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Abstract

The development of magnesium batteries strongly relies on the use of a Mg metal anode and its benefits of high volumetric capacity,
reduction potential, low cost and improved safety, however, to date, it still lacks sufficient cycling stability and reversibility. Along with
the electrolyte selection, the interfacial processes can be affected by the anode itself applying electrode engineering strategies. In this study,
six different Mg anode approaches — namely bare Mg metal, Mg foil with an organic and inorganic artificial solid electrolyte interphase,
Mg alloy, Mg pellet and a tape-casted Mg slurry — are selected to be investigated by means of electrochemical impedance spectroscopy in
Mg|Mg and Mg|S cells. While a plating/stripping overpotential asymmetry was observed and assigned to the desolvation during Mg plating,
the impedance spectra of stripping and plating hardly differ for all applied anodes. In contrast, the sulfur species significantly influence the
impedance response by altering the surface layer composition. By systematic process assignment of the gained spectra in Mg|Mg and Mg|S
cells, specific equivalent circuit models for different anodes and cell conditions are derived. Overall, the study aims to give valuable insights

into the interfacial processes of Mg anodes to support their further development toward long-lasting Mg batteries.
© 2025 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Keywords: Magnesium anode; Artificial solid electrolyte interphase; Electrochemical impedance spectroscopy; Equivalent circuit model; Magnesium-sulfur

battery.

1. Introduction

Since decades, it has been attempted to realize a long-
lasting lithium metal battery to replace common graphite as
anode material and significantly increase the energy density.
However, the high reduction potential of Li metal and its
tendency to form dendrites result in on-going electrolyte de-
composition and potential safety hazard, respectively, and so
far, hinders Li metal to be applied as anode in commercial
batteries. Thus, other non-noble metals are attracting research
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interest as alternative metal anodes. Among them, magne-
sium is a promising candidate due to its volumetric capac-
ity of 3837 mAh cm™3, low tendency for dendrite formation
and moderate reduction potential of —2.37 V. Despite latter
compromising the energy density, it also offers advantages in
terms of processability under ambient atmosphere [1] due to
its alleviated reaction with oxygen and moisture compared to
lithium metal. In combination with sulfur as cathode active
material (gravimetric capacity of 1675 mAh g=!) in a Mg-S
cell, an appealing realistic energy density of approx. 250 Wh
kg~! results [2]— with advantages in terms of costs, safety
and sustainability over LIB. While in the early research stage,
the cyclability, i.e. reversible Mg stripping and plating, was
limited by the lack of a suitable electrolyte, especially the
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Fig. 1. The six different magnesium anode concepts investigated in this study and their rating in terms of key properties.Thickness not to scale, green to red:

advantageous to disadvantageous. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

development of the Mg[B(hfip)4], electrolyte system [3,4],
allowed to take further steps toward the realization of a Mg
metal anode—and consequently Mg batteries. Along with im-
provements of the electrolyte composition in regard of solvent
choice [5-11] and SEI-forming additives [12-17], the anode
itself can be modified [18]. This is indeed a crucial engineer-
ing step to enable Mg-based batteries, but attention has to
be paid to not diminish the energy density of the final Mg
battery by large additional mass or volume of inactive mate-
rial (i.e. low specific and volumetric capacity), or an altered
anode potential.

On first sight, pure Mg metal (Fig. la) is the ideal choice
as no substrate or other inactive material is needed, i.e. the ca-
pacity and reduction potential are not diminished, resulting in
a high cell voltage and energy density. However, the bare Mg
surface is prone to (repetitively) react with electrolyte species

or dissolved cathode active material (e.g. polysulfides) [19] to
form an SEI, which does not exhibit desired properties in
terms of ionic conductivity and mechanical flexibility. There-
fore, a protective surface coating is reasonable to function
as an artificial SEI. In case of an organic coating [1,20,21],
the polymeric network additionally offers elasticity to with-
stand volume changes during cycling—at least to some extent
(Fig. 1b).

To date, large Mg excess is still essential as current Mg
cells are lacking sufficient reversibility with Coulombic ef-
ficiencies only reaching 95-99%. However, to realize Mg
batteries with competitive energy density to LIB, the anode
thickness has to be adjustable to minimize excess Mg while
matching the active material content on the cathode side. For
example, in case of a sulfur cathode with a practical sulfur
loading of 3 mg cm~2, which theoretically equals 5 mAh
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cm™2, a perfectly balanced foil anode with no Mg excess
would be approx. 13 pm or 26 pm thick for a single or mul-
tilayer cell, respectively (assuming the theoretic volumetric
capacity of 3833 mAh cm™3). Note, that a thin substrate has
to remain after discharge for subsequent plating — thus, little
Mg excess is necessary to avoid an additional thin current
collector. Due to its lack of ductility, Mg foil can hardly be
processed to such low thicknesses with commercially avail-
able Mg foils (e.g. by Gelon) only exhibiting a minimum
thickness of 100 wm. Lately, Mandai et al. successfully pre-
pared thin Mg foils (40-50 wm) by an extrusion and rolling
procedure at 300 °C to result in grain refinement and acti-
vation of basal planes necessary for plastic deformation [22].
An even lower and tailored thickness can be achieved by
PVD methods like sputtering with the possibility to intro-
duce an inorganic top layer as artificial SEI—e.g. as sepa-
rate [23-26] or alloying [27,28], phase—in continuation to
the Mg active material deposition (Fig. lc). However, the
need of a substrate (e.g. Al foil, < 10 pwm) and the time-
consuming and costly processing are hurdles for an industrial
transfer.

Another option to achieve thin anodes is the application of
ductile Mg alloys—on the expense of diminishing the capac-
ity and reduction potential. Among the various alloys being
investigated in recent years [29-35], AZ31 (Fig. 1d) appears
to be most promising as it only contains 4 wt.% inactive ele-
ments (3 wt.% Al, 1 wt.% Zn), offers a comparable cell volt-
age and can be cold welded to thicknesses below 30 pwm [36].
Furthermore, its processing is established and cost-effective
due to the use of AZ31 as light-weight alloy in automotive
industry.

An alternative possibility to alter the electrochemical pro-
cesses at the anode/electrolyte interface, i.e. electrolyte de-
composition and inhomogeneous Mg stripping/plating [37], is
the reduction of the current density by increasing the anode
surface area [38]. This is can be achieved by applying Mg
powder—either as a pressed 3D powder pellet [39] (Fig. le)
or tape casted on a substrate [40] (Fig. 1f). Yet, pellets are
cost-effective, but hardly scalable and rather thick (hundreds
of microns). Both drawbacks can be ruled out by latter tape-
casting approach combing scalable processing and potential
protective coating, but requires a substrate and lacks electrode
density and consequently energy density.

Despite the cited publications already providing valuable
insights, an in-depth comparison of the above-named anode
approaches is missing. Therefore, this study aims to give in-
sights into the interfacial processes of different Mg anode
concepts applying electrochemical impedance spectroscopy
(EIS) towards the development of an improved anode con-
cept. While the systematic process identification and assign-
ment were conducted in symmetrical Mg|Mg cells, the practi-
cal performance during charge and discharge was investigated
in Mg|S cells. It was found, that two main interfacial pro-
cesses are present at the Mg anode, which could be assigned
to the charge transfer and diffusion through the SEI layer.
By introducing an organic artificial SEI, the porous coating
morphology becomes obvious in the ultrahigh frequency re-

gion of the impedance response. In case of extended OCV
conditions a high-ohmic adsorption layer is reversibly form-
ing, which is less pronounced in presence of sulfur species in
Mg|S cells. In general, significant differences arise comparing
full cells to symmetrical cells. The anode impedance not only
exhibits higher overall resistances in Mg|S cells, specifically
the Mg plating is affected by sulfur species in the electrolyte
as low-frequency inductive loops appear at the beginning of
charge, which can be clearly assigned to a Mg surface ef-
fect, most likely Mgt surface relaxation. Additionally, the
charge transfer kinetics are retarded in the presence of sul-
fur species. Finally, equivalent circuit models (ECM) are de-
rived and discussed. Despite the results being evaluated in the
context of Mg-sulfur cells, the findings might be applicable
to magnesium batteries in general — yet with other specific
surface reactions due to different electrolytes. For example,
in aqueous Mg-air batteries the Mg alloy morphology, e.g.
the grain size and orientation, as well as the surface layer
formation (Mg(OH), herein) were found crucial for the bat-
tery performance [41]. Similar impedance spectra and ECM
result, wherein inductive loops are related to corrosion pro-
cesses [42].

2. Experimental
2.1. Mg anode preparation

Different magnesium anode concepts are investigated,
wherein Mg foil (Gelon, 100 pm) serves as benchmark mate-
rial. After cutting into 18 mm disks, it was scraped before cell
assembly inside the Ar-filled glovebox to remove the native
oxide layer.

The organic artificial SEI was prepared following our pre-
vious study [1]. In brief, Aquivion and PVDF solution were
mixed in 1:1 vol. ratio and spin coated on a freshly scraped
Mg foil under ambient atmosphere. It was dried at RT with
an additional drying under vacuum before cell assembly. The
thickness has a radial gradient of > 0.5 pwm in center and >
1 pm at the edges.

The Mg anode with an inorganic artificial SEI was pre-
pared by sputtering Mg (approx. 20 pm) on an Al substrate
(12 pm). Subsequently, an inorganic a-SEI (approx. 100 nm)
was introduced by reactive sputtering.

AZ31 (96/3/1 wt.% Mg/Al/Zn) was selected as magnesium
alloy due to its low number of alloying elements and its duc-
tility. By extensive rolling of AZ31 sheets, a thickness as low
as 30 wm was achieved.

Mg pellets were prepared by pressing Mg powder (Alfa
Aesar, 325 mesh, 99%) in a customized press die with 18 mm
diameter under Ar atmosphere to result in 600-800 pm thick
anodes. No additional scraping was done before cell assembly.

The Mg wet coating followed the preparation route of Son
et al [40]. In brief, Mg powder, carbon black, Mg triflate
and poly(acrylonitrile) (PAN) were dispersed in DMSO in
80:10:5:5 ratio and coated on C-coated Al foil (22 wm) inside
an Ar-filled glovebox applying tape casting. The coating was
dried at 100 °C under vacuum with a subsequent 1 h step
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at 250 °C to induce the ring polymerization of PAN. The
thickness varies in the range of 30—-40 pm.

Ring-shaped reference electrodes were manufactured by ei-
ther die cutting Mg foil (Gelon, 100 pwm) or pressing Mg
powder (Alfa Aesar, 325 mesh, 99%) in a customized press
die with 19 and 21.5 mm inner and outer diameter—tailored
for the use in the ECC-PAT-Core cells.

2.2. Electrolyte and sulfur cathode preparation

Magnesium hexafluoroisopropyloxy borate (Mg[B(hfip)4]»)
was synthesized and dried as depicted in previous studies [4].
A 0.2 M electrolyte was prepared by dissolving 1 mmol
Mg[B(hfip)4], in 5 mL dimethoxyethane (G1, monoglyme,
99.5 %, < 10 ppm H,O, Acros Organics), vigorous stirring
over night and subsequent filtration to remove the trace in-
soluble residues with a PTFE syringe filter.

For the Mg|S cell investigation, a sulfur composite cath-
ode was prepared with the detailed preparation being indi-
cated in previous studies [43]. In brief, a mechanical intru-
sion of sulfur into carbon was achieved by ball-milling of sul-
fur (99.5%, Alfa Aesar) and Ketjenblack EC 600-JD (Akzo
Nobel) at 500 rpm for 15 min in a mass ratio of 5:4. A
homogeneous slurry was gained by stirring the S-C pow-
der in aqueous carboxymethyl cellulose solution (3.7 wt.%
CMC, Walocel CRT 2000 PA, Dow Wolff) and styrene-
butadiene rubber solution (40.4 wt.% SBR, JSR TRD 102A,
JSR Micro). Subsequently, the slurry was tape casted on C-
primed aluminum foil (22 pm) to result in a cathode with
50/40/10 wt.% S/KB/CMC-SBR (CMC:SBR 1:2) and approx.
1.0 mg) cm™2.

2.3. Cell assembly and characterization

The polarization and EIS measurements are performed
in ECC PAT-Core cells (El-Cell) assembled under Ar at-
mosphere (O, < 1 ppm, H,O < 3 ppm) applying a mag-
nesium metal reference ring, two separator layers of glass
fiber (GF/C, Whatman), 18 mm electrodes and 200 pl 0.2 M
Mg[B(hfip)s], / G1 electrolyte.

The test protocol used for the investigation of Mg|Mg cells
was established in a previous study [1]. After an initial 50 h
OCYV phase, polarization cycles at different current densities
(0.1-1.0 mA cm™?) with intermittent 10 h OCV were per-
formed. Potentiostatic EIS (“static EIS”) and galvanostatic
EIS (“dynamic EIS”, Igis = Iyo) with 5 mV amplitude in
a frequency range of 100 mHz to 300 kHz was executed
during OCV and polarization, respectively, applying a ZEN-
NIUM and IM6 potentiostat (Zahner).

After an initial 1 h OCV, cycling of Mg|S cells was done
at C/10 rate (167.5 mA/gs)) and 25 °C in a voltage range
of 0.05 — 3 V. Anode EIS spectra were collected vs. Mg
reference electrode every 30 min with constant current den-
sity of 0.1 mA cm™ and an amplitude of 5 mV. Thus, the
high-ohmic adsorption layer, which forms during relaxation
at open-circuit conditions [44] is mitigated and the actual
impedance response during operating condition is estimated.

3. Results and discussion
3.1. Mg anode concepts

As illustrated above (Fig. 1), six Mg anode concepts with
different benefits were selected for this EIS study, namely: Mg
foil—with bare surface and an organic a-SEI coating (Aquiv-
ion/PVDF), PVD-deposited Mg with an inorganic a-SEI top
layer, Mg alloy (AZ31), pressed Mg pellet and a tape casted
Mg slurry. Anode approaches that seem appealing in terms of
cycle life [45], but offer a significantly lower capacity and/or
redox potential are not considered herein. The surface mor-
phology and composition of the selected anodes are depicted
in Fig. 2 and supplementary Figure/Table S1, respectively.
The lowest oxygen content (approx. 1 wt.%) was observed
in case of PVD-deposited Mg (c) and scraped Mg alloy (d),
while the scraped Mg foil (a) exhibits > 3 wt.% O. Such na-
tive oxide layer might eventually be beneficial to hinder elec-
trolyte and also sulfur species in Mg-S cells to be reduced at
the anode surface [1]—at least initially as this layer will most
likely crack upon stripping/plating. Same holds for the Mg
pellet (O = 3-5 wt.%) and slurry approach (Fig. 2e,f) as the
commercial Mg powder is most likely already oxidized during
industrial processing and transport—despite inert atmosphere.
Thus, the intuitively high surface will only be partially active.
Note, that for all anode concepts still the projected electrode
area of 2.545 cm? was used for defining the current density
during polarization as well as for plotting impedances and
resistances.

3.2. OCV and polarization of Mg|Mg cells

The six above-named anode approaches are investigated in
a polarization sequence including different current densities
(0.1, 0.2, 0.5, 1.0 and concluding 0.1 mA cm~2) as well as
initial (50 h) and intermittent OCV phases (10 h). The po-
tentials vs. Mg ring reference electrode during the initial test
sequence are depicted in Fig. 3.

As already observed in a previous study [1], all cells ini-
tially feature potential instabilities during 50 h OCV (Fig. 3b)
probably due to surface conditioning, which vanishes after 10
polarization cycles at 0.1 mA cm~2 (Fig. 3c) indicating an
established surface layer composition. Upon initial polariza-
tion after OCV, an ultrafast (< 1 s) voltage spike of nearly
4 V appears for some cells, which reflects a surface passi-
vation by adsorbed electrolyte species, which desorb under
applied bias (see subsequent LF process assignment). The
arising overpotential in the 10™ polarization cycle of each cur-
rent density is indicated in Fig. 4 for stripping (a) and plating
(b). As expected, the overpotentials linearly increase with in-
creasing current density, with the Mg plating showing higher
overall overpotentials than Mg stripping which results in a
plating/stripping asymmetry (c), backing our previous study
[9]. Generally, the stripping overpotentials show a steeper in-
crease with current than Mg plating—consequently, the plat-
ing/stripping asymmetry becomes less significant at higher
currents (Fig. 4c, 1.0 mA cm~2). The Mg foil with organic
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Fig. 2. SEM images of the applied Mg anodes: (a) Mg foil, (b) Mg + organic a-SEI, (c) Mg + inorganic a-SEI, (d) Mg alloy (AZ31), (e) Mg pellet and (f)

Mg slurry.
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Fig. 3. (a) Polarization procedure with initial (b) 50 h OCV after cell assembly and (c) subsequent polarization at 0.1 mA cm~2 with concluding 10 h OCV.

a-SEI, exhibits the highest overpotentials for both stripping
and plating, while both organic and inorganic a-SEI anode
feature the lowest plating-stripping asymmetry. This reflects
the influence of an a-SEI to beneficially alter the interfacial
processes in terms of Mg plating (i.e. Mg?>* desolvation) [9],
but also induces an additional ion diffusion barrier.

3.3. EIS analysis of Mg|Mg cells

3.3.1. Process in the LF region (< 10 Hz)

To gain deeper insights, EIS of the Mg anode (vs. RE)
was applied during polarization and OCV phases of Mg|Mg
cells. As named above, independent from the applied elec-
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asymmetry in the plating and stripping potential.

trolyte, magnesium cells exhibit a high voltage spike after
extended non-current conditions (OCV) [1,4,44,46] originated
in the surface passivation with an adsorption layer, i.e. ad-
sorbed electrolyte salt and solvent molecules [47]. This be-
comes obvious in the impedance measurements during 50 h
OCV (“static EIS”, Fig. 5, left column) with an evolving
high-ohmic surface resistance (several hundred k€2) [44] in
the low frequency (LF) domain and a peak shifting of the
phase angle to lower frequencies indicating a lower time
constant.

Interestingly, this phenomenon appears in all anode ap-
proaches independent of a surface protection with an a-SEI
or bare Mg surface. Indeed, in case of the organic a-SEI, it
is plausible that the electrolyte species are in contact with
the Mg surface due to the porous nature of the film [1]. In
comparison, the Mg alloy exhibits the highest impedance, and
consequently highest voltage spike of 3.84 V (Fig. 3), reflect-
ing a preferred adsorption of electrolyte species and complete
surface coverage.

When applying a polarization current the adsorbed
molecules instantly desorb. By maintaining the current during
impedance measurements (“dynamic EIS”, Fig. 5, middle col-
umn), the electrolyte species stay desorbed and a low-ohmic
Mg surface contribution becomes apparent. While being par-
tially superimposed by the adsorption layer during the initial
50 h OCV and a differentiation of the processes is difficult,
they become rather distinct in the MF and HF region upon

applied current. This points to changes in surface composi-
tion and/or morphology during the initial stripping and plat-
ing. Not only the processes become distinguishable, they also
exhibit a smaller impedance with decreased phase angle com-
pared to the OCV phase indicating the breakage/removal of
a native passivating layer with simultaneous formation of an
in situ SEI layer and potentially an increase in surface rough-
ness, respectively. Surprisingly, the impedance spectra do not
correspond to the plating/stripping asymmetry which indicates
the higher overpotential for Mg plating to be caused by a rate-
limiting step in the electrolyte, which does not contribute to
the anode impedance in that frequency range, rather than an
interfacial process. This assumption is backed by a previous
theoretical study identifying the desolvation of the Mg?* ion
from the monoglyme molecule to be the rate-determining step
during Mg deposition [9]. However, the plating features a
splitting of the MF process and shift to lower frequencies
compared to the stripping process (Fig. 5, middle column),
indicating the superposition of two processes.

Importantly, the 10 h OCV period after polarization (Fig. 5
right column) again causes an increase in impedance accom-
panied with a small voltage spike when subsequently apply-
ing a current (Fig. S2). This reversible increase in impedance
upon relaxation is yet another indication of adsorption layer
formation. However, the formation of such layer appears to
be less pronounced most likely due to the formation of an
SEI upon polarization. This repeats in subsequent polarization
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cycles with the voltage spike being current-dependent (Fig. teries, the following discussion and equivalent circuit model
S2). Therein, again the organic a-SEI coated Mg exhibits the (ECM) development focuses on the galvanostatic (“dynamic”
highest overpotential, i.e. surface coverage. As the adsorp- or “operando”) EIS during stripping and plating whereby the

tion layer is irrelevant for the practical operation of Mg bat- formation of such adsorption layer, which superimposes the



J. Hicker, T. Rommel, P. Lange et al./Journal of Magnesium and Alloys 13 (2025) 2680-2698 2687
1000
Stripping / mA cm? Stripping / mA cm? Stripping / mA cm
0.1 0.1 0.1
....... —0—0.2 | eerrrrrd 02 02
+ 1004~ - k —e—05. -0 05
A TR B -0—1.0 -e—1.0
(‘:-’ v "'~.:-__‘
3 ¥ =
T \ 4
p (a) Mg foil (b) Mg org. a-SEI (c) Mg inorg. a-SE
. 401 % . 1 o 1 A
E 204 ",:f,::“: Y AA | ‘A.::‘: i, 1 A‘%
L DV -V PV P
100m 1 10 100 1k 10k100k100m 1 10 100 1k 10k100k100m 1 10 100 1k 10k100k
Frequency / Hz
1000
Stripping / mA cm Stripping / mA cm? Stripping / mA cm?
0.1 0.1 i
—0—-0.2 ®- 02
o 1004 T * —0—0.54 —®— 054
5 -e—1.0 -e—1.0
(@]
N ol 4
; (d) Mg alloy (e) Mg pellet (f) Mg slurry
. 404 1 A 1
= £ A\ ittt sy,
< 204 1 # _M,//’)%m’\\ 1 \@M
< n“ut:’:‘ﬁ‘ﬂ - .‘::/‘“An“:“‘. - . y i ' 4 untf::t ; ; ; »
100m 1 10 100 1k 10k100k100m 1 10 100 1k 10k100k 100m 1 10 100 1k 10k100k 1M

Frequency / Hz

Fig. 6. Bode plots of impedance spectra measured in Mg|Mg cells with different Mg anodes during Mg stripping at different current densities. Polarization at
each current density comprised 10 cycles and the spectra were collected at the end of the 10™ cycle. Arrows are drawn to indicate the trend in phase angle
with increasing current density. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

relevant processes, is prevented. This is of great importance
to derive reliable and realistic resistances and recommended
for EIS investigation of Mg batteries in general.

3.3.2. Process in the MF region (10 Hz—1 kHz)

Potential processes at a metal electrode surface are the
charge transfer (CT) reaction and the migration through the
solid electrolyte interphase (SEI)—latter causing an additional
diffusion resistance. Previous studies covering EIS of Mg
metal in organic electrolytes, assign the MF process to the
CT, while the HF process was attributed to the SEI resis-
tance [12,14] and vice versa [44]. Others correlate the ob-
served semicircles in the Nyquist plot with different surface
layers [48,49]. To shed light on such contradicting interpre-
tations, the EIS evolution during current variation is inves-
tigated herein. As pointed out above, the differences in the
impedance spectra of stripping and plating are rather small,
thus, the following process assignment only takes the strip-
ping spectra into account (Fig. 6).

Yet both, the corresponding charge transfer resistance R,
and SEI resistance Rsg; show the same dependency on the

current-density ip

RT
ZF i()
wherein, R, T, z and F are the universal gas constant (8.3145 J
mol~'K~1), temperature, number of transferred electrons and
Faraday constant (96,485.3 C mol~'), respectively. However,
in contrast to the SEI resistance, the accompanied capaci-
tance of the charge transfer, namely the double layer capac-
itance Cgj, remains constant with varying current density as
the thickness of the inner Helmholtz layer is determined by
the size of the solvent molecules, while the overall electrical
double-layer thickness is governed by the Debye length, both
of which are independent of the applied current.

Rsgr, Ry = (nH

& - & A
da

Wherein &g, &, and A are the dielectric constant of the vac-
uum (8.8542:10~'* F cm™!), dielectric constant of the ma-
terial and the electrode surface area, respectively. With latter
being constant, altering the current-density results in a shift in
the characteristic frequency f. . of the charge transfer reaction

Caq = = const.

@
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to higher values.

1
Rcthl

The variation of the current density i is therefore a suitable
way to identify the charge transfer reaction in an impedance
spectrum (Fig. 6). While, according to Eq. (1), the overall
impedance decreases with increasing current density, the MF
process exhibits a clear shift in its characteristic frequency to
higher values (see exemplary f-Im (Z) plot in Fig. S3) and
is therefore identified as charge transfer reaction. This is in
line with corrosion measurements of Mg metal in aqueous
electrolytes [50].

Despite all anodes exhibiting a rather similar overall
impedance, the phase angle peaks, an indicator for the char-
acteristic frequency of the interfacial processes, significantly
differs. While bare and a-SEI coated Mg metal (Fig. 6a,b,c)
have a narrow phase angle peak distribution, the Mg alloy,
pellet and slurry (Fig. 6d,e,f) show a large peak separation
— with the Mg alloy (Fig. 6d) exhibiting the slowest charge
transfer kinetics. An organic a-SEI coating (Fig. 6b) interest-
ingly seems to alter neither the characteristic frequency nor
the charge transfer resistance of a Mg metal foil. This indi-
cates thatthere is no mass transport limitation caused by the
polymer coating and the kinetics of charge transfer are similar
(at least at current densities below 1.0 mA cm™).

fc,ct - (3)

3.3.3. Process in the HF region (I kHz—1 MHz)

Fig. 7 depicts the impedance and phase angle evolution
during polarization at 0.1 mA cm™2. Following the interpre-
tation in the previous section and the extensive study in aque-
ous media by Wang et al. [51], the remaining process in the
HF region (> 1 kHz) is attributed to the SEI resistance.

While the CT process (MF) remains rather constant with
ongoing polarization, the SEI process (HF) for all anodes ex-
hibits a decline in both, impedance and phase angle—partially
resulting in a negligible contribution after 50 polarization cy-
cles (Fig. 7a,d,f). Assuming the conductivity ogg; of the SEI
(i.e. composition) to be constant, a decline in Rgg; implies a
decrease in SEI thickness dsg; or increase in surface area A.

dsgr
osgr - A

Rsgr = “4)

Latter is likely, considering the decline in phase angle,
which reflects an increase in surface roughness.

Both, organic and inorganic a-SEI coated Mg anodes
(Fig. 7b,c) exhibit similar behavior, but still feature an SEI
impedance contribution at the end of polarization. This might
be caused by different Mg deposition characteristics as a cov-
ered Mg surface is more likely to enable uniform plating (re-
sulting in morphologies with low surface area), while a bare
magnesium surface is prone to side reactions (resulting in
porous deposits with larger surface area) [8].

Generally, the thickness of the SEI is defined by

0&rA

(&)

dsg1 =
CsEr

wherein Cggy, €9 and &, are the dielectric capacitance of the
SEI layer, the permittivity of vacuum (8.8542-10~'* F cm™")
and the relative permittivity of the SEI components, respec-
tively. According to XPS analysis in our previous studies
with the same electrolyte system, an in situ, electrochemi-
cally formed SEI consists of MgO and MgF, with additionally
MgS and potentially MgSO, in Mg|S cells [1,44]. This SEI
composition (Table 1) also holds for the organic SEI due to
the in situ SEI formation underneath the organic SEI [1]. As
the HF process is already well-defined in the initial spectra,
it might also reflect the native oxide layer, i.e. a chemically
formed surface layer.

Considering the rather similar dielectric constants, the con-
ductivity of the SEI layer on the Mg alloy and Mg slurry
anode (Fig. 7d,f) has to be higher than that on the Mg foil or
Mg pellet to result in a higher characteristic frequency (Fig.
S4).

1 __ OSE
RseiCsgr €0 - &

(6)

fC,SEI =

Following first-principle calculations by Canepa et al. [52]
the migration barrier of MgO, MgF, and MgS is rather high
(Table 1). However, as no anode passivation is observed, this
does not seem to be detrimental for the ion movement. Thus,
the SEI either needs to be very thin or, more likely, be cracked
and highly porous to allow direct contact of the electrolyte
with the Mg surface. Further elaboration on this is given in the
concluding section with equivalent circuit models and derived
resistances.

In addition to the HF process (1-50 kHz), the organic a-
SEI (Fig. 7b) features an additional process HF’ at ultrahigh
frequencies (> 50 kHz), which reflects the porous nature of
the polymeric coating [1], whereas the pristine anode (Fig. 7a)
exhibits only ohmic behavior in this frequency region. This
becomes more apparent in the zoomed Nyquist plots wherein
the spectra of the org. a-SEI anode exhibits a 45° line in the
HF region characteristic for porous media (Fig. S5 and S6).
As the polymeric coating is an electrical insulator, no charge
transfer occurs within the porous network and the ionic pore
resistance can be calculated via following equation.

Rioy = _ T dasm (7
€A - 0usEI

Therein, 7, d, sg1, € and o, sgy reflect the tortuosity, thick-
ness, porosity and conductivity of the polymeric coating and
A is the geometric surface area of the electrode (2.545 cm?).
Overall, the HF’ process exhibits only small changes in
impedance and phase angle, reflecting a rather stable arti-
ficial SEI layer through the polarization cycles. In contrast,
the Mg anode with inorganic a-SEI does not feature an ad-
ditional HF’ process but exhibits similar spectra to bare Mg
foil. This reflects its dense, crystalline nature.

3.4. Galvanostatic cycling and EIS analysis of Mg|S cells

3.4.1. Process assignment
To gain further insights in practical cells, galvanostatic cy-
cling of Mg|S cells at C/10 with intermittent EIS measure-
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Table 1

Relative permittivity and calculated migration barrier of the main SEI components.

Compound MgO MgF> MgS MgSO4

&rl- 3.2-9.8 2-5 6.69 6.2 (x 7 H,0)
4.87 7.36 (x 1 H,0)
5.45

En/meV [52] 1851 1123 943 na

ments (vs. Mg-RE) is performed. The voltage profiles of dif-
ferent anodes are depicted in Fig. S7 indicating the benefit
of an (organic) artificial SEI to mitigate the reaction of sulfur
species at the anode surface. This results in a higher ini-
tial voltage after cell assembly, an elongated first discharge
plateau and reduced polysulfide shuttle during charging (Fig.
S7). As a matter of simplicity and qualitatively similar fea-
tures, the impedance spectra of bare Mg foil are presented
exemplarily in Fig. 8—in both, Bode (a,b) and corresponding
Nyquist (c,d) representation.

On first sight, it becomes obvious that discharge, i.e. Mg
stripping (Fig. 8a,c) and charge, i.e. Mg plating (Fig. 8b,d)
spectra significantly differ, which is in contrast to the symmet-
rical cells despite the same EIS settings (0.1 mA cm™2, 5 mV
amplitude). This is attributed to sulfur species, which diffuse

out of the cathode matrix in the electrolyte , to be reduced
at the anode surface in parallel to Mg?* ions, while they do
not compete during stripping/oxidation [47]. With sulfur and
polysulfides contributing to the surface layer formation on the
Mg anode, the first charge (Mg plating) significantly alters the
Mg surface composition. This becomes evident in the spectra
of the subsequent discharge cycles (Fig. 8a, Cycle 2—4), that
feature an additional LF process with f. ¢t = 150-300 mHz
(cf. Fig. S8). It is attributed to the charge transfer reaction
with sluggish kinetics caused by sulfur contributing to the in
situ SEI formation (SEI-2), which is reflected by a rather in-
distinct MF process (f.sg.2 approx. 7 Hz). Interestingly, the
charge transfer does not feature such retarded kinetics during
charging, i.e. Mg plating (Fig. 8b, Cycle 1-4), with the char-
acteristic frequency of the superimposed CT and in situ SEI-2
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only shifting from initial 12 Hz to 1.5 Hz. This is assigned to
a surface layers breakage during Mg plating with the freshly
deposited Mg not exhibiting the retarded kinetics as during
stripping wherein the layers withstand the volume changes.

Despite showing a benefit in capacity and coulombic ef-
ficiency, the artificial SEI (Fig. S9) is not capable to mit-
igate the parasitic reactions during charge, and thus rather
similar spectra in terms of impedance and phase angle re-
sult. In contrast to the bare Mg foil, the SEI-2 process is
less significant due to mitigated diffusion of sulfur species
towards the Mg surface. In comparison to the symmetrical
cell, the organic a-SEI contribution in the ultrahigh frequency
region is more pronounced with a distinct straight line dur-
ing initial discharge (Fig. S10). Interestingly, the contribu-
tion is reduced during charge but rebuilds in the subsequent
cycles.

The inorganic a-SEI (Fig. S11) shows similar features with
the MF process splitting into two distinguishable contribu-
tions (foser2 = 9 Hz, focr = 0.45 Hz) after the first charge
(Mg plating). In contrast, the HF process becomes faster by
one order of magnitude (f.sgr.; = 500 Hz to 5 kHz) and
less pronounced. The Mg slurry anode (Fig. S11) interest-
ingly does not feature any HF process (SEI-1) after some
cycles and the CT is actually faster than that of the other
anodes (f.cr = 2 Hz) reflecting the benefit of the increased
Mg surface area.

3.4.2. Origin of inductive loops

Apparently, the Nyquist charge spectra at low SOC are
dominated by low frequency hooks, often named inductive
loops (Fig. 8d, Fig. S9, S11, S12). Interestingly, in Mg|Mg
cells, such loops appear in both, Mg plating and stripping
(Fig. 9a,b), while they are only visible upon stripping in
Mg|S cells. It is aimed to shed light on the origin of this
phenomenon below.

Generally, the loop appearance can either be linked to
a surface process on Mg metal, or arises from a RE mis-
alignment or its geometrical/electrochemical asymmetry to-
wards the working electrode. Herein, the latter can be ruled
out as such loops also appear in impedance spectra of 2E
cells applying magnesium foils (Fig. 9c). However, no in-
ductive loops are present, when using Mg pellets — neither
as WE/CE in a 2E cell (Fig. 9d) nor as RE in a 3E cell
(Fig. 9e, Fig. S13), which is linked to its higher surface area
and/or conditioned surface with a native oxide layer (no prior
scraping).

In general, a reference electrode should provide a stable
and reliable potential with negligible voltage drift (few mV)
over time. Furthermore, it should be non-polarizable by small
currents (originated in potentiostat electronics or cell’s leak-
age resistance) [53] and exhibit a high impedance. As EIS ar-
tifacts can arise due to electrochemical and geometrical asym-
metry, a ring shape is most recommended [54,55]. Latter is



J. Hicker, T. Rommel, P. Lange et al./Journal of Magnesium and Alloys 13 (2025) 2680-2698 2691

200 200

Stripping / mA cm 3E Plating / mA cm 3E
] 0.1 Mg foil N 0.1 Mg foil
NE150 —=— 0.2 Mg foil-RE | L 0.2 Mg foil-RE
o - 05 c —-— 05
©1009 .o 40 S 10049 _— 19
S S
£ 50 £ 504
0 A \\ .) @) 0 A% -') (b)
T T T T T T T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Re(Z)/ Q cm? Re(2) / Q cm?
500 500
Stripping / mA cm™ 2E Stripping / mA cm™ 2E
400 | 0.1 Mg foil | 400 - 0.1 Mg pellet
E -=— 0.2 £ - 0.2
G 3004 -=— 05 a 3004 —-=— 0.5
= - 1.0 = —= 1.0
200 N 200
E = -
_I 100_ CL LA™ ' 100- ,JUDE ) g”
0 AN (©) 0d AU (d)
T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Re(Z) / Q cm? Re(2)/ Q cm?
200 — 200
Stripping / mA cm™ 3E Stripping / mA cm™ 3E
0.1 Mg foil 0.1 Mg org. a-SEI
150 4
Né = 0.2 Mg pellet-RE N% 1509 . o2 Mg foil-RE
-=— 0.5 ——0.5
1004 . 19 21004 . 19
S 3
E 504 E 50
L A
ol A ) @ 07 ®
T T T T T T T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Re(Z)/ Q cm? Re(Z)/ Q cm?

Fig. 9. Present/absent inductive loops in Nyquist plots from a (a,b) Mg foil 3E cell with Mg foil-RE, (c) Mg foil 2E cell, (d) Mg pellet 2E cell, (e) Mg foil
3E cell with Mg pellet-RE, (f) Mg org. a-SEI 3E cell with Mg foil-RE, at different current densities.

Mg(OG1)62+ G1 G1G1
N 1*desolv
O 0- l |
Mg(O.,).> “soesiha Mg(Og,)s 72> Mg(O,,)," ™=, pg°
T 1*electron T 2™ electron
transfer transfer
e- e'

Fig. 10. Mg plating mechanism according to DFT calculations [9,66]. Og; refers to an G1 oxygen atom coordinated to the Mg cation (2 per G1 molecule).
Anions are not considered due to the low ion pair ratio (low salt concentration and bulky anion in general). Apart from the plating route, also solvent
decomposition might occur. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

ensured herein by applying a Mg metal ring—either cut from contrast features a rather stable OCV potential, which remains
Mg metal foil or pressed from Mg powder (Mg pellet-RE). constant in subsequent polarization. After the first polarization
It was observed, that while the foil-RE does not exhibit a  cycle, the potentials of the pellet and foil reference electrode
constant relaxation potential during polarization (Fig. S14a), are identical pointing to an activated Mg foil surface (Fig.
i.e. the surface is not in an equilibrium state, the pellet-RE in S14a). This is in agreement with previous studies, in which



2692 J. Hicker, T. Rommel, P. Lange et al./Journal of Magnesium and Alloys 13 (2025) 2680-2698

10000 5

B NN\

1000
Rct Rc—SEI-1

>
le

ey

\ \ 104

1004

12|/ Q cm?

R. R 10
%2 1000 4

le NE

Rads L § 602
Y N

100m 1

\ I
NN

R 10000 5
< Rc—SEI-Z
® 1000
di N
SRR E
\"i = . N
NS 0]

1
100m 1

Q\\\\\

10 100 1k 10k 100k
Frequency / Hz

10 100 1k 10k 100k
Frequency / Hz

10 100 1k 10k 100k
Frequency / Hz

r90 1250

e 1000+
60
. 750+
45

500+
30

lol /
-Im(2) / Q cm?

250 1

0 250 500 750 1000 1250
Re(2)/ Q cm?

r90
-S

"9l 75
ta

60

Il /°

L45

-Im(2) / Q cm?

30

F15

0 250 500 750 1000 1250
Re(Z) / Q cm?

-90
L75
L 60
45 12
130 E

15

0 250 500 750 1000 1250

Re(Z) / Q cm?

Fig. 11. Proposed equivalent circuit models (ECM) applicable for Mg anodes with inorganic SEI layers: Mg foil, inorganic a-SEI, Mg alloy and Mg pellet.
The interfacial processes are depicted in exemplary Bode and Nyquist plots for bare Mg foil during cycling in a Mg|S cells. Bode plot:  |Z| (left axis), A

|p| (right axis).

multivalent metals like Mg (in contrast to Li metal) were
found to be unsuitable due to the RE surface being altered
in contact with electrolyte [53,54]. This is presumed to be
triggered by stronger ion-solvent interactions, sluggish mass
transport and a low cation transference number derived from
the divalent ion character [56]. Therefore we suggest the Mg
pellet-RE as a convenient and reliable alternative.

Apart from the RE, a surface coating on the planar magne-
sium foil also alters the impedance response. With an organic
a-SEI, the anode spectra in Mg|Mg cells mostly feature no
loops, but a semicircle branch in the low-frequency region
(Fig. 9f). Generally, the inductive loops appear to be current-
dependent and attenuate or even vanish at high current den-
sities (Fig. 9c). The influence of an increasing surface area
with proceeding polarization of the Mg foil can be neglected
as the loops are present even in the 50 cycle at 0.1 mA
cm~2 (Fig. S15).

The inductive loops are confirmed to be a physical sur-
face process at planar, unconditioned magnesium metal—yet
its distinct origin is difficult to assign. Indeed, such loops are
previously observed in various reports about EIS of magne-
sium in aqueous media with their interpretations being well
summarized by Wang et al. [51] Based on our observations
herein as well as the existing literature we conclude the plau-
sible origin of the inductive loop in EIS response of Mg cells
as follows (Table 2).

To elaborate on this and narrow down the origin, the Mg
plating mechanism in Mg[B(hfip)4],/G1 electrolytes proposed
by DFT calculations [9,66] in (Fig. 10, right route) is dis-
cussed. Therein, Og; denotes G1 oxygen ligands with three
G1 molecules fully coordinating the Mg?* cation (CN = 6).
After an initial rate-determining desolvation and the fast sub-
sequent first electron transfer, a Mg(Og;)s™ intermediate re-
sults. As the monovalent Mg ion is highly reactive, it might
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Potential origin

- Relaxation [57-60] or Desorption [52] of an adsorbed
intermediate (Mg™ ,45)
- Breakdown of a surface film (oxidation products like

Table 2
Aspects influencing the inductive loop formation and the potential origin at the Mg metal surface reported in literature.
Aspects
MgMg - Appears during Mg stripping and plating
- Vanishes with increasing current
- Vanishes with surface coating or alloy
- Less dominant with high surface area
Mg|S - Only appears during charging (Mg plating)

- Dominant at low charge SOC
- Sulfur species competing in Mg reduction

Mg(OH),) [34,35,61-63]
- Nucleation of local corrosion [64] or an increased corrosion
rate (no Mg*) [65]

either be further reduced to Mg0 after a second desolvation, or
reoxidized by transferring the electron to a G1 molecule, i.e.
decomposing it [66]. In either case, the lifetime and surface
diffusion of Mg(Og;)s™ is supposed to be limited. Never-
theless, surface relaxation of the adsorbed intermediates will
occur to a certain extent. However, this does not solely ex-
plain the dominant appearance during the initial charge SOC.

Therein, localized corrosion, which even result in macro-
scopic holes within the Mg electrode after cycling [1], might
indeed be the origin. This is linked to salt or solvent de-
composition (cf. Fig. 10, left route), or uneven stripping
[37]. Overall, the inductive loops might be caused by both
processes, diffusion of adsorbed intermediates and localized
corrosion.
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Fig. 13. Resistance evolution at bare Mg foil as anode in (a) Mg|Mg and (b) Mg|S cells. Due to the above-mentioned spectra variations, ECM1-3 are applied

for fitting, resulting in the partially distinguishable resistance Rc.sgr-2.

3.4.3. Equivalent circuit models

Based on the gained insights and process assignments in
Mg|Mg and Mg|S cells, it was attempted to derive general
equivalent circuit models (ECM), which include the identified
processes and are applicable to all anode approaches. Due
to above named spectra deviations, the anode approaches are
devided into two main groups—anodes with an inorganic SEI
(Mg foil, inorganic a-SEI, Mg alloy and Mg pellet, Fig. 11)
and anodes with an additional porous, organic SEI (organic
a-SEI and Mg slurry, Fig. 12). Latter includes an additional
R-CPE, which reflects the HF’ process, i.e. diffusion through
the tortuous polymeric a-SEI coating.

Generally, the inorganic surface layers (denoted SEI) are
assumed to be porous and cracked (indicated by an indexed
“c” in the resistances) to allow sufficient Mg?* transport.
Therefore, the SEI resistances will most probably be related

to the liquid phase, yet the solid conduction pathways or their
influence could not be fully excluded, so it is good to con-
sider this as a hybrid system. They are further divided into
contributions from a mainly chemically formed, native SEI,
Respr1 (mainly MgO and specifically the inorg. a-SEI) and
an electrochemically formed SEI, R..ggro (mainly MgF, and
MgS).

The ordinary ECM 1 and 4, which follows L. Wang et al.
[51], assume a charge transfer at the bare Mg surface with-
out surface relaxation and are applicable to spectra of Mg|Mg
cells with inorganic and organic SEI, respectively. While those
spectra mostly allow the use of the same ECM throughout
the polarization, the Mg|S cells require several ECM during
cycling due to significant changes in the initial cycles, e.g.
the inductive loop during charging (cf. Fig. 8d). This is usu-
ally represented by an inductor (L)—Ilike in the corresponding
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ECM 2 established by Boukamp et al. [67]—but it actually
lacks direct physical interpretation as inductive effects occur
in the HF region (induced by cables). Others applied such
ECM already in Mg-air batteries [34,68] and Mg corrosion
studies [60—62]. Klotz demonstrated by ECM conversion [69]
that such “LF hook” can also be modelled by a series of RC
circuits applying negative resistance and capacitance values
[70]. This indeed has also no physical meaning but neither
does the exponent « in constant phase elements (CPE), which
is widely accepted. As this controversy is beyond the scope
of this manuscript, the most common ECM is applied (ECM
2 and 5).

During the second and subsequent Mg stripping (dis-
charge) in Mg|S cells an additional LF semicircle is present,
which is represented in ECM 3 and 6 by another R-CPE
circuit [71]. Interestingly, similar behavior is observed dur-
ing Mg plating in Mg|Mg cells (Fig. 5). As discussed above,
this is assigned to the retarded charge transfer kinetics—most
probably due to a less ion-conductive and probably cracked
in situ SEI layer (R¢.sgr2), which becomes distinguishable in
the MF region of the impedance spectra. This observation is
also reported by Wang et al. for aqueous Mg batteries [50].
Note again, that R..gg» is most likely also present in other
spectra, yet not distinguishable due to exhibiting a similar
characteristic frequency as the charge transfer and therefore
being superimposed.

3.4.4. Influence of sulfur species

The resulting resistances from the ECM fitting were ex-
emplary depicted in Fig. 13 for bare Mg foil. In Mg|Mg cells
(Fig. 13a), Re.sgr1 is declining with increasing current den-
sity to almost become negligible—and remains constant when
again applying a low current density. This reflects the mainly
native SEI to be cracked over a large surface area. This is
backed by the estimation of its conductivity and thickness
in the initial stages of polarization/cycling reflecting a sig-
nificantly higher conductivity (1E-8 S cm™) than MgO (<
1E-14 S cm’!), see Supplementary Material, Table S2. Si-
multanously, the electrolyte resistance R is slightly increas-
ing, indicating an ongoing in situ SEI formation to consume
the electrolyte. The charge transfer resistance R¢; (+ Rc.sgr2)
also declines with current density, but in contrast to R sgri
reversibly exhibits larger resistances when again applying a
low current density. The deviation between the initial and fi-
nal polarization at 0.1 mA cm™2 most likely arises from an
increased surface area. The charge transfer resistance during
plating is slightly higher than during stripping, Rc.sgr.; and
R¢; do not vary with stripping/plating.

Comparing the anode resistances gained from Mg|Mg and
Mg|S cells (Fig. 13b), the influence of sulfur species becomes
obvious. The overall charge transfer resistance is significantly
higher and exhibits an undulatory trend, i.e. decrease during
discharge (Mg stripping) and increase during charging (Mg
plating). This reflects the sulfur species to compete with Mg>*
reduction and their contribution to the in situ SEI formation.
In contrast to the rather stable R.ggr» (Fig. 13b) the resis-
tance R sgr1 assigned to the chemically formed SEI features
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Fig. 14. Exemplary bode plot of a Mg anode impedance (e |Z| (left axis), A
|¢| (right axis)) summarizing the assigned interfacial processes occurring at
the Mg anode surface during OCV/cycling and with/without sulfur species
in its vicinity.

a declining trend—similar to the Mg|[Mg cell, but with lower
conductivity (8E-11 vs. 1E-8 S cm’!, Table S2) probably due
to MgS formation. This trend is reproducible and steady with
ongoing polarization/cycling—and independent from the arti-
ficial SEI (Fig. S16).

Interestingly, the sulfur species also influence the forma-
tion of the high-ohmic adsorption layer in the LF region
during rest at OCV. While it forms instantly in symmetri-
cal cells, its evolution is mitigated to some extent in Mg|S
cells (Figure S17). As investigated in an operando UV/Vis
spectroscopy study, even during non-current conditions, dis-
solved sulfur species diffuse to the anode and react at its
surface to form polysulfides or sulfide/sulfate surface layers
leading to a higher c-SEI-1 resistance in comparison to the
Mg|Mg cell [43]. These ongoing reactions might hinder the
solvent and salt molecules from adsorbing at the Mg surface.
Further, considering the Bode plots (Fig. S18), the SEI and
CT process are already distinguishable in Mg|S cells after cell
assembly, with latter building up during 1 h OCV.

4. Conclusion

The present study depicts and discusses the advantages and
drawbacks of different Mg anode approaches as well as their
similarities and differences in terms of interfacial processes
during Mg[Mg polarization and Mg|S cycling. Therefore, elec-
trochemical impedance spectroscopy was applied and a sys-
tematic process assignment was performed. Due to changes
during cell operation, different ECM were proposed includ-
ing the plausible processes in such systems summarized in
Fig. 14. The native, probably cracked inorganic SEI layer (2a)
is observed within every approach, while the organic artificial
SEI (1) reveals its porous nature with an additional process
in the HF region. The occurrence and characteristic of the
other interfacial processes strongly depends on the SOC dur-
ing cycling and the presence of sulfur species, which affect



2696 J. Hicker, T. Rommel, P. Lange et al./Journal of Magnesium and Alloys 13 (2025) 2680-2698

the plating/reduction process and the surface layer formation.
The in situ SEI (2b) is only partially distinguishable from the
charge transfer in symmetrical cells and during discharge of
Mg|S cells (Mg stripping). The charge transfer (Mg <> Mg”*)
exhibits retarded kinetics in the presence of sulfur species (3b)
with the overall impedance and time constant being signifi-
cantly increased in comparison to sulfur-free cells (3a). The
high-ohmic adsorption layer (4) forms reversibly during non-
current conditions independent of the applied anode, but has
no relevance during cell operation as the adsorbed electrolyte
species instantly desorb when applying a current. In Mg|S
cells, its formation competes with the non-faradaic sulfur re-
duction, i.e. self-discharge, and consequential surface layer
formation. Due it partially overlapping with other processes,
operando EIS is crucial for conducting a reliable EIS analy-
sis. In the LF region, inductive loops (5) appear during Mg
plating, especially during charging of Mg|S cells, which most
likely reflects a surface relaxation of adsorbed monovalent
magnesium ions.

All anode approaches exhibit a current-dependent strip-
ping/plating overpotential asymmetry, which related to the
rate limiting step of Mg?* desolvation during plating. Among
all anodes, the organic a-SEI possesses the lowest asymmetry,
i.e. facilitated desolvation, yet on the expense of an additional
diffusion resistance. Interestingly, despite the significant plat-
ing/stripping asymmetry, the impedance spectra hardly differ
between stripping and plating, which indicates the desolva-
tion of Mg?* ions to have less influence on the interfacial
processes visible in EIS measurements. The Mg pellet and
Mg slurry approach do potentially offer the benefit of an in-
creased surface area, yet due to native oxide layers, the sur-
face is only partially active—and they are no practical option
due to the large thickness and dead voids. However, a thin
aluminum mesh to function as current collector into which
Mg particles are pressed by a rolling procedure might be an
interesting future approach as the Mg excess can then be min-
imized without losing the current collector scaffold (Fig. 14).

The suitability of the other approaches is apparently linked
to the active mass loading of the cathode, which defines the
balanced anode thickness. While Mg foil and the Mg al-
loy AZ31 might be most promising for high-loadings (anode
thickness > 30 wm) and cost-effective processing, the PVD
approach is well-suited to tailor the Mg excess while giv-
ing the advantage to simultaneously introduce an inorganic
artificial SEI layer.

Generally, the study indicates options to tailor the inter-
facial processes of different Mg anodes to further enhance
their electrochemical performance toward practical and com-
petitive Mg batteries. Despite derived with focus on Mg-S
batteries, the findings are expected to be at least qualitatively
transferable to other systems like magnesium-air batteries.
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