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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. 
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. Introduction 

Since decades, it has been attempted to realize a long-
asting lithium metal battery to replace common graphite as
node material and significantly increase the energy density.
owever, the high reduction potential of Li metal and its

endency to form dendrites result in on-going electrolyte de-
omposition and potential safety hazard, respectively, and so
ar, hinders Li metal to be applied as anode in commercial
atteries. Thus, other non-noble metals are attracting research
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nterest as alternative metal anodes. Among them, magne-
ium is a promising candidate due to its volumetric capac-
ty of 3837 mAh cm−3 , low tendency for dendrite formation
nd moderate reduction potential of −2.37 V. Despite latter
ompromising the energy density, it also offers advantages in
erms of processability under ambient atmosphere [1] due to
ts alleviated reaction with oxygen and moisture compared to
ithium metal. In combination with sulfur as cathode active
aterial (gravimetric capacity of 1675 mAh g−1 ) in a Mg-S

ell, an appealing realistic energy density of approx. 250 Wh
g−1 results [2] — with advantages in terms of costs, safety
nd sustainability over LIB. While in the early research stage,
he cyclability, i.e. reversible Mg stripping and plating, was
imited 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.) 
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l  
evelopment of the Mg[B(hfip)4 ]2 electrolyte system [ 3,4 ],
llowed to take further steps toward the realization of a Mg
etal anode—and consequently Mg batteries. Along with im-

rovements of the electrolyte composition in regard of solvent
hoice [5-11] and SEI-forming additives [12-17] , the anode
tself can be modified [18] . This is indeed a crucial engineer-
ng step to enable Mg-based batteries, but attention has to
e paid to not diminish the energy density of the final Mg
attery by large additional mass or volume of inactive mate-
ial (i.e. low specific and volumetric capacity), or an altered
node potential. 

On first sight, pure Mg metal ( Fig. 1 a) is the ideal choice
s no substrate or other inactive material is needed, i.e. the ca-
acity and reduction potential are not diminished, resulting in
 high cell voltage and energy density. However, the bare Mg
urface is prone to (repetitively) react with electrolyte species
r dissolved cathode active material (e.g. polysulfides) [19] to
orm an SEI, which does not exhibit desired properties in
erms of ionic conductivity and mechanical flexibility. There-
ore, a protective surface coating is reasonable to function
s an artificial SEI. In case of an organic coating [ 1,20,21 ],
he polymeric network additionally offers elasticity to with-
tand volume changes during cycling—at least to some extent
 Fig. 1 b). 

To date, large Mg excess is still essential as current Mg
ells are lacking sufficient reversibility with Coulombic ef-
ciencies only reaching 95–99%. However, to realize Mg
atteries with competitive energy density to LIB, the anode
hickness has to be adjustable to minimize excess Mg while

atching the active material content on the cathode side. For
xample, in case of a sulfur cathode with a practical sulfur
oading of 3 mg cm−2 , which theoretically equals 5 mAh
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m−2 , a perfectly balanced foil anode with no Mg excess
ould be approx. 13 μm or 26 μm thick for a single or mul-

ilayer cell, respectively (assuming the theoretic volumetric
apacity of 3833 mAh cm−3 ). Note, that a thin substrate has
o remain after discharge for subsequent plating – thus, little

g excess is necessary to avoid an additional thin current
ollector. Due to its lack of ductility, Mg foil can hardly be
rocessed to such low thicknesses with commercially avail-
ble Mg foils (e.g. by Gelon) only exhibiting a minimum
hickness of 100 μm. Lately, Mandai et al. successfully pre-
ared thin Mg foils (40–50 μm) by an extrusion and rolling
rocedure at 300 °C to result in grain refinement and acti-
ation of basal planes necessary for plastic deformation [22] .
n even lower and tailored thickness can be achieved by
VD methods like sputtering with the possibility to intro-
uce an inorganic top layer as artificial SEI—e.g. as sepa-
ate [23-26] or alloying [ 27,28 ], phase—in continuation to
he Mg active material deposition ( Fig. 1 c). However, the
eed of a substrate (e.g. Al foil, < 10 μm) and the time-
onsuming and costly processing are hurdles for an industrial
ransfer. 

Another option to achieve thin anodes is the application of
uctile Mg alloys—on the expense of diminishing the capac-
ty and reduction potential. Among the various alloys being
nvestigated in recent years [29–35] , AZ31 ( Fig. 1 d) appears
o be most promising as it only contains 4 wt.% inactive ele-
ents (3 wt.% Al, 1 wt.% Zn), offers a comparable cell volt-

ge and can be cold welded to thicknesses below 30 μm [ 36 ].
urthermore, its processing is established and cost-effective
ue to the use of AZ31 as light-weight alloy in automotive
ndustry. 

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

Despite the cited publications already providing valuable
nsights, an in-depth comparison of the above-named anode
pproaches is missing. Therefore, this study aims to give in-
ights into the interfacial processes of different Mg anode
oncepts applying electrochemical impedance spectroscopy
EIS) towards the development of an improved anode con-
ept. While the systematic process identification and assign-
ent were conducted in symmetrical Mg|Mg cells, the practi-

al performance during charge and discharge was investigated
n Mg|S cells. It was found, that two main interfacial pro-
esses are present at the Mg anode, which could be assigned
o the charge transfer and diffusion through the SEI layer.
y introducing an organic artificial SEI, the porous coating
orphology becomes obvious in the ultrahigh frequency re-
ion of the impedance response. In case of extended OCV
onditions a high-ohmic adsorption layer is reversibly form-
ng, which is less pronounced in presence of sulfur species in

g|S cells. In general, significant differences arise comparing
ull cells to symmetrical cells. The anode impedance not only
xhibits higher overall resistances in Mg|S cells, specifically
he Mg plating is affected by sulfur species in the electrolyte
s low-frequency inductive loops appear at the beginning of
harge, which can be clearly assigned to a Mg surface ef-
ect, most likely Mg+ surface relaxation. Additionally, the
harge transfer kinetics are retarded in the presence of sul-
ur species. Finally, equivalent circuit models (ECM) are de-
ived and discussed. Despite the results being evaluated in the
ontext of Mg-sulfur cells, the findings might be applicable
o magnesium batteries in general – yet with other specific
urface reactions due to different electrolytes. For example,
n aqueous Mg-air batteries the Mg alloy morphology, e.g.
he grain size and orientation, as well as the surface layer
ormation (Mg(OH)2 herein) were found crucial for the bat-
ery performance [ 41 ]. Similar impedance spectra and ECM
esult, wherein inductive loops are related to corrosion pro-
esses [ 42 ]. 

. Experimental 

.1. Mg anode preparation 

Different magnesium anode concepts are investigated,
herein Mg foil (Gelon, 100 μm) serves as benchmark mate-

ial. After cutting into 18 mm disks, it was scraped before cell
ssembly inside the Ar-filled glovebox to remove the native
xide layer. 

The organic artificial SEI was prepared following our pre-
ious study [1] . In brief, Aquivion and PVDF solution were
ixed in 1:1 vol. ratio and spin coated on a freshly scraped
g foil under ambient atmosphere. It was dried at RT with

n additional drying under vacuum before cell assembly. The
hickness has a radial gradient of > 0.5 μm in center and >

 μm at the edges. 
The Mg anode with an inorganic artificial SEI was pre-

ared by sputtering Mg (approx. 20 μm) on an Al substrate
12 μm). Subsequently, an inorganic a-SEI (approx. 100 nm)
as introduced by reactive sputtering. 
AZ31 (96/3/1 wt.% Mg/Al/Zn) was selected as magnesium

lloy due to its low number of alloying elements and its duc-
ility. By extensive rolling of AZ31 sheets, a thickness as low
s 30 μm was achieved. 

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

The Mg wet coating followed the preparation route of Son
t al [ 40 ]. In brief, Mg powder, carbon black, Mg triflate
nd poly(acrylonitrile) (PAN) were dispersed in DMSO in
0:10:5:5 ratio and coated on C-coated Al foil (22 μm) inside
n Ar-filled glovebox applying tape casting. The coating was
ried at 100 °C under vacuum with a subsequent 1 h step
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t 250 °C to induce the ring polymerization of PAN. The
hickness varies in the range of 30–40 μm. 

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

.2. Electrolyte and sulfur cathode preparation 

Magnesium hexafluoroisopropyloxy borate (Mg[B(hfip)4 ]2 )
as synthesized and dried as depicted in previous studies [ 4 ].
 0.2 M electrolyte was prepared by dissolving 1 mmol
g[B(hfip)4 ]2 in 5 mL dimethoxyethane (G1, monoglyme,

9.5 %, < 10 ppm H2 O, Acros Organics), vigorous stirring
ver night and subsequent filtration to remove the trace in-
oluble residues with a PTFE syringe filter. 

For the Mg|S cell investigation, a sulfur composite cath-
de was prepared with the detailed preparation being indi-
ated in previous studies [ 43 ]. In brief, a mechanical intru-
ion of sulfur into carbon was achieved by ball-milling of sul-
ur (99.5%, Alfa Aesar) and Ketjenblack EC 600-JD (Akzo
obel) at 500 rpm for 15 min in a mass ratio of 5:4. A
omogeneous slurry was gained by stirring the S-C pow-
er in aqueous carboxymethyl cellulose solution (3.7 wt.%
MC, Walocel CRT 2000 PA, Dow Wolff) and styrene-
utadiene rubber solution (40.4 wt.% SBR, JSR TRD 102A,
SR Micro). Subsequently, the slurry was tape casted on C-
rimed aluminum foil (22 μm) to result in a cathode with
0/40/10 wt.% S/KB/CMC-SBR (CMC:SBR 1:2) and approx.
.0 mg(S) cm−2 . 

.3. Cell assembly and characterization 

The polarization and EIS measurements are performed
n ECC PAT-Core cells (El-Cell) assembled under Ar at-
osphere (O2 < 1 ppm, H2 O < 3 ppm) applying a mag-

esium metal reference ring, two separator layers of glass
ber (GF/C, Whatman), 18 mm electrodes and 200 μl 0.2 M
g[B(hfip)4 ]2 / G1 electrolyte. 
The test protocol used for the investigation of Mg|Mg cells

as established in a previous study [1] . After an initial 50 h
CV phase, polarization cycles at different current densities

0.1–1.0 mA cm−2 ) with intermittent 10 h OCV were per-
ormed. Potentiostatic EIS (“static EIS”) and galvanostatic
IS (“dynamic EIS”, IEIS = Ipol ) with 5 mV amplitude in
 frequency range of 100 mHz to 300 kHz was executed
uring OCV and polarization, respectively, applying a ZEN-
IUM and IM6 potentiostat (Zahner). 
After an initial 1 h OCV, cycling of Mg|S cells was done

t C/10 rate (167.5 mA/g(S) ) and 25 °C in a voltage range
f 0.05 – 3 V. Anode EIS spectra were collected vs. Mg
eference electrode every 30 min with constant current den-
ity of 0.1 mA cm-2 and an amplitude of 5 mV. Thus, the
igh-ohmic adsorption layer, which forms during relaxation
t open-circuit conditions [ 44 ] is mitigated and the actual
mpedance response during operating condition is estimated. 
. Results and discussion 

.1. Mg anode concepts 

As illustrated above ( Fig. 1 ), six Mg anode concepts with
ifferent benefits were selected for this EIS study, namely: Mg
oil—with bare surface and an organic a-SEI coating (Aquiv-
on/PVDF), PVD-deposited Mg with an inorganic a-SEI top
ayer, Mg alloy (AZ31), pressed Mg pellet and a tape casted

g slurry. Anode approaches that seem appealing in terms of
ycle life [ 45 ], but offer a significantly lower capacity and/or
edox potential are not considered herein. The surface mor-
hology and composition of the selected anodes are depicted
n Fig. 2 and supplementary Figure/Table S1, respectively.
he lowest oxygen content (approx. 1 wt.%) was observed

n case of PVD-deposited Mg (c) and scraped Mg alloy (d),
hile the scraped Mg foil (a) exhibits > 3 wt.% O. Such na-

ive oxide layer might eventually be beneficial to hinder elec-
rolyte and also sulfur species in Mg-S cells to be reduced at
he anode surface [1] —at least initially as this layer will most
ikely crack upon stripping/plating. Same holds for the Mg
ellet (O = 3–5 wt.%) and slurry approach ( Fig. 2 e,f) as the
ommercial Mg powder is most likely already oxidized during
ndustrial processing and transport—despite inert atmosphere.
hus, the intuitively high surface will only be partially active.
ote, that for all anode concepts still the projected electrode

rea of 2.545 cm2 was used for defining the current density
uring polarization as well as for plotting impedances and
esistances. 

.2. OCV and polarization of Mg|Mg cells 

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

As already observed in a previous study [1] , all cells ini-
ially feature potential instabilities during 50 h OCV ( Fig. 3 b)
robably due to surface conditioning, which vanishes after 10
olarization cycles at 0.1 mA cm−2 ( Fig. 3 c) indicating an
stablished surface layer composition. Upon initial polariza-
ion after OCV, an ultrafast ( < 1 s) voltage spike of nearly
 V appears for some cells, which reflects a surface passi-
ation by adsorbed electrolyte species, which desorb under
pplied bias (see subsequent LF process assignment). The
rising overpotential in the 10th polarization cycle of each cur-
ent density is indicated in Fig. 4 for stripping (a) and plating
b). As expected, the overpotentials linearly increase with in-
reasing current density, with the Mg plating showing higher
verall overpotentials than Mg stripping which results in a
lating/stripping asymmetry (c), backing our previous study
9] . Generally, the stripping overpotentials show a steeper in-
rease with current than Mg plating—consequently, the plat-
ng/stripping asymmetry becomes less significant at higher
urrents ( Fig. 4 c, 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. 

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. 
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-SEI, exhibits the highest overpotentials for both stripping
nd plating, while both organic and inorganic a-SEI anode
eature the lowest plating-stripping asymmetry. This reflects
he influence of an a-SEI to beneficially alter the interfacial
rocesses in terms of Mg plating (i.e. Mg2 + desolvation) [9] ,

ut also induces an additional ion diffusion barrier. c  
.3. EIS analysis of Mg|Mg cells 

.3.1. Process in the LF region ( < 10 Hz) 
To gain deeper insights, EIS of the Mg anode (vs. RE)

as applied during polarization and OCV phases of Mg|Mg
ells. As named above, independent from the applied elec-
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Fig. 4. (a) Stripping and (b) plating potential vs. Mg|Mg2 + for all anode approaches during the final cycle of each polarization interval. (c) Current-dependent 
asymmetry in the plating and stripping potential. 
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rolyte, magnesium cells exhibit a high voltage spike after
xtended non-current conditions (OCV) [ 1,4,44,46 ] originated
n the surface passivation with an adsorption layer, i.e. ad-
orbed electrolyte salt and solvent molecules [ 47 ]. This be-
omes obvious in the impedance measurements during 50 h
CV (“static EIS”, Fig. 5 , left column) with an evolving
igh-ohmic surface resistance (several hundred k �) [ 44 ] in
he low frequency (LF) domain and a peak shifting of the
hase angle to lower frequencies indicating a lower time
onstant. 

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

When applying a polarization current the adsorbed
olecules instantly desorb. By maintaining the current during

mpedance measurements (“dynamic EIS”, Fig. 5 , middle col-
mn), the electrolyte species stay desorbed and a low-ohmic
g surface contribution becomes apparent. While being par-

ially superimposed by the adsorption layer during the initial
0 h OCV and a differentiation of the processes is difficult,
hey become rather distinct in the MF and HF region upon
pplied current. This points to changes in surface composi-
ion and/or morphology during the initial stripping and plat-
ng. Not only the processes become distinguishable, they also
xhibit a smaller impedance with decreased phase angle com-
ared to the OCV phase indicating the breakage/removal of
 native passivating layer with simultaneous formation of an
n situ SEI layer and potentially an increase in surface rough-
ess, respectively. Surprisingly, the impedance spectra do not
orrespond to the plating/stripping asymmetry which indicates
he higher overpotential for Mg plating to be caused by a rate-
imiting step in the electrolyte, which does not contribute to
he anode impedance in that frequency range, rather than an
nterfacial process. This assumption is backed by a previous
heoretical study identifying the desolvation of the Mg2+ ion
rom the monoglyme molecule to be the rate-determining step
uring Mg deposition [9]. However, the plating features a
plitting of the MF process and shift to lower frequencies
ompared to the stripping process ( Fig. 5 , middle column),
ndicating the superposition of two processes. 

Importantly, the 10 h OCV period after polarization ( Fig. 5 ,
ight column) again causes an increase in impedance accom-
anied with a small voltage spike when subsequently apply-
ng a current (Fig. S2). This reversible increase in impedance
pon relaxation is yet another indication of adsorption layer
ormation. However, the formation of such layer appears to
e less pronounced most likely due to the formation of an
EI upon polarization. This repeats in subsequent polarization
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Fig. 5. Bode plots of impedance spectra measured in Mg|Mg cells with different Mg anodes during initial 50 h OCV, stripping and plating at 0.1 mA cm−2 

(spectra from concluding 10th cycle) and subsequent 10 h OCV. ● |Z| (left axis), � | ϕ| (right axis). For a reliable EIS analysis reflecting practical resistances, 
dynamic EIS conditions (applied bias) are crucial. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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ycles with the voltage spike being current-dependent (Fig.
2). Therein, again the organic a-SEI coated Mg exhibits the
ighest overpotential, i.e. surface coverage. As the adsorp-
ion layer is irrelevant for the practical operation of Mg bat-
eries, the following discussion and equivalent circuit model
ECM) development focuses on the galvanostatic (“dynamic”
r “operando”) EIS during stripping and plating whereby the
ormation of such adsorption layer, which superimposes the
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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 10th 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.) 
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elevant processes, is prevented. This is of great importance
o derive reliable and realistic resistances and recommended
or EIS investigation of Mg batteries in general. 

.3.2. Process in the MF region (10 Hz–1 kHz) 
Potential processes at a metal electrode surface are the

harge transfer (CT) reaction and the migration through the
olid electrolyte interphase (SEI)—latter causing an additional
iffusion resistance. Previous studies covering EIS of Mg
etal in organic electrolytes, assign the MF process to the
T, while the HF process was attributed to the SEI resis-

ance [ 12,14 ] and vice versa [ 44 ]. Others correlate the ob-
erved semicircles in the Nyquist plot with different surface
ayers [ 48,49 ]. To shed light on such contradicting interpre-
ations, the EIS evolution during current variation is inves-
igated herein. As pointed out above, the differences in the
mpedance spectra of stripping and plating are rather small,
hus, the following process assignment only takes the strip-
ing spectra into account ( Fig. 6 ). 

Yet both, the corresponding charge transfer resistance Rct 

nd SEI resistance RSEI show the same dependency on the
urrent-density i0 

SEI , Rct = RT 

zFi0 
(1) 

herein, R, T, z and F are the universal gas constant (8.3145 J
ol−1 K−1 ), temperature, number of transferred electrons and
araday constant (96,485.3 C mol−1 ), respectively. However,

n contrast to the SEI resistance, the accompanied capaci-
ance of the charge transfer, namely the double layer capac-
tance Cdl , remains constant with varying current density as
he thickness of the inner Helmholtz layer is determined by
he size of the solvent molecules, while the overall electrical
ouble-layer thickness is governed by the Debye length, both
f which are independent of the applied current. 

dl = ε0 · εr · A 

ddl 
= const . (2) 

herein ε 0 , ε r and A are the dielectric constant of the vac-
um (8.8542 ·10−14 F cm−1 ), dielectric constant of the ma-
erial and the electrode surface area, respectively. With latter
eing constant, altering the current-density results in a shift in
he characteristic frequency fc,ct of the charge transfer reaction



2688 J. Häcker, T. Rommel, P. Lange et al. / Journal of Magnesium and Alloys 13 (2025) 2680–2698 

t

 

w  

s  

i  

p  

h  

i  

l  

e
 

i  

a  

d  

h  

p  

–  

t  

i  

t  

c  

p  

(

3
 

d  

t  

o  

H
 

o  

h  

r  

c  

(  

d  

R

 

w
 

(  

i  

b  

e  

s  

m  

p

d

w  

S  

a  

t  

w  

c  

M  

c  

t  

t  

i  

f
 

d  

a  

M  

S

 

t  

(  

d  

t  

a  

w  

c  

r
 

S  

f  

t  

e  

b  

t  

H  

A  

t  

r

R

 

n  

A  

O  

i  

fi  

t  

d  

f

3

3
 

c  
o higher values. 

fc , ct = 1 

Rct Cdl 
(3) 

The variation of the current density i is therefore a suitable
ay to identify the charge transfer reaction in an impedance

pectrum ( Fig. 6 ). While, according to Eq. (1) , the overall
mpedance decreases with increasing current density, the MF
rocess exhibits a clear shift in its characteristic frequency to
igher values (see exemplary f-Im (Z) plot in Fig. S3) and
s therefore identified as charge transfer reaction. This is in
ine with corrosion measurements of Mg metal in aqueous
lectrolytes [ 50 ]. 

Despite all anodes exhibiting a rather similar overall
mpedance, the phase angle peaks, an indicator for the char-
cteristic frequency of the interfacial processes, significantly
iffers. While bare and a-SEI coated Mg metal ( Fig. 6 a,b,c)
ave a narrow phase angle peak distribution, the Mg alloy,
ellet and slurry ( Fig. 6 d,e,f) show a large peak separation
with the Mg alloy ( Fig. 6 d) exhibiting the slowest charge

ransfer kinetics. An organic a-SEI coating ( Fig. 6 b) interest-
ngly seems to alter neither the characteristic frequency nor
he charge transfer resistance of a Mg metal foil. This indi-
ates thatthere is no mass transport limitation caused by the
olymer coating and the kinetics of charge transfer are similar
at least at current densities below 1.0 mA cm-2 ). 

.3.3. Process in the HF region (1 kHz–1 MHz) 
Fig. 7 depicts the impedance and phase angle evolution

uring polarization at 0.1 mA cm−2 . Following the interpre-
ation in the previous section and the extensive study in aque-
us media by Wang et al. [ 51 ], the remaining process in the
F region ( > 1 kHz) is attributed to the SEI resistance. 
While the CT process (MF) remains rather constant with

ngoing polarization, the SEI process (HF) for all anodes ex-
ibits a decline in both, impedance and phase angle—partially
esulting in a negligible contribution after 50 polarization cy-
les ( Fig. 7 a,d,f). Assuming the conductivity σ SEI of the SEI
i.e. composition) to be constant, a decline in RSEI implies a
ecrease in SEI thickness dSEI or increase in surface area A .

SEI = dSEI 

σSEI · A 

(4) 

Latter is likely, considering the decline in phase angle,
hich reflects an increase in surface roughness. 
Both, organic and inorganic a-SEI coated Mg anodes

 Fig. 7 b,c) exhibit similar behavior, but still feature an SEI
mpedance contribution at the end of polarization. This might
e caused by different Mg deposition characteristics as a cov-
red Mg surface is more likely to enable uniform plating (re-
ulting in morphologies with low surface area), while a bare
agnesium surface is prone to side reactions (resulting in

orous deposits with larger surface area) [8] . 
Generally, the thickness of the SEI is defined by 

SEI = ε0 εr A 

CSEI 
(5) 
herein CSEI , ε0 and εr are the dielectric capacitance of the
EI layer, the permittivity of vacuum (8.8542 ·10−14 F cm−1 )
nd the relative permittivity of the SEI components, respec-
ively. According to XPS analysis in our previous studies
ith the same electrolyte system, an in situ, electrochemi-

ally formed SEI consists of MgO and MgF2 with additionally
gS and potentially MgSO4 in Mg|S cells [ 1,44 ]. This SEI

omposition ( Table 1 ) also holds for the organic SEI due to
he in situ SEI formation underneath the organic SEI [1] . As
he HF process is already well-defined in the initial spectra,
t might also reflect the native oxide layer, i.e. a chemically
ormed surface layer. 

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

4). 

fc , SEI = 1 

RSEI CSEI 
= σSEI 

ε0 · εr 
(6) 

Following first-principle calculations by Canepa et al. [ 52 ]
he migration barrier of MgO, MgF2 and MgS is rather high
 Table 1 ). However, as no anode passivation is observed, this
oes not seem to be detrimental for the ion movement. Thus,
he SEI either needs to be very thin or, more likely, be cracked
nd highly porous to allow direct contact of the electrolyte
ith the Mg surface. Further elaboration on this is given in the

oncluding section with equivalent circuit models and derived
esistances. 

In addition to the HF process (1–50 kHz), the organic a-
EI ( Fig. 7 b) features an additional process HF’ at ultrahigh
requencies ( > 50 kHz), which reflects the porous nature of
he polymeric coating [1] , whereas the pristine anode ( Fig. 7 a)
xhibits only ohmic behavior in this frequency region. This
ecomes more apparent in the zoomed Nyquist plots wherein
he spectra of the org. a-SEI anode exhibits a 45 ° line in the
F region characteristic for porous media (Fig. S5 and S6).
s the polymeric coating is an electrical insulator, no charge

ransfer occurs within the porous network and the ionic pore
esistance can be calculated via following equation. 

ion = τ · daSEI 

ε · A · σaSEI 
(7) 

Therein, τ , da-SEI , ε and σ a-SEI reflect the tortuosity, thick-
ess, porosity and conductivity of the polymeric coating and
 is the geometric surface area of the electrode (2.545 cm2 ).
verall, the HF’ process exhibits only small changes in

mpedance and phase angle, reflecting a rather stable arti-
cial SEI layer through the polarization cycles. In contrast,

he Mg anode with inorganic a-SEI does not feature an ad-
itional HF’ process but exhibits similar spectra to bare Mg
oil. This reflects its dense, crystalline nature. 

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

.4.1. Process assignment 
To gain further insights in practical cells, galvanostatic cy-

ling of Mg|S cells at C/10 with intermittent EIS measure-
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Fig. 7. Bode plots of impedance spectra measured in Mg|Mg cells with different Mg anodes during stripping at 0.1 mA cm−2 . Arrows are drawn to indicate 
the trend in phase angle with time and proceeding polarization. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Table 1 
Relative permittivity and calculated migration barrier of the main SEI components. 

Compound MgO MgF2 MgS MgSO4 

εr /- 3.2–9.8 2–5 
4.87 
5.45 

6.69 6.2 (x 7 H2 O) 
7.36 (x 1 H2 O) 
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ents (vs. Mg-RE) is performed. The voltage profiles of dif-
erent anodes are depicted in Fig. S7 indicating the benefit
f an (organic) artificial SEI to mitigate the reaction of sulfur
pecies at the anode surface. This results in a higher ini-
ial voltage after cell assembly, an elongated first discharge
lateau and reduced polysulfide shuttle during charging (Fig.
7). As a matter of simplicity and qualitatively similar fea-

ures, the impedance spectra of bare Mg foil are presented
xemplarily in Fig. 8 —in both, Bode (a,b) and corresponding
yquist (c,d) representation. 
On first sight, it becomes obvious that discharge, i.e. Mg

tripping ( Fig. 8 a,c) and charge, i.e. Mg plating ( Fig. 8 b,d)
pectra significantly differ, which is in contrast to the symmet-
ical cells despite the same EIS settings (0.1 mA cm−2 , 5 mV
mplitude). This is attributed to sulfur species, which diffuse
ut of the cathode matrix in the electrolyte , to be reduced
t the anode surface in parallel to Mg2 + ions, while they do
ot compete during stripping/oxidation [ 47 ]. With sulfur and
olysulfides contributing to the surface layer formation on the
g anode, the first charge (Mg plating) significantly alters the
g surface composition. This becomes evident in the spectra

f the subsequent discharge cycles ( Fig. 8 a, Cycle 2–4), that
eature an additional LF process with fc, CT = 150–300 mHz
cf. Fig. S8). It is attributed to the charge transfer reaction
ith sluggish kinetics caused by sulfur contributing to the in

itu SEI formation (SEI-2), which is reflected by a rather in-
istinct MF process ( fc,SEI-2 approx. 7 Hz). Interestingly, the
harge transfer does not feature such retarded kinetics during
harging, i.e. Mg plating ( Fig. 8 b, Cycle 1–4), with the char-
cteristic frequency of the superimposed CT and in situ SEI-2
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Fig. 8. Evolution of the pristine Mg anode impedance response of Mg|S cells during discharge (Mg stripping) and charge (Mg plating) in Bode (a,b) and 
Nyquist representation (c,d). The specific characteristic frequencies are indicated. Cycling with C/10 rate (0.167 mA cm−2 ), galvanostatic (“dynamic”) EIS at 
0.1 mA cm−2 with 5 mV amplitude. ● |Z| (left axis), � | ϕ| (right axis). 

o  

a  

d  

s
 

fi  

i  

s  

s  

l  

t  

c  

r  

i  

t  

c
 

t  

t  

(  

o  

l  

i  

c  

a  

M

3
 

d  

l  

c  

(  

M  

p
 

a  

a  

w  

o  

c  

d  

a  

(  

a  

s
 

a  

o  

c  

a  

t  

m  
nly shifting from initial 12 Hz to 1.5 Hz. This is assigned to
 surface layers breakage during Mg plating with the freshly
eposited Mg not exhibiting the retarded kinetics as during
tripping wherein the layers withstand the volume changes. 

Despite showing a benefit in capacity and coulombic ef-
ciency, the artificial SEI (Fig. S9) is not capable to mit-

gate the parasitic reactions during charge, and thus rather
imilar spectra in terms of impedance and phase angle re-
ult. In contrast to the bare Mg foil, the SEI-2 process is
ess significant due to mitigated diffusion of sulfur species
owards the Mg surface. In comparison to the symmetrical
ell, the organic a-SEI contribution in the ultrahigh frequency
egion is more pronounced with a distinct straight line dur-
ng initial discharge (Fig. S10). Interestingly, the contribu-
ion is reduced during charge but rebuilds in the subsequent
ycles. 

The inorganic a-SEI (Fig. S11) shows similar features with
he MF process splitting into two distinguishable contribu-
ions ( fc,SEI-2 = 9 Hz, fc,CT = 0.45 Hz) after the first charge
Mg plating). In contrast, the HF process becomes faster by
ne order of magnitude ( fc,SEI-1 = 500 Hz to 5 kHz) and
ess pronounced. The Mg slurry anode (Fig. S11) interest-
ngly does not feature any HF process (SEI-1) after some
ycles and the CT is actually faster than that of the other
nodes ( fc,CT = 2 Hz) reflecting the benefit of the increased
g surface area. 
.4.2. Origin of inductive loops 
Apparently, the Nyquist charge spectra at low SOC are

ominated by low frequency hooks, often named inductive
oops ( Fig. 8 d, Fig. S9, S11, S12). Interestingly, in Mg|Mg
ells, such loops appear in both, Mg plating and stripping
 Fig. 9 a,b), while they are only visible upon stripping in

g|S cells. It is aimed to shed light on the origin of this
henomenon below. 

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

In general, a reference electrode should provide a stable
nd reliable potential with negligible voltage drift (few mV)
ver time. Furthermore, it should be non-polarizable by small
urrents (originated in potentiostat electronics or cell’s leak-
ge resistance) [ 53 ] and exhibit a high impedance. As EIS ar-
ifacts can arise due to electrochemical and geometrical asym-

etry, a ring shape is most recommended [ 54,55 ]. Latter is
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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. 

Fig. 10. Mg plating mechanism according to DFT calculations [ 9,66 ]. OG1 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.) 
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nsured herein by applying a Mg metal ring—either cut from
g metal foil or pressed from Mg powder (Mg pellet-RE).

t was observed, that while the foil-RE does not exhibit a
onstant relaxation potential during polarization (Fig. S14a),
.e. the surface is not in an equilibrium state, the pellet-RE in
ontrast features a rather stable OCV potential, which remains
onstant in subsequent polarization. After the first polarization
ycle, the potentials of the pellet and foil reference electrode
re identical pointing to an activated Mg foil surface (Fig.
14a). This is in agreement with previous studies, in which
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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), � 

| ϕ| (right axis). 
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ultivalent metals like Mg (in contrast to Li metal) were
ound to be unsuitable due to the RE surface being altered
n contact with electrolyte [ 53,54 ]. This is presumed to be
riggered by stronger ion-solvent interactions, sluggish mass
ransport and a low cation transference number derived from
he divalent ion character [ 56 ]. Therefore we suggest the Mg
ellet-RE as a convenient and reliable alternative. 

Apart from the RE, a surface coating on the planar magne-
ium foil also alters the impedance response. With an organic
-SEI, the anode spectra in Mg|Mg cells mostly feature no
oops, but a semicircle branch in the low-frequency region
 Fig. 9 f). Generally, the inductive loops appear to be current-
ependent and attenuate or even vanish at high current den-
ities ( Fig. 9 c). The influence of an increasing surface area
ith proceeding polarization of the Mg foil can be neglected

s the loops are present even in the 50th cycle at 0.1 mA
m−2 (Fig. S15). 
The inductive loops are confirmed to be a physical sur-
ace process at planar, unconditioned magnesium metal—yet
ts distinct origin is difficult to assign. Indeed, such loops are
reviously observed in various reports about EIS of magne-
ium in aqueous media with their interpretations being well
ummarized by Wang et al. [ 51 ] Based on our observations
erein as well as the existing literature we conclude the plau-
ible origin of the inductive loop in EIS response of Mg cells
s follows ( Table 2 ). 

To elaborate on this and narrow down the origin, the Mg
lating mechanism in Mg[B(hfip)4 ]2 /G1 electrolytes proposed
y DFT calculations [ 9,66 ] in ( Fig. 10 , right route) is dis-
ussed. Therein, OG1 denotes G1 oxygen ligands with three
1 molecules fully coordinating the Mg2 + cation (CN = 6).
fter an initial rate-determining desolvation and the fast sub-

equent first electron transfer, a Mg(OG1 )5 
+ intermediate re-

ults. As the monovalent Mg ion is highly reactive, it might
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Fig. 12. Proposed equivalent circuit models (ECM) applicable for Mg anodes with a porous, organic SEI in addition to the inorganic SEI: organic a-SEI and 
Mg slurry. The interfacial processes are depicted in exemplary Bode and Nyquist plots for the organic a-SEI anode during cycling in a Mg|S cells. Bode plot: 
● |Z| (left axis), � | ϕ| (right axis). 

Table 2 
Aspects influencing the inductive loop formation and the potential origin at the Mg metal surface reported in literature. 

Aspects Potential origin 

Mg|Mg - Appears during Mg stripping and plating 
- Vanishes with increasing current 
- Vanishes with surface coating or alloy 
- Less dominant with high surface area 

- Relaxation [ 57–60 ] or Desorption [ 52 ] of an adsorbed 
intermediate (Mg+ 

ads ) 
- Breakdown of a surface film (oxidation products like 

Mg(OH)2 ) [ 34,35,61–63 ] 
- Nucleation of local corrosion [ 64 ] or an increased corrosion 

rate (no Mg+ ) [ 65 ] 

Mg|S - Only appears during charging (Mg plating) 
- Dominant at low charge SOC 

- Sulfur species competing in Mg reduction 
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corrosion. 
ither be further reduced to Mg0 after a second desolvation, or
eoxidized by transferring the electron to a G1 molecule, i.e.
ecomposing it [ 66 ]. In either case, the lifetime and surface
iffusion of Mg(OG1 )5 

+ is supposed to be limited. Never-
heless, surface relaxation of the adsorbed intermediates will
ccur to a certain extent. However, this does not solely ex-
lain the dominant appearance during the initial charge SOC.
herein, localized corrosion, which even result in macro-
copic holes within the Mg electrode after cycling [1] , might
ndeed be the origin. This is linked to salt or solvent de-
omposition (cf. Fig. 10 , left route), or uneven stripping
 37 ]. Overall, the inductive loops might be caused by both
rocesses, diffusion of adsorbed intermediates and localized
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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-SEI-2. 
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.4.3. Equivalent circuit models 
Based on the gained insights and process assignments in

g|Mg and Mg|S cells, it was attempted to derive general
quivalent circuit models (ECM), which include the identified
rocesses and are applicable to all anode approaches. Due
o above named spectra deviations, the anode approaches are
evided into two main groups—anodes with an inorganic SEI
Mg foil, inorganic a-SEI, Mg alloy and Mg pellet, Fig. 11 )
nd anodes with an additional porous, organic SEI (organic
-SEI and Mg slurry, Fig. 12 ). Latter includes an additional
-CPE, which reflects the HF’ process, i.e. diffusion through

he tortuous polymeric a-SEI coating. 
Generally, the inorganic surface layers (denoted SEI) are

ssumed to be porous and cracked (indicated by an indexed
c” in the resistances) to allow sufficient Mg2 + transport.
herefore, the SEI resistances will most probably be related
o the liquid phase, yet the solid conduction pathways or their
nfluence could not be fully excluded, so it is good to con-
ider this as a hybrid system. They are further divided into
ontributions from a mainly chemically formed, native SEI,
c-SEI-1 (mainly MgO and specifically the inorg. a-SEI) and
n electrochemically formed SEI, Rc-SEI-2 (mainly MgF2 and
gS). 
The ordinary ECM 1 and 4, which follows L. Wang et al.

 51 ], assume a charge transfer at the bare Mg surface with-
ut surface relaxation and are applicable to spectra of Mg|Mg
ells with inorganic and organic SEI, respectively. While those
pectra mostly allow the use of the same ECM throughout
he polarization, the Mg|S cells require several ECM during
ycling due to significant changes in the initial cycles, e.g.
he inductive loop during charging (cf. Fig. 8 d). This is usu-
lly represented by an inductor (L)—like in the corresponding
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Fig. 14. Exemplary bode plot of a Mg anode impedance ( ● |Z| (left axis), � 

| ϕ| (right axis)) summarizing the assigned interfacial processes occurring at 
the Mg anode surface during OCV/cycling and with/without sulfur species 
in its vicinity. 
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CM 2 established by Boukamp et al. [ 67 ]—but it actually
acks direct physical interpretation as inductive effects occur
n the HF region (induced by cables). Others applied such
CM already in Mg-air batteries [ 34,68 ] and Mg corrosion
tudies [ 60–62 ]. Klotz demonstrated by ECM conversion [ 69 ]
hat such “LF hook” can also be modelled by a series of RC
ircuits applying negative resistance and capacitance values
 70 ]. This indeed has also no physical meaning but neither
oes the exponent α in constant phase elements (CPE), which
s widely accepted. As this controversy is beyond the scope
f this manuscript, the most common ECM is applied (ECM
 and 5). 

During the second and subsequent Mg stripping (dis-
harge) in Mg|S cells an additional LF semicircle is present,
hich is represented in ECM 3 and 6 by another R-CPE

ircuit [ 71 ]. Interestingly, similar behavior is observed dur-
ng Mg plating in Mg|Mg cells ( Fig. 5 ). As discussed above,
his is assigned to the retarded charge transfer kinetics—most
robably due to a less ion-conductive and probably cracked
n situ SEI layer (Rc-SEI-2 ), which becomes distinguishable in
he MF region of the impedance spectra. This observation is
lso reported by Wang et al. for aqueous Mg batteries [ 50 ].
ote again, that Rc-SEI-2 is most likely also present in other

pectra, yet not distinguishable due to exhibiting a similar
haracteristic frequency as the charge transfer and therefore
eing superimposed. 

.4.4. Influence of sulfur species 
The resulting resistances from the ECM fitting were ex-

mplary depicted in Fig. 13 for bare Mg foil. In Mg|Mg cells
 Fig. 13 a), Rc-SEI-1 is declining with increasing current den-
ity to almost become negligible—and remains constant when
gain applying a low current density. This reflects the mainly
ative SEI to be cracked over a large surface area. This is
acked by the estimation of its conductivity and thickness
n the initial stages of polarization/cycling reflecting a sig-
ificantly higher conductivity (1E-8 S cm-1 ) than MgO ( <
E-14 S cm-1 ), see Supplementary Material, Table S2. Si-
ultanously, the electrolyte resistance Rel is slightly increas-

ng, indicating an ongoing in situ SEI formation to consume
he electrolyte. The charge transfer resistance Rct ( + Rc-SEI-2 )
lso declines with current density, but in contrast to Rc-SEI-1 

eversibly exhibits larger resistances when again applying a
ow current density. The deviation between the initial and fi-
al polarization at 0.1 mA cm−2 most likely arises from an
ncreased surface area. The charge transfer resistance during
lating is slightly higher than during stripping, Rc-SEI-1 and
el do not vary with stripping/plating. 

Comparing the anode resistances gained from Mg|Mg and
g|S cells ( Fig. 13 b), the influence of sulfur species becomes

bvious. The overall charge transfer resistance is significantly
igher and exhibits an undulatory trend, i.e. decrease during
ischarge (Mg stripping) and increase during charging (Mg
lating). This reflects the sulfur species to compete with Mg2 + 

eduction and their contribution to the in situ SEI formation.
n contrast to the rather stable Rc-SEI-2 ( Fig. 13 b) the resis-
ance Rc-SEI-1 assigned to the chemically formed SEI features
 declining trend—similar to the Mg|Mg cell, but with lower
onductivity (8E-11 vs. 1E-8 S cm-1 , Table S2) probably due
o MgS formation. This trend is reproducible and steady with
ngoing polarization/cycling—and independent from the arti-
cial SEI (Fig. S16). 

Interestingly, the sulfur species also influence the forma-
ion of the high-ohmic adsorption layer in the LF region
uring rest at OCV. While it forms instantly in symmetri-
al cells, its evolution is mitigated to some extent in Mg|S
ells (Figure S17). As investigated in an operando UV/Vis
pectroscopy study, even during non-current conditions, dis-
olved sulfur species diffuse to the anode and react at its
urface to form polysulfides or sulfide/sulfate surface layers
eading to a higher c-SEI-1 resistance in comparison to the

g|Mg cell [ 43 ]. These ongoing reactions might hinder the
olvent and salt molecules from adsorbing at the Mg surface.
urther, considering the Bode plots (Fig. S18), the SEI and
T process are already distinguishable in Mg|S cells after cell
ssembly, with latter building up during 1 h OCV. 

. Conclusion 

The present study depicts and discusses the advantages and
rawbacks of different Mg anode approaches as well as their
imilarities and differences in terms of interfacial processes
uring Mg|Mg polarization and Mg|S cycling. Therefore, elec-
rochemical impedance spectroscopy was applied and a sys-
ematic process assignment was performed. Due to changes
uring cell operation, different ECM were proposed includ-
ng the plausible processes in such systems summarized in
ig. 14 . The native, probably cracked inorganic SEI layer (2a)

s observed within every approach, while the organic artificial
EI (1) reveals its porous nature with an additional process

n the HF region. The occurrence and characteristic of the
ther interfacial processes strongly depends on the SOC dur-
ng cycling and the presence of sulfur species, which affect
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he plating/reduction process and the surface layer formation.
he in situ SEI (2b) is only partially distinguishable from the
harge transfer in symmetrical cells and during discharge of
g|S cells (Mg stripping). The charge transfer (Mg ↔ Mg2 + )

xhibits retarded kinetics in the presence of sulfur species (3b)
ith the overall impedance and time constant being signifi-

antly increased in comparison to sulfur-free cells (3a). The
igh-ohmic adsorption layer (4) forms reversibly during non-
urrent conditions independent of the applied anode, but has
o relevance during cell operation as the adsorbed electrolyte
pecies instantly desorb when applying a current. In Mg|S
ells, its formation competes with the non-faradaic sulfur re-
uction, i.e. self-discharge, and consequential surface layer
ormation. Due it partially overlapping with other processes,
perando EIS is crucial for conducting a reliable EIS analy-
is. In the LF region, inductive loops (5) appear during Mg
lating, especially during charging of Mg|S cells, which most
ikely reflects a surface relaxation of adsorbed monovalent
agnesium ions. 
All anode approaches exhibit a current-dependent strip-

ing/plating overpotential asymmetry, which related to the
ate limiting step of Mg2 + desolvation during plating. Among
ll anodes, the organic a-SEI possesses the lowest asymmetry,
.e. facilitated desolvation, yet on the expense of an additional
iffusion resistance. Interestingly, despite the significant plat-
ng/stripping asymmetry, the impedance spectra hardly differ
etween stripping and plating, which indicates the desolva-
ion of Mg2 + ions to have less influence on the interfacial
rocesses visible in EIS measurements. The Mg pellet and
g slurry approach do potentially offer the benefit of an in-

reased surface area, yet due to native oxide layers, the sur-
ace is only partially active—and they are no practical option
ue to the large thickness and dead voids. However, a thin
luminum mesh to function as current collector into which
g particles are pressed by a rolling procedure might be an

nteresting future approach as the Mg excess can then be min-
mized without losing the current collector scaffold ( Fig. 14 ).

The suitability of the other approaches is apparently linked
o the active mass loading of the cathode, which defines the
alanced anode thickness. While Mg foil and the Mg al-
oy AZ31 might be most promising for high-loadings (anode
hickness > 30 μm) and cost-effective processing, the PVD
pproach is well-suited to tailor the Mg excess while giv-
ng the advantage to simultaneously introduce an inorganic
rtificial SEI layer. 

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