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Abstract

Rechargeable Mg-ion batteries typically suffer from either rapid passivation of the Mg anode or severe
corrosion of the current collectors by halogens within the electrolyte, limiting their practical
implementation. Here we demonstrate the broadly applicable strategy of forming an artificial solid
electrolyte interphase (a-SEI) layer on Mg to address these challenges. The a-SEI layer is formed by
simply soaking Mg foil in a tetraethylene glycol dimethyl ether (TEGDME) solution containing LiTFSI
and AICls, with Fourier-transform infrared and ultraviolet-visible spectroscopy measurements revealing
spontaneous reaction with the Mg foil. The a-SEI is found to mitigate Mg passivation in
Mg(TFSI),/DME electrolytes with symmetric cells exhibiting overpotentials that are 2 V lower
compared to when the a-SEI is not present. This approach is extended to Mg(ClO4),/DME and
Mg(TFSI),/PC electrolytes, to achieve reversible Mg plating and stripping, which is not achieved with
bare electrodes. The interfacial resistance of cells with a-SEI protected Mg is found to be two orders of
magnitude lower than that with bare Mg in all three electrolytes, indicating the formation of an effective
Mg-ion transporting interfacial structure. X-ray absorption and photoemission spectroscopy
measurements show the a-SEI contains minimal MgCO3, MgO, Mg(OH), and TFSI', whilst being rich
in MgCl,, MgF, and MgS, when compared to the passivation layer formed on bare Mg.
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Introduction

Magnesium metal offers a low reduction potential (2.37 V versus normal hydrogen electrode), high
volumetric capacity (3,833 mA h/cm®), and high abundance, making it attractive for low-cost, high
energy density electrochemical devices.!”* Moreover, dendrite formation upon cycling is suppressed on
account of the low barrier associated with Mg self-diffusion,* avoiding the safety concerns associated
with internal short-circuits in rechargeable Li-metal batteries. Although the feasibility of Mg
electrochemical systems was demonstrated almost two decades ago,” Mg-ion batteries (MIBs) still
remain at the research stage. One of the main obstacles to realizing commercial MIBs is the poor
compatibility between Mg metal anodes and existing electrolytes. The low reduction potential of Mg
means a wide variety of solvents, salts, and contaminants are readily reduced on the metallic Mg anode
forming a passivating layer that is not only electronically insulating but also typically ionically
insulating, preventing reversible Mg stripping/plating.

A variety of electrolyte chemistries have been explored to improve the compatibility of Mg metal
with the electrolyte, including those based on Grignard reagents,® 7 magnesium hexamethyldisilazide
(Mg-HMDS), ? magnesium aluminum chloride complex (MACC),!* ! and boron-containing Mg-ion
electrolytes.' 13 However, these typically exhibit narrow electrochemical windows or contain halogen
anions (e.g. Cl') that may corrode metallic battery components within the charge-discharge potential
window, making them unsuitable for practical devices. What’s more, chlorides in the electrolyte
solution are thought to hinder Mg-ion transfer between the solution phase and host lattice,'* constraining
the use of high-voltage metal oxide cathode materials in MIBs.

Amongst the halide-free electrolytes, ethereal Mg(TFSI); (trifluoro-methane-sulfonimide [TFSI])
shows promise in avoiding current collector corrosion, whilst exhibiting a high anodic limit, high
solvating power, and formation of a solvation sheath that facilitates Mg stripping/plating.'> 16
Nevertheless, relatively low Coulombic efficiencies and large overpotentials for Mg stripping/plating
are typically reported,'® with reduction instability of TFSI theoretically predicted'® and experimentally
observed."” Suppressing current collector corrosion whilst simultaneously avoiding complete
passivation of the Mg surface thus remains a significant challenge in identifying electrolytes compatible
with metallic Mg electrodes.

Rather than attempting to maintain a bare Mg-metal surface, the formation of a Mg-permeable
solid electrolyte interphase (SEI) that avoids direct contact between the highly reducing Mg surface and
the electrolyte is a broadly applicable strategy to realizing reversible Mg plating/stripping.'® Electrolytes
that are not thermodynamically stable in contact with metallic Mg, undergo reduction to form a surface
layer that can be considered as either a passivation layer, if its ionic conductivity is so low that
plating/striping is completely suppressed, or a SEI layer, if it exhibits low electron conductivity and
high enough ionic conductivity that Mg-ions can transit under small applied potentials. Although these
layers are significantly different in function, there isn’t necessarily a sharp distinction between their
structure and composition: Modest changes in the electrolyte composition can cause the corresponding
surface layer resistance to change by orders of magnitude.'™ ? In this direction there have thus been
various attempts to engineer artificial SEI (a-SEI) layers®! and metal-organic framework films®* that
provide Mg-ion transport but block anions and solvent molecules. A recent approach has shown that the
addition of TiCls to ethereal Mg(TFSI), leads to formation of Ti(TFSI),Cl, by a ligand exchange
reaction,? which is then thought to interact with the surface of the Mg anode to form a fresh Mg surface
that facilitates reversible Mg-ion deposition and dissolution. This highlights that the chemical reaction



between electrolyte components (e.g. TFSI') and Mg compounds can be altered by other species in
solution.

Herein, we introduce a simple electrode soaking approach to form an a-SEI layer that avoids
passivation of Mg electrodes in a variety of MIB electrolytes including Mg(TFSI),/DME,
Mg(ClO4)2/DME, and Mg(TFSI),/PC. This involves altering the decomposition of TFSI" anions on bare
Mg by the addition of AICI; to LiTFSI in TEGDME, in order to avoid the passivation behavior seen for
Mg(TFSI),; on Mg. Fourier transform infrared (FTIR) and Ultraviolet-Visible (UV-vis) spectroscopy
combined with scanning electron microscopy (SEM) measurements show that the chemical reaction
between Mg and the solution occurs spontaneously at room temperature generating a surface layer on
bare Mg. Electrochemical impedance spectroscopy (EIS) and galvanostatic discharge/charge confirms
the surface layer functions as a Mg-permeable a-SEI. In an effort to clarify the difference between the
a-SEI and passivation layers, specimens of Mg foil soaked in LiTFSI+AICI3/TEGDME and
Mg(TFSI)o/TEGDME respectively, were examined by X-ray photoelectron spectroscopy (XPS) and
near edge X-ray absorption fine structure (NEXAFS) spectroscopy. The understanding developed of the
differences in chemical structure between the a-SEI and passivation layers serves as a basis for further
improving Mg-electrolyte interfaces for MIBs.

Methods

Materials. Anhydrous tetracthylene glycol dimethyl ether (TEGDME, 99%), ethylene glycol dimethyl
ether (DME, 99.5%), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 99%), magnesium
perchlorate (Mg(ClO4),, AR), and propylene carbonate (PC, 99.7%) were purchased from Aladdin
Industrial Corporation (Shanghai). Aluminum chloride (AICl;, 98%) was purchased from Sigma-
Aldrich and Magnesium(Il) bis(trifluoromethanesulfonyl)imide (Mg(TFSI),, 97%) from TCI
(Shanghai). All solvents were treated with 4 A molecular sieves to remove water before use. The Mg
foil surface was scraped with a sharp stainless steel blade just before use to remove the oxide film. All
procedures for electrolyte synthesis, surface film preparation, battery assembly, and sample preparation
were conducted in an Ar-filled glove box.

Preparation of Mg foil with a-SEI layer. 0.861 g LiTFSI was added to 5 ml TEGDME and stirred
until complete dissolution, then 0.133 g AlCI; was slowly added followed by stirring for 24 hours. The
scraped Mg foil was then soaked in the solution for 24 hours to yield Mg foil covered with a-SEI layer.
Preparation of Mg foil with passivation layer. A solution was prepared by adding 1.46 g Mg(TFSI),
to 5.0 ml TEGDME and stirring at room temperature for 24 hours. The scraped Mg foil was then soaked
in the solution for 24 hours.

Preparation of Mg foil with other layers. 0.876 g Mg(TFSI), was added to 5 ml TEGDME and stirred
until complete dissolution, then 0.133 g AICl; was slowly added followed by stirring for 24 hours. The
scraped Mg foil was then soaked in the solution for 24 hours.

0.861 g LiTFSI was added to 5 ml TEGDME and stirred until complete dissolution, then 0.143 g MgCl,
was slowly added followed by stirring for 24 hours. The scraped Mg foil was then soaked in the solution
for 24 hours.

Synthesis of electrolytes. The Mg(TFSI),/DME electrolyte was prepared by adding 0.584 g Mg(TFSI),
into 2 ml DME followed by stirring at room temperature for 24 hours. The Mg(ClO4)/DME electrolyte
and Mg(TFSI)./PC electrolyte were prepared using a similar procedure but replacing Mg(TFSI), with
Mg(ClO4), or DME with PC. The concentration of all three electrolytes is 0.5 M.

Electrochemical testing. All electrochemical tests were performed using 2025-type coin-cells. The



soaked Mg foils were washed in DME to remove residual solution before being used in cells.
Galvanostatic cycling experiments were performed using a Neware, BST-5 V5 mA battery test system.
Electrochemical impedance spectra over a frequency range from 10 kHz to either 10 or 100 mHz were
obtained using an electrochemical workstation PARSTAT 2273. All of the measurements were carried
out at room temperature.

Materials characterization. FTIR spectra were obtained using a Nicolet iS10 instrument. UV-vis
absorption spectra were collected using a Perkin Elmer LAMBDA 1050 spectrophotometer, with the
solution diluted three times before measurement. All the soaked Mg foils were thoroughly rinsed with
DME or TEGDME before SEM, XPS and NEXAFS measurements. SEM and Energy-dispersive X-ray
spectroscopy (EDS) images were acquired with a Zeiss ultra plus microscope, with samples transported
in a sealed container from the glovebox to instrument but with a 2-3 min air exposure during loading
into the SEM. XPS measurements were performed using a Thermo Nexsa system with
monochromatized Al Ka X-rays. The samples were prepared in the glovebox and placed in a transfer
vessel with a one-way valve. The transfer vessel was evacuated in the pre-chamber of the glove box
and transferred to the XPS analysis chamber without air exposure. Adventitious carbon, C-C (284.8 eV)
is used as the energy reference for all spectra. Peak fitting was performed using CASA XPS software,
with a Shirley background, and applying LA (0.95,1.05,10) line shape for metallic Mg species, or LA
(1.53, 243) line-shape for non-metallic species. The asymmetry index for metallic Mg is 0.062.
NEXAFS spectroscopy measurements were performed in total electron yield mode (TEY) using
a SR570 low-noise current amplifier (Stanford Research Systems) at beamline BO7-C of the Diamond
Light Source (DLS), United Kingdom. All samples were mounted on the same sample holder in the
glovebox which was then heat-sealed in an aluminium laminated pouch and transferred to the beamline.
The pouch was opened in a glovebag connected to the sample loadlock following three cycles of purging
with Ar, and the sample immediately placed in the loadlock which was then evacuated. The beamline
exit slits were opened to 800 pm in the non-dispersive direction, and 50 um in the dispersive direction,
which results in a spot size of approximately 100 x 200 um. Spectra are normalized to the incident
photon flux measured using an Au foil cleaned by repeated sputter-annealing cycles, with transient
changes (e.g. electron top-up) accounted for by measurement of the photocurrent of an upstream
beamline slit. Energy calibration is performed by setting the first inflection point in the derivative
spectrum of the Mg K-edge of metallic Mg to 1303.0 eV,

Results and discussion

Mg foil with an artificial SEI (a-SEI) was prepared by soaking bare Mg foil in
AICI3+LiTFSI/TEGDME for 24 hours, following the protocol described in the Methods section. FTIR
spectra of the relevant solutions were acquired to reveal interactions between components within the
solution and reactions with the Mg foil (see Figure 1a, where all spectra have the TEGDME solvent
background subtracted). There are no obvious changes between the LiTFSI/TEGDME and
AICI;+LiTFSI/TEGDME solution in the range of 700-1500 cm™!, consistent with previous literature
reports comparing FTIR spectra of AI(TFSI)s/acetonitrile (AN) and LiTFSI/AN.? Strong peaks
corresponding to SO,-N-SO; (1060 cm ™), SO, (1194 and 1355 cm™) and S-N (at 738 cm™') stretches
are clearly present for the AICI;+LiTFS/TEGDME solution (Figure 1a iii),*® confirming the presence
of the TFSI" anion as for the LITFSI/TEGDME solution (Figure 1a ii). In the 600-700 cm™! region, a
new absorbance signal is observed at 624 cm™! in the AICI;+LiTFSI/TEGDME solution, which is not
present in the AICl;/TEGDME (Figure 1a i) or LiTFSI/TEGDME solutions, consistent with it arising



from interaction between the LiTFSI and AICl;. The FTIR spectra of the AICI+LiTFSI/TEGDME
solution after reacting with Mg for 24 hours exhibits another new peak at 648 cm™', and the color of the
solution gradually becomes lighter as the reaction proceeds (Figure S1). This implies that the reaction
between the solution and Mg foil proceeds over the course of many hours. The UV-vis absorption
spectra in Figure 1b show absorption maxima whose intensities decrease as the reaction progresses,
further confirming this view.

SEM and EDS were used to observe the surface morphology and composition of the Mg foil before
(Figure 1c and Figure S2) and after (Figure 1d and Figure S3) soaking in the AICI;+LiTFSI/TEGDME
solution for 24 h. The micrographs show no evidence of residual electrolyte salt crystals attached to the
Mg surface after soaking, but a surface layer is observed that appears reasonably uniform, conformal
and crack-free, even over the striations induced during cleaning of the Mg foil by scraping. A number
of small pits are visible, suggesting the surface layer is somewhat porous. The Mg foil was fractured to
enable observation of its cross-sectional profile (Figure 1e). EDS elemental mapping (Figure le overlay
and Figure S4) of the section shows that the F, Cl and S Ka signals are stronger close to the surface
layer compared to the Mg metal below, consistent with formation of a surface layer incorporating
species from the solution used for soaking. Having confirmed the formation of a surface layer following
the 24 hr soaking period, we now consider its ability to conduct Mg?" and its stability during repeated
stripping/plating.
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Figure 1 (a) FTIR spectra of (i) AICl3/TEGDME solution, (ii) LITFSI/TEGDME solution as well as the
AICI;+LiTFSI/TEGDME solution (iii) before and (iv) after Mg foil soaking for 24 hours. (b) UV—-Vis
absorption spectra of AICI;+LiTFSI/TEGDME after different Mg foil soaking times. SEM images
showing plan views of (c) bare Mg foil, and (d) Mg foil soaked in AICI;+LiTFSI/TEGDME for 24
hours, and (e) a cross-section and EDS mapping of Mg foil soaked in AICI;+LiTFSI/TEGDME for 24
hours. All SEM images are acquired by secondary electron detection using an Everhart-Thornely

detector.



The general applicability of the a-SEI film is explored using three different electrolyte formulations
where both salt and solvent are varied: Mg(TFSI),/DME, Mg(ClO4),/DME, and Mg(TFSI),/PC.
Mg(TFSI)o/DME is considered a promising MIB electrolyte with recent studies confirming Mg
stripping and deposition in ethereal Mg(TFSI), solutions albeit with large overpotentials needed to
initiate stripping.'® Mg(ClO4),/DME exhibits lower reduction stability with ClO4™ tending to react with
Mg to form a poorly or non-conducting surface layer, and thus the application of Mg(ClO4), in MIBs
has mainly focused on solid electrolyte systems to date.?” Mg(TFSI),/PC offers potential advantages as
the carbonate ester, which has been widely explored in Li-ion battery research, is non-corrosive and
highly resistant to oxidation. However, due to its reductive decomposition on the Mg surface, a semi-
carbonate interphase with negligible Mg?*" conductivity is formed, such that reversible Mg
deposition/stripping is typically not achieved.?

EIS and galvanostatic discharge/charge profiles were obtained using symmetric cells consisting of
bare-Mg/bare-Mg or a-SEI-Mg/a-SEI-Mg electrodes, for each of the electrolytes. Figure 2 shows
Nyquist plots for these cells, fitted with the equivalent circuits shown inset. The R-C pair of the bare-
Mg/bare-Mg cell corresponds to the charge transfer process, and the two R-C pairs of the a-SEI-Mg/a-
SEI-Mg correspond to the migration of Mg ions in the SEI layer at relatively higher frequency and the
charge transfer process at relatively lower frequency. The fitted data is summarized in Table S1. The
initial impedance spectra of bare-Mg/bare-Mg for all three electrolytes exhibit depressed semicircular
capacitive loops corresponding to interfacial impedances from hundreds to thousands of kQ-cm™. These
high interfacial impedances are attributable to the formation of a passivation layer by electrolyte
decomposition on the bare Mg, that exhibits poor Mg-ion transport properties. The impedance spectra
of a-SEI-Mg/a-SEI-Mg cells exhibit dramatically smaller charge transfer resistances, two orders of
magnitude lower than the corresponding bare-Mg/bare-Mg cells, indicating the a-SEI formed is more
ionically conductive and comparatively faster charge transfer occurs at the Mg metal interface. EIS
measurements for shorter soaking times in AIC+LiTFSI/TEGDME (4 hrs, 10hrs, Figure S5) reveal
that Rsgr and Re decrease gradually with increasing soaking time, further indicating a-SEI formation

proceeds over a number of hours.
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Figure 2 EIS spectra of bare-Mg/bare-Mg and a-SEI-Mg/a-SEI-Mg cells: (a) bare-Mg in
Mg(TFSI),/DME, (b) bare-Mg in Mg(Cl04)»/DME, (c) bare-Mg in Mg(TFSI),/PC, (d) a-SEI-Mg in



Mg(TFSI)./DME, (e) a-SEI-Mg in Mg(ClO4),/DME and (f) a-SEI-Mg in Mg(TFSI),/PC electrolytes .
(d) The insets show the equivalent circuits used for fitting.

For each electrode-electrolyte combination, repeated galvanostatic charge/discharge cycles were
performed at half-hour intervals at a current density of 0.01 mA/cm? (switching to potentiostatic cycling
if the voltage exceeded the range of -3 V to 5 V). As shown in Figure 3, the bare-Mg/bare-Mg cells
display relatively large overpotentials of the order of volts in all three electrolytes, and soon fail to
deposit and strip at the desired current density in the Mg(ClO4)/DME and Mg(TFSI),/PC electrolytes
after only a few cycles. In the Mg(TFSI),/DME electrolyte, the overpotential grows during the first 8
cycles but then becomes reasonably stable at a lower value of around 2.4 V (Figure 3a). This is
attributable to an initial period during which a stable layer forms by electrolyte decomposition that does
not completely passivate the surface, thereby allowing Mg deposition and stripping to proceed, however
the relatively large overpotential indicates rather poor Mg?* conductivity for this layer. For the
Mg(ClO4)2/DME and Mg(TFSI),/PC electrolytes which are known to be more vulnerable to reduction,
the overpotential of the bare-Mg/bare-Mg cells is seen to increase every cycle, ultimately exceeding the
voltage limits of -3V to 5V used herein (Figure 3b and 3d). This behavior implies the ongoing reduction
of the electrolytes on the Mg surface during charge and discharge which eventually completely
passivates their surface. This is consistent with prior understanding of bare Mg electrodes in electrolytes
containing ClO4 and PC where non-conductive interphases are expected to form by the reductive
decomposition of these electrolytes®®. Electrochemical impedance spectroscopy was further performed
to elaborate this phenomenon (Figure S 6). By comparing the impedance between the cells before and
after 20 cycles, it can be seen that there is a substantial reduction of the interfacial resistance in the cell
with Mg(TFSI),/DME electrolyte indicating a more Mg?* permeable layer forms with cycling. However,
the cells with Mg(ClO4)»/DME and Mg(TFSI),/PC electrolytes do not exhibit such a lowering of
impedance after continued cycling, but rather a gradual increase. This impedance increase is attributable
to the growth of an ion-blocking layer that forms either as a result of the ~20 hours of contact between
the Mg electrodes and electrolyte and/or ongoing electrochemical decomposition of electrolyte on the
electrode surface. Furthermore, SEM pictures in Figure S 7 show an abundance of dissolution pits on
the Mg electrode in Mg(TFSI)./DME electrolyte, attributable to localized Mg stripping that may be
related to thinner, or higher conductivity regions in the ion-blocking layer. No such indication of Mg
stripping is found for the Mg(ClO4)/DME and Mg(TFSI),/PC electrolytes. Combined with the results
of galvanostatic discharge/charge and electrochemical impedance, this suggests that no significant
deposition or stripping of Mg is realized in the bare-Mg/bare-Mg cells with Mg(ClO4)/DME and
Mg(TFSI),/PC, and instead electrolyte decomposition increasingly passivates the electrode surfaces.

Symmetric cells made using the Mg electrodes with a-SEI are found to exhibit low overpotentials
and reasonable deposition/stripping performance in all three electrolytes at current densities of 0.01 mA
cm ', In Mg(TFSI)./DME electrolyte, the overpotential is reduced by 2 V compared to the bare Mg
electrode (Figure 3a), and although it grows slightly from ~0.2 V to ~0.3 V in the first 5 half-cycles it
remains extremely stable at ~0.3 V across subsequent cycles (the voltage response for 1000 h of cycling
is shown in Figure S8). This stable and low overpotential indicates that with the a-SEI present reversible
Mg deposition and stripping is achieved. SEM imaging shows that the morphology of the a-SEI-Mg
after one half-cycle of Mg deposition (Figure S9a), an additional half-cycle of stripping (Figure S9b),
and after 20 full cycles (Figure S10 a) remains similar to before cycling (Figure S3a). There is no
significant additional pit formation, which would otherwise indicate localized Mg deposition/stripping.
Together with the cycling data, this suggests that the a-SEI remains intact and relatively homogeneous



during cycling, and is effective in preventing the Mg from direct chemical reaction with TFSI- while
still allowing the passage of Mg-ions for plating and stripping. EIS of the symmetric a-SEI-Mg/a-SEI-
Mg cell after 20 half-cycles, indicates Rsgr and R are less distinct but have not dramatically increased,
and a straight line is apparent in the low frequency region (Figure S11), consistent with the involvement
of diffusion processes. The polarization is found to remain low even at a higher current density of 0.1
mA cm! (Figure S12), where it stays below 0.35 V during 300 h of cycling.

For a-SEI-Mg/a-SEI-Mg in a Mg(ClO4),/DME electrolyte, the polarization is around 0.5 V for the
first six cycles, then suddenly drops to 0.2 V, and then slowly increases back to 0.6 V after ten cycles
or so. The presence of the a-SEI therefore again leads to a relatively stable and low overpotential
potential, in sharp contrast to when bare Mg electrodes are used (Figure 3¢). However, we note that the
overpotential is not quite as stable or as low as in Mg(TFSI),/DME indicating that the a-SEI may evolve
somewhat during continued cycling. This may relate to differences in the adsorbed ions at the anode
surface for these two electrolytes. Indeed the different adsorption and desolvation energies of species at
the electrode surface may lead to different Mg deposition/stripping overpotentials, which may in turn
induce changes in the a-SEI layer. Comparison of SEM images before and after cycling (Figure S10 b)
again indicates little change in the surface morphology consistent with the a-SEI layer remaining
reasonably stable and homogeneous in the Mg(ClO4),/DME electrolyte.

Significantly, the behavior of the Mg electrodes with a-SEI in Mg(TFSI),/PC electrolyte is found
to be quite different. Whilst the magnitude of the overpotential remains relatively low and constant
(~0.2 V) over the first ~15 cycles (Figure 3e), indicating effective Mg deposition/stripping, the
polarization is subsequently seen to increase with cycle number and the cycling curve loses its quasi-
rectangular character, presumably due to degradation of the a-SEI layer in the PC solvent. Nevertheless,
the overpotential after 25 cycles remains below that seen initially for the bare Mg electrodes in the same
solvent. Unfortunately, the cell with Mg(TFSI)»/PC electrolyte eventually fails at the 30" cycle, and the
SEM shows that the morphology of the Mg electrode after cycling (Figure S10 c) is also quite different.
Abundant magnesium dissolution pits appear on the surface indicating localized stripping of Mg which
may correlate with damaged regions of the a-SEI, suggesting that the a-SEI gradually loses its protective
effect. This different behaviour compared to Mg(TFSI)./DME can be rationalized by considering the
significant impact solvent choice can have on the stability the a-SEI, as well as on the viscosity and
ionic conductivity of an electrolyte, leading to different ion distributions and overpotentials during Mg
deposition/stripping.?” Furthermore, changes in the strength of bonding between TFSI- ions, Mg-ions,
and solvent molecules can affect electrolyte decomposition and the deposition of Mg metal.>* We
therefore suggest that the a-SEI either partly dissolves or its composition is changed through reaction
with decomposition products of the Mg(TFSI),/PC electrolyte, such that its ability to conduct Mg ions
is reduced, and a greater deposition and stripping overpotential is thus required. The localized stripping
of Mg observed is likely the result of inhomogenous Mg-ion conductivity in the resulting passivation
layer.

In order to explore the importance of AlICl; and LiTFSI during the a-SEI formation process,
repeated galvanostatic charge/discharge cycles where performed for symmetric cells made with Mg
foils soaked either in MgCL+LiTFSI/TEGDME or AlCl;+Mg(TFSI),/TEGDME solution. The
polarization of these cells is found to initially be intermediate between the a-SEI-Mg and bare-Mg
symmetric cells. However, the polarization fluctuates greatly with cycling, and short circuits occur after
around ten cycles (Figure S14 and S15) confirming that soaking in these solutions does not yield a
similar a-SEI. This suggests that the conformational states of TFSI" in the three solutions are different,



presumably due to the different cation sizes and ionic strengths of the AI**, Mg®’, and Li'.*' The
decomposition products of TFSI" on Mg in the AICI3+LiTFSI/TEGDME solution appear to facilitate
effective Mg-ion transfer whilst preventing passivation in the 3 electrolytes considered. The films
formed by soaking in MgCL+LiTFSI/TEGDME and AICl;+Mg(TFSI),/TEGDME behave differently
to the bare-Mg in Mg(TFSI),/DME electrolyte, partially protecting the Mg from the passivation of the
electrolyte, but as cycling progresses, stable Mg ion stripping/plating cannot be achieved.

In summary, the a-SEI layer shows the ability to conduct Mg-ions, as indicated by reversible
deposition/stripping behavior and significantly reduced impedance compared to bare Mg electrodes.
Mg electrodes protected with a-SEI exhibit excellent reversibility for 100 h in Mg(TFSI)»/DME and
Mg(ClO4)./DME electrolytes without pronounced overpotential build-up during extended cycling, and
the a-SEI also enables reversible electrochemical cycling even in the PC based electrolyte.
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Figure 3 Voltage responses of bare-Mg/bare-Mg and a-SEI-Mg/a-SEI-Mg cells in different electrolyte
systems at current density of 0.01 mA cm!. (a) Mg(TFSI)./DME electrolyte, (b-c) Mg(ClO4)/DME
electrolyte, (d-e) Mg(TFSI),/PC electrolytes. Where b and d are the first four cycles of the cells with
bare Mg electrodes in ¢ and e. In some cases, the voltage exceeded the range of -3 V to 5V, and the
cells were switched to potentiostatic cycling.

To better understand the chemical structure of the surface layers that form on the Mg, XPS
measurements were performed on freshly prepared bare Mg, the a-SEI, and the passivation layer formed
by soaking in Mg(TFSI),/TEGDME solution. All were directly transferred from the glovebox to the
XPS sample chamber using a vacuum transfer vessel avoiding ambient exposure. A survey scan of
LiTFSI+AICI;/TEGDME immersed Mg foil shows the presence of Mg, F, Cl, S, O, and C species on
the surface while N, Al and Li species are not detected (Figures S16, S17), suggesting that not only



TFSI ions but also Cl ions are involved in formation of the a-SEI layer. Considering the Mg 2p core
level spectra, the binding energies of MgO, Mg(OH),, MgF», and MgS lie close to each other at ~50.8
eV,**3% whilst MgCl, and MgCOs both lie close to ~51.9 eV,* 3¢ making direct analysis potentially
ambiguous. We therefore first consider the core levels of the other elements. The absence of any
detectable signal in the N 1s region (Figure S17) confirms that the sample rinsing procedure is effective
in removing electrolyte residue related to TFSI". The Cl 2p XPS spectrum in Figure 4a confirms the
existence of MgCl, and organic compounds containing C-Cl bonds,*” with the amount of Cl in MgCl,
approximately three times that in organic compounds based on the peak areas. The F 1s XPS spectrum
(Figure 4b) indicates the presence of two main F-containing species on the surface at binding energies
of 684.8 eV and 688.2 eV, assigned to MgF, and -CF; respectively.®® Since no significant TFSI-
contribution is expected based on the N1s region, the MgF, and -CF; are attributable to products of
TFSI reduction on the Mg surface during a-SEI layer formation. Similarly, the S 2p spectrum (Figure
4c) is fitted with species attributable to inorganic MgS (S 2ps. located at 161.2 eV, AE=1.16 eV) and
organic peaks representing -C-SOx-C- (X=2,3) (169.2 eV, 166.7 ¢V) and C-S (164.5 eV) respectively
39.40 The components identified correspond well with the features in the Mg 2p and C 1s spectra, within
the limits of overlapping peaks discussed earlier. The significant peaks of -CF; (located at 293.0 eV),
C=0(288.0eV), C-Cl1(287.0eV), C-O/C-S (286.4 eV) and C-C (284.8 ¢V) in the C 1s spectrum (Figure
S18) confirm the presence of various carbonaceous components.’® #1“3 Considering the Mg-containing
components in the above spectra, the spectrum of Mg 2p (Figure 4d) can be assigned to three main
species, corresponding to Mg° at 49.6 eV, MgF»/MgS at 51.0 eV and MgCl, at 51.7 eV respectively.
The XPS results in Figure 4(a-d) lead to the conclusion that the surface of the a-SEI layer is composed
of inorganic components such as MgF,, MgCl,, MgS and possibly some minor MgO and Mg(OH).
contributions as well as organic components, but largely free of intact TFSI".

In contrast to the a-SEI layer, XPS measurements of the passivation layer, formed by immersion
of Mg foil in Mg(TFSI),/TEGDME solution for 24 hours, show not only F, S, Mg, C, and O species but
also a small N 1s contribution on the surface apparent in the survey spectrum (Figure S19). The N 1s
core level spectrum in Figure 4e shows a single peak at ~400.0 eV attributable to TFSI 3% % Further
evidence for the presence of TFSI" comes from the F 1s spectra (Figure 4f) where two species
corresponding to -CF3 and -CF can be observed, with the dominance of the former species consistent
with TFSI" incorporated into the passivation layer or adsorbed on its surface. In addition, the spectrum
of S 2p in Figure 4g exhibits only a single pair of peaks which are assigned to TFSI",* and lacks the
MgS component seen in the a-SEI. The Mg 2p core level spectrum in Figure 4h shows that some of the
inorganic components seen in the a-SEI such as MgF,, MgCl, and MgS are absent from the passivation
layer, whilst MgO/Mg(OH), and MgCO; are now observed (see also C 1s spectrum — Figure S20).3% 4
Furthermore the Mg” component is significantly weaker than for the a-SEI, suggesting that the
passivation layer is appreciably thicker than the a-SEI.

According to these observations, the a-SEI layer is distinguished by its content of MgF,, MgS and
MgCl,, whereas the much thicker passivation layer formed in Mg(TFSI),/TEGDME is rich in MgCOs3
as well as MgO/Mg(OH),, and incorporates intact TFSI". Although bulk MgF,, MgCl,, and MgS have
high diffusion barriers for Mg ion transport,*- > their presence as SEI components has previously been
reported.***® Given the nanometer scale thickness of the a-SEI (<10 nm, given Mg’ is readily resolved
in XPS) and the combination of organic and inorganic constituents, abundant grain boundaries and local
variations in chemical composition may facilitate the Mg-ion transport observed herein.
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Figure 4. High resolution XP spectra of the a-SEI Mg interface (a-d) and the passivation layer formed
on Mg in Mg(TFSI)o,/TEGDME (e-h) covering the Cl 2p (a), F 1 s (b, ), S 2p (c,g), Mg 2p (d,h) and
N Is (e) core levels.

Synchrotron-based NEXAFS measurements were also performed in total electron yield (TEY)
mode (~10 nm information depth) to further investigate the surface chemistry of these samples. Figure
5 shows the Mg, O, and C K-edge absorption spectra of the bare Mg, a-SEI Mg and passivated Mg. All
spectra have been processed by subtraction of a linear background fitted to the pre-edge region and
normalization of the post-edge. The NEXAFS spectra have contributions from multiple species whose
features can be complex and overlap. Based on reference spectra from literature, the Mg K-edges are
assigned using the following key features for candidate species: Mg® with the first near edge feature at
~1305 eV, MgO with main features at ~1309, ~1315, and ~1317 eV, Mg(OH), with main feature at
~1314 eV and an additional small feature at ~1328 eV, MgCO3 with main features at 1311 and 1313 eV,
MgCl,/MgS both with main feature at ~1310 €V, and MgF, with main feature at 1315 V.35

(a) (b) (c)
Bare Mg Bare Mg
a-SEl Mg
Bare Mg
4-SEI Mg
5 5 5
& s 8 :
> ivated Mg 2| \/\ﬂ > assivated Mg
2 Mg(OH), ! 2 g
o L MOk g 5 cFl
i - 1}
= == =

Passivated Mg

11}
§ IS | I | PO P NP B | et (T (S |

1300 1310 1320 1330 1340 520 530 540 550 560 570 580 280 285 290 295 300 305
Photon Energy (eV) Photon Energy (eV) Photon Energy (eV)

Figure 5 (a) C K-edge, (b) O K-edge and (c) Mg K-edge NEXAFS spectra of different Mg foils.
Where the i, ii and iii are bare Mg, a-SEI Mg and passivated Mg respectively.



As seen in Figure 5a (i), the bare Mg resembles metallic Mg with some MgO coverage,* as well
as small Mg(OH), and MgCOs contributions indicating surface reaction with residual contaminants
from the glovebox environment and during transfer to the beamline. The O K-edge and C K-edge
(Figure 5b,c 1) further confirm the presence of MgO at the surface, with the feature at 546.0 eV
distinguishing from other candidate species,’ > whilst small contributions at 533.7 ¢V and 290.4 eV
are consistent with MgCO; *° Note the C K-edge features at 285.1 eV, 287.5, and 288.6 eV are seen for
all samples and are attributable to 1s — w* transitions of C=C, C-H, and C-O bonds typical of
adventitious carbon.’’

The Mg K-edge spectrum of the a-SEI Mg (Figure 5a ii) shows a similarly strong metallic Mg
contribution, but with considerably decreased MgO features and the emergence of MgCl,/MgS features
and possibly MgF,. This is consistent with the a-SEI having a similar thickness to the thin layer formed
on the bare Mg due to residual contaminants, although its chemistry is clearly different. The O K-edge
Figure 5 (b ii) shows suppression of the feature at 546.0 eV again confirming the lower MgO content,
whilst the intensities of the MgCO3 feature at 533.7 eV and the corresponding feature at 290.4 eV in
the C K-edge (Figure 5 c ii) show little variation, indicating the MgCO3 content is relatively unchanged.
The C K-edge also shows an additional feature at 294.7 eV assigned to CF; related to TFSI
decomposition *® consistent with the XPS results.

In sharp contrast, the Mg K-edge spectrum of Mg foil passivated by soaking in
Mg(TFSI)o,/TEGDME solution (Figure 5a iii) shows a much weaker metallic component and more
pronounced MgO, and Mg(OH), features indicating the passivation layer formed over the metallic Mg
is much thicker than the a-SEI. MgCOj3 is also present but harder to distinguish due to overlap with the
features of these other species. However, the O and C K-edges in Figure 5 (b-c iii) reveal intense MgCO;
features which are much stronger than for the bare Mg foil (sample 1). Furthermore, the O K-edge shows
a weak feature at 546.0 eV attributable to the presence of some MgO, and the CF; feature is again
present in the C K-edge consistent with the XPS results. Together this indicates significant MgCO3 and
Mg(OH), content in the passivation layer that is attributable to Mg(TFSI), decomposition, whereas the
MgO may persist from the freshly prepared Mg.

The NEXAFS analysis therefore further demonstrates that MgCl, and MgS are present in the a-
SEI layer whilst MgO is suppressed which may contribute to its low overpotential for Mg
plating/stripping and cycling stability. On the other hand, the passivation layer formed in
Mg(TFSI),/TEGDME solution is much thicker than the a-SEI and contains MgCOs3;, Mg(OH),, and
MgO as significant components. An overview of the components present in the a-SEI and passivation
layer is provided in Table 1.

Table 1 Components present in the a-SEI and surface passivation layer

Inorganic Organic
MgCl,, MgF,, MgO, Mg(OH),, C-CI, C-S,
gCL, MgF2, MgO, Mg(OH): CF;  CF  TFSE
MgS MgCO; SOx(x=2, 3)
a-SEI layer v Limited v v - -
Passivation layer - Abundant - v v v

Conclusions
In summary, this study presents a new approach to overcoming the incompatibility of metallic Mg
anodes with several organic electrolytes. An a-SEI layer synthesized by soaking Mg foil in



LiTFSI+AICI;/TEGDME solution is found to exhibit promising Mg?* conductivity, leading to relatively
low and stable overpotentials during repeated stripping and plating of Mg, as well as avoiding complete
passivation of the Mg surface even in electrolytes with poor reduction stability. The structure and
composition of the a-SEI layer and the passivation layer formed when it is not present are revealed
through surface sensitive X-ray spectroscopies. XPS and NEXAFS analyses reveal differences in
thickness and chemical structure between the a-SEI and passivation layer: (1) The a-SEI is found to be
significantly thinner than the passivation layer. (2) The a-SEI has more abundant MgF,, MgCl, and
MgS species, while the passivation layer has larger contributions from MgCO3, Mg(OH), and MgO. (3)
Intact TFSI is adsorbed onto or incorporated into the passivation layer which isn’t seen for the a-SEI.
We therefore suggest that the presence of the MgF,, MgCl, and MgS species are beneficial in realizing
a stable a-SEI layer that effectively transports Mg ions, whilst the formation of MgCO3 and Mg(OH),
by decomposition of TFSI" and the persistence of MgO result in undesirable passivation of the Mg
anode.
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