to that at the same current
density for the initial condition, indicating the sufficiently stable inter-
face for the ZnCl,-modified Mg electrodes.

Furthermore, the ZnCly,-modified interface was compatible with the
PTFE-based organic membrane filter. The PTFE separator was substan-
tially thinner than our standard GF separator (0.080 mm for the former
and 0.260 mm for the latter). Nevertheless, the PTFE separator allowed
stable galvanostatic cycling over 30 cycles at an areal capacity of 1 mAh
cm ™2 upon combination with the ZnCly-modified Mg electrodes
(Fig. 3d). Note that, polyolefin-based separators continued to not sup-
port any Mg deposition-dissolution cycling even with ZnCly-modified
Mg, suggesting fundamentally poor compatibility of polyolefin-based
separators for Mg deposition (Fig. S12). Although the areal capacity
and cycle life of our systems seem insufficient for practical use, the
present ZnCly modification has considerable potential to enhance the
energy density of Mg batteries upon replacing GF separators with
thinner and lighter organic membrane-based separators.

The advantages of ZnCl,-modified Mg electrodes were also observed
in battery cycling measurements. Fig. 4 displays the galvanostatic dis-
charge-charge cycling profiles of the [Mg || MogSs] cells based on the
ZnCly-modified and unmodified Mg electrodes. The initial discharge
capacities were comparable irrespective of whether the ZnCly,-modified
Mg was employed or not; however, the capacity retention upon repeated
cycling and polarization for discharge and charge considerably
improved upon ZnCl, modification. For the cell constructed with un-
modified Mg, the deliverable capacities diminished rapidly upon cycling
owing to increased polarization. At the 10th cycle, the polarization be-
tween the discharge and charge reached ca. 0.8 V, and the plateau
voltage for discharge changed completely from that of the original
value, from 1.0 V to 0.5 V, implying a change in the reaction mechanism
corresponding to discharge processes. In the case of the ZnCly,-modified
Mg, the deliverable capacity stabilized at approximately 60 mAh g~! for
the initial 10 cycles and gradually diminished upon cycling, whereas the
magnitude was substantially small (only 0.025 mAh g~! after a single
cycle). The polarization for discharge-charge remained largely un-
changed, with the observed voltage plateaus overlapping across cycles,
implying remarkably stable electrochemical reaction at the MogSg
cathode and electrode potential at the Mg electrodes owing to the
interfacial modification of the Mg electrodes with ZnCl,. Note that the
self-discharging phenomena were observed in cells with ZnCly,-modified
Mg. Furthermore, similar results have been reported in literature irre-
spective of whether the Mg was modified [48-51]. Although the detailed
mechanism underlying the self-discharging of MogSg remained unclear,
the crossover of interfacial components to MogSg electrodes and
consequent stimulation of spontaneous Mg insertion into the MogSg
structure account for these observations [52].
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The comparative experiments on electrolytes further confirmed the
advantageous characteristics of ZnCly-modified Mg electrodes prepared
using galvanic replacement. Electrolytes containing Zn?* and Cl~ ad-
ditives individually did not show improved electrochemical perfor-
mances. The sole integration of Zn>" species to electrolyte solutions and
interface had minor impacts on electrochemical Mg deposi-
tion-dissolution activities (Figs. 2 and S13). Meanwhile, the effect of the
addition of solely Cl species on the electrochemical performances was
also negligible as no significant improvement was observed in our ex-
periments with MgCl, additive (Fig. S14) as well as a preceding work
[42]. In addition to the integration of Zn and Cl species individually, the
direct integration of ZnCl, into the electrolyte solutions minimally
impacted the electrochemical performances (Fig. S15). Although the
identification of the detailed composition and formation mechanism of
the interface from ZnCl,-integrated base electrolytes is outside the scope
of this study, this nontrivial result strongly suggested the coexistence of
base electrolyte components, Mg and [Al(HFIP)4]~, preventing the
formation of a favorable interface derived from ZnCls.

3.2.1. Mechanistic understanding of improved cycle life upon surface
modification with ZnCl,

To understand the positive effects of ZnCl, modification on
enhancing the interfacial and electrochemical properties of Mg elec-
trodes, the physical structure and chemical composition of the interface
were investigated using a combination of microscopic analytical tech-
niques. Figs. 5 and 6 display microscopic analytical data for the ZnCl,-
modified and Zn(TfO),-modified Mg electrodes, respectively, obtained
using SEM and STEM measurements. The ZnCly-modified Mg surface
exhibited a coral-like morphology due to the presence of reaction
products (Fig. 5a and b). The subsequent STEM analysis revealed the
formation of a complex hierarchical structure on the Mg substrate owing
to ZnCly-modification. While the coral-like structure could be assigned
to Zn metal with a small fraction of Mg,Zn, alloy (Fig. 5f), a highly
amorphous MgO layer (presumably containing MgCl, as well) was
interposed between the substrate and Zn. Formation of a similar inter-
face was reported for the amorphous MgO-wrapped Zn-skeleton [24].
The outermost layer of the substrate, i.e., the layer beneath the amor-
phous MgO, was likely a Mg,Zn, alloy. The line profile of EELS spectra
also supported the formation of this intricate architecture (Fig. 5k),
showing discernible profiles of Mg,Zn, alloy when scanned from the
bottom (Mg metal substrate) to surface. Furthermore, the abrupt
emergence of the MgO layer and then a gradual shift from MgO with
Mg,Zny alloy to Zn metal were observed in the EELs analyses. Notably,
the EELS spectra of Mg,Zn, were speculative due to the lack of a refer-
ence, while those of Mg, Zn, MgO, and ZnO were identified using the
corresponding references (Fig. S16) [53,54].

Conversely, the Zn(TfO),-modified Mg interface appeared simpler,
as shown in Fig. 6. Needle-like bulk crystalline Zn metal was sporadi-
cally deposited on the surface of the Mg substrate, with a thin MgO layer
forming the interface between Zn and Mg. Unlike the ZnCl,-modified
Mg, no evidence of Mg-Zn alloy formation was found for the Zn(TfO),-
modified sample. EDX and EELS line profiles delineated a distinct
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Fig. 4. Discharge—charge profiles of [Mg || MoeSg] cells using (a) ZnCl,-modified and (b) unmodified Mg electrodes at a current density of 10 mA g~*. (c) Com-
parisons of the polarization behavior of the two electrodes at the 5th and 10th cycles.
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Fig. 5. Microscopic analytical data of ZnCl,-modified Mg. SEM images of the (a) surface and (b) cross-section. (c) Bright-field STEM image and corresponding (d-f)
position-resolved electron diffraction patterns for specific positions specified in (c), and (g—j) EDX profiles. (k) Line profile of EELS spectra corresponding to Mg-L and

Zn-L edges. Red line shown in (c) indicates the line scan area.
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Fig. 6. Microscopic analytical data of Zn(TfO),-modified Mg. SEM images of the (a) surface and (b) cross-section. (c) Bright-field STEM image and corresponding (d,
e) position-resolved electron diffraction patterns of specific positions specified in (c), and (f-h) EDX profiles. (i) Line profile of EELS spectra. Red line shown in (c)

indicates the line scan area.

boundary between Zn deposits and Mg substrate as there were no signals
indicative of intermetallic compounds at the interface. The differing
mechanisms for the replacement reaction of Mg with ZnCl, and Zn
(TfO), solutions might stem from the solubility of reaction pro-
ducts—MgCly was hardly soluble in ethereal solvents while, Mg(TfO),
could be dissolved to some extent in same solvents over a relatively
broad concentration range [55,56]. The strong Lewis basicity of Cl~
might contribute to its binding with neighboring Mg?* and Zn?* at

reaction sites, potentially leading to the formation of the distinctive
Mg-Zn—Cl-integrated interface.

The XRD profiles indistinctly illustrated the structural differences
between ZnCl,- and Zn(TfO),-modified Mg. In this study, grazing inci-
dence XRD (GI-XRD) was employed to predominantly analyze surface
characteristics. The diffraction patterns of the modified electrodes
showed distinct peaks corresponding to the hexagonal close-packed
(hep) structure of Zn, in addition to the hep structure of Mg substrate,
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irrespective of pretreatment solutions (Fig. 7). Notably, the shapes of
these diffraction peaks showed variations; Mg electrodes modified with
ZnCl, exhibited smaller and broader hcp Zn peaks than those modified
with Zn(TfO),, suggesting a more amorphous Zn on the ZnCl,-modified
Mg electrodes. Moreover, the GI-XRD profiles provided evidence for the
Mg-Zn alloy formation in the ZnCly-modified Mg electrodes [57]. These
findings aligned well with the above STEM results.

Overall, these observations suggested that ZnCly-modification
imparted excellent electrochemical Mg deposition-dissolution perfor-
mance, while the effect of Zn(TfO)s;-modification was negligible.
Therefore, the formation of a specific Mg-Zn-Cl-integrated interface
from ZnCly was crucial for achieving optimal interfacial and electro-
chemical characteristics.

As shown in the EDX and corresponding EBSD profiles, the interfacial
Mg-Zn-Cl-integrated compounds play an impressive role as an artificial
solid-electrolyte interface because Mg dissolution and subsequent
deposition occur beneath the interface (Fig. 8). The crystallite size and
orientation of the deposited Mg beneath the interface substantially differ
from those of the substrate. The bulk substrate Mg comprises relatively
coarse grains with the (0001) plane orientation owing to the metallur-
gical feature of the extruded Mg [7]. As described earlier, the undesired
cell failure is induced by the intrusion of Mg deposits into the micropores
of separators and subsequent percolation of the deposited Mg between
the working and counter electrodes [11]. For the ZnCly-modified Mg, the
initially prepared interface with a whisker morphology becomes a
compact layer upon compression with a spring during cell assembly,
likely enhancing the uniformity of coverage owing to the flexible nature
of the amorphous interface (Fig. S17). Mg deposition and dissolution
take place through the artificial interface; thus, the intrusion of Mg
deposits is physically suppressed. This interfacial behavior is responsible
for the remarkably enhanced cycle performances of the cells with
ZnCly-modified Mg electrodes (Figs. 2 and 3).

The stability of the ZnCly-based artificial interface was further
assessed using the results of XRD, SEM, and ICP-MS measurements. As
shown in Fig. 7b, the relative peak intensities of hcp Mg increased for the
Zn(TfO)y-modified Mg electrodes after a single Mg dissolution, sug-
gesting that the Mg substrate was exposed to the surface, possibly
accompanied with the degradation of the Zn layer derived from Zn
(TfO)s. The cross-sectional SEM images of the step-by-step morpholog-
ical evolution of the Zn(TfO)s-modified Mg electrodes represent the
detachment of the Zn-based interface from the surface after a single
dissolution process (Fig. S18). In contrast, because of less change in the
relative peak intensities of hcp Mg, the surface was covered with
amorphous Zn, and the exposure of the Mg substrate to the surface was
suppressed even after one Mg dissolution process for the ZnCly,-modified
Mg electrodes (Fig. 7a). The observations of the corresponding step-by-
step morphological evolution also support better stability and adhesivity
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of the Mg-Zn-Cl-integrated compounds as they remain on the surface
even after the dissolution and deposition processes (Fig. S19). The su-
perior stability of the interface derived from ZnCl, was also evidenced
by the ICP-MS measurements of the electrolytes obtained from the
cycled cells. The concentration of Zn?" in the cycled electrolytes using
the ZnCly-modified Mg electrodes was the same as that obtained from
the cells with the unmodified Mg electrodes, whereas approximately
300 times the amount of Zn?* was detected from the electrolytes cycled
with the Zn(TfO),-modified Mg electrodes (Table 1). The strong binding
of Zn?" by the remaining Cl~ and the resulting less solubility of the
artificial interface may be responsible for the remarkable physical and
chemical stabilities of the Mg—Zn-Cl-integrated interface.

4. Conclusion

The screening of organic and inorganic separators provides signifi-
cant insights into the failure of cells with Mg negative electrodes, caused
by the undesired intrusion of deposits into the microporous separator
and consequent clogging and/or percolation. Apart from the unreason-
able thick separator utilization, a functional interface, which can pre-
vent such a serious scenario, was constructed upon simple galvanic
replacement reactions of Mg electrodes with less reductive metal spe-
cies. Among the various metal and anionic species used for surface
modification, a certain ZnCly-based solution was found to impart a
particularly favorable artificial interface for Mg deposition and disso-
lution. The ZnClp-modified interface represents remarkably stable gal-
vanostatic cycling over 1500 and 750 h at an areal capacity of 1 and 5
mAh cm~? at the same applied current density of 1 mA cm~2 with an
exceptionally small overpotential using halide-free WCA-based electro-
lytes. By taking the utilization ratio of Mg electrodes into account, the
present combination can serve as the optimal Mg-electrolyte interface
with outstanding electrochemical performance using sufficiently thin
Mg electrodes (t = 40 pm), whereas thick Mg electrodes (typically t >
100 pm) were utilized at a limited utilization ratio (ca. 1-2 %) for gal-
vanostatic measurements in preceding works (Fig. 9) [58]. In addition,
the proposed interface enables the use of thinner and lighter organic
PTFE separators compared to GF separators. The comprehensive
mechanistic studies revealed the specific function of the Mg-Zn—Cl-in-
tegrated artificial interface. The electrochemical Mg deposi-
tion—dissolution takes place beneath such interface, as evidenced by
EBSD analyses. The amorphous nature induced by Cl integration is
beneficial in stabilizing the interface during successive changes in the
morphology of Mg electrodes associated with electrochemical deposi-
tion—dissolution cycling. The crystalline Zn-based interface derived from
Zn(TfO), showed poor electrochemical cycling performance owing to
the detachment of the interface from the surface upon base Mg deposi-
tion/dissolution. ICP-MS analyses on the cycled electrolytes further
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Fig. 7. GI-XRD profiles of pristine and (a) ZnCl,- and (b) Zn(TfO),-modified Mg electrodes. The profiles of modified Mg electrodes after one dissolution are

also presented.
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Fig. 8. (a) SEM, (b) SEM-EDX, and (c), (d) EBSD profiles of the cross-sectional images of the ZnCl,-modified Mg after one dissolution-deposition cycle at an areal

capacity of 1 mAh cm™2,

Table 1
Zn*" concentration in the electrolytes extracted from the cycled [Mg
or modified Mg || Cu] cells determined using ICP-MS measurements.

Mg electrodes Zn concentration / ppm

Unmodified 0.09
ZnCl,y-modified 0.13
Zn(TfO),-modified 37

verify the superior stability of the Mg-Zn-Cl-integrated interface
(Table 1).

The limitation of the separator choice to thick GF separators in Mg
batteries inhibits the investigation of battery cycling properties under
rather harsh, lean electrolyte, and high utilization conditions. The
techniques developed in this work can pave the way for such an unex-
plored but extremely important research area toward RMB realization.
Comprehensive studies on the amount of electrolyte dominating the
electrochemical Mg deposition—dissolution behavior at different utili-
zation ratios are under way.
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