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ABSTRACT: Magnesium iodide (Mgl,) solid-electrolyte interphase (SEI) layers have previously been shown to protect Mg metal
anodes from passivation through products formed during Mg(TFSI), electrolyte decomposition (TSFI = trifluorosulfonimide). Mgl,
formed in situ from small quantities of I, added to the electrolyte shows a drastic decrease in the overpotential for magnesium depo-
sition and stripping. In this work, a Mgl, SEI layer was created in an ex-situ fashion and then the electrochemical characteristics of
this Mgl, SEI layer were probed both alone, and with small quantities of I, or BusNI3 additives to identify the electroactive species.
Chronopotentiometry (CP) and cyclic voltammetry (CV) show that the Mgl, SEI alone is insufficient for low overpotential magne-
sium cycling. I(3d) XPS data show that I3~ is formed within the SEI layer, which can serve as the electroactive species when ligated
with Mg?* for low overpotential (<50 mV at 0.1 mA cm™ current density) cycling. Moreover, Raman shifts at 110 and 140 cm™ are
consistent with I;~ formation, and these signatures are observed before and after CP experiments. The Mg? deposition curves in the
CV with additives are consistent with a diffusive species. Finally, electrochemical impedance spectroscopy (EIS) shows that there is
a large decrease in the charge-transfer resistance within the SEI when either I, or BuyNI; additives are used, which supports a solvating

effect that facilitates magnesium deposition and stripping.

Introduction

As the world moves from fossil fuels to renewable energy,
there is a rising demand for new energy storage technologies. [
One promising strategy is the rechargeable magnesium battery
which incorporates magnesium metal anodes, possessing higher
volumetric capacity (3833 mAh mL"' vs. 2062 mAh mL"),
greater abundance, and improved safety due to less reactivity
towards moisture when compared to current lithium technol-
ogy.[>®] However, magnesium batteries have two main scien-
tific limitations that have impeded their widespread use and de-
velopment: (1). the lack of high energy density cathode mate-
rials with suitable intercalation kinetics to pair with magnesium
metal anodes,’®” and (2). developing magnesium-containing
electrolytes that are compatible with magnesium metal an-
odes.®1% Currently, magnesium battery electrolytes are tar-
geted for reversible magnesium stripping/deposition with the
development of complex Grignard-based electrolytes first pro-
posed in 2000 by the Aurbach group.['!! Since then, electrolytes
based on phenyls , alkoxides, boron, fluorinated alkoxide, and
Mg salt electrolytes have been discovered, along with polymer
electrolytes.’®!215 Although Grignard based electrolytes are re-
ductively stable and have achieved high coulombic efficiencies,
they incorporate strong Lewis acids such as aluminum chloride,
providing a corrosive chloride source that damages metal cur-
rent collectors.!'®!71 Grignard-free electrolytes have been devel-
oped, yet many still rely on a strong Lewis acids and still fre-
quently include chloride ions.['*!¥] These electrolytes are effec-
tive in cycling magnesium with low overpotentials and afford
long term stability, but their complicated syntheses, extreme
sensitivity to air and moisture, high corrosiveness, and incom-
patibility with oxide based cathodes outlined the need to de-
velop magnesium simple salt electrolytes incorporating anions
such as TFSI, ClO4, and PFs.["}

Simple salt electrolytes are incredibly attractive for magne-
sium batteries, but they typically display reductive incompati-
bility with magnesium metal anodes, leading to electrolyte de-
composition that gives rise to forming a passivating layer,
which then results in high overpotentials for cycling.?**!"! Fur-
thermore, many aprotic solvents used in lithium batteries that
allow for high conductivity, such as alkyl carbonates, also de-
compose on the magnesium metal anode and form a passivation
layer.?” This reductive electrolyte/solvent decomposition on
magnesium metal anodes have called for extensive investiga-
tion into solid-electrolyte interfaces (SEIs). In lithium ion bat-
teries, the SEI is formed from the electrolyte decomposition
onto the lithium or graphite anode, however unlike magnesium,
lithium electrolyte decomposition forms SEIs that are Li* con-
ducting, while magnesium salts typically form ion-impermea-
ble layers.[*#] Introducing ion- and electron-conducting artifi-
cial SEIs, formed both ex situ or in situ, has been attempted, and
these SEI layers inhibit electrolyte decomposition on magne-
sium metal anodes, with examples including Li-derived SElIs,
polymer SEIs and Mg-halide SEIs.?*2¢]

Mg-halide SEIs have received attention due to their ease of
preparation and reductive stability. A promising 2017 report de-
scribes in situ Mgl SEI formation upon cycling in I>-containing
electrolytes; magnesium deposition and stripping overpoten-
tials were vastly reduced, and long-term cycling stability was
observed.””2! Wang and co-workers reported that upon adding
I,to a 0.5 M Mg(TFSI); electrolyte in dimethoxyethane (DME)
solvent, a Mgl, layer formed, characterized by X-ray photoe-
lectron spectroscopy (XPS); the I" (3d) signal increased as
higher concentrations of I, were added to the electrolyte.!?®! Fur-
thermore, an increase in I, concentration from 1 mM to 50 mM
greatly decreased the magnesium stripping overpotential from
1.87 V to 0.05 V vs Mg/Mg*". Comparing this work with other
research in rechargeable magnesium batteries revealed a key



discrepancy. Fichtner and co-workers used density functional
theory (DFT) to calculate formation energies of Mgl,, which
were found to be larger than expected, and make the explana-
tion for low overpotentials reported by Wang et al. unsatisfac-
tory.[? In this work, we aim to resolve the outstanding discrep-
ancy and to identify the underlying mechanism resulting in low
overpotential cycling with Mgl, SEIs.

Results and Discussion
Characterizing the Mgl SEI

An Mgl, SEI layer was deposited by the spontaneous chemi-
cal reduction of iodine onto magnesium foil in hexanes (see ex-
perimental section) to assess the electrochemistry of the Mgl»-
coated electrode. The reaction is:

Mg (excess) + I, — Mg|Mgl, (1)

where the notation for the product emphasizes that Mgl, coats
the Mg metal to form an interface. The X-ray diffraction (XRD)
pattern of the resulting electrode shows only the underlying
magnesium metal, indicating that the Mgl, is amorphous (Fig-
ure S1). Therefore, scanning electron microscopy (SEM) and
energy-dispersive X-ray (EDX) analysis were used to charac-
terize the Mg/Mgl, interface, illustrated in Figure 1 (with the
EDX spectrum provided as Figure S2). Notable is that the Mgl,
layer is 6 — 10 pm thick, and iodine is present only in this layer.

Figure 1. Cross-sectional SEM image of the Mgl layer depos-
ited onto Mg metal with EDX maps of magnesium and iodine,
respectively.

Figure 2 shows two distinct 2D lines in the I(3d) XPS, corre-
sponding to I"and to I5~, as described next. In control experi-
ments, Mgl, powder shows 2Ds; and *Ds; lines at 631 and 619
eV respectively, whereas BusNI3 powder shows three distinct
2D lines representing the multiple chemical environments for
iodine in the I3~ anion (Figure S3). I5~is known to have complex
XP spectra due to shake-up profiles and solvent-dependent mo-
lecular geometry.? In the Mg|Mgl, film, the 2Dj; lines at 632.3
and 630.8 eV respectively are in excellent agreement with those
observed for I;-and I" respectively. Moreover, the 2P lines in
the Mg(2p) XPS shows multiple chemical environments, sug-
gestive of Mgl,, Mg(I5), and MgO; the oxide forms during the
transfer to the spectrometer (Figure S4). The remaining spectra
in Figure 2 show that the SEI surface layer is dynamic, but that
signatures for I3~ remain regardless of what other species are
included in the electrolyte mixture.

The XPS results suggest that I, reacts with I~ within the Mgl,

SEI to form I57, described by the balanced equation:
L+Ir=2L:'+ 1 (2)

in Kroger-Vink notation, where I;* is iodide present in the Mgl,
SEI, I; is interstitial (or adsorbed) 157, and V7" is an iodide va-
cancy left behind for charge balance. In Scheme 1, we propose
a mechanism by which a neutral Mgl, SEI is permeable to both
Mg?* and I5~ions. These ions form a transient complex facilitat-
ing lower overpotential deposition and stripping. The low
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Figure 2. [(3d) XPS of MgMgl, Mg foil electrodes used in this
study.
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Scheme 1. a) Proposed mechanism of I, absorption and subse-
quent reaction with the Mgl, SEI to form I3~ and subsequent role
I;~ plays in Mg** complexation in the SEI layer. b) Proposed
mechanism of I3~ absorption and subsequent role I5~ plays in
Mg?* complexation in the SEI layer. This Scheme was created
using VESTA and Avogadro. 3031
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Figure 3. Raman spectra of Mgl SEI surfaces wet with elec-
trolyte before and after galvanostatic cycling.

concentration of iodine additives and the equilibrium reaction
in equation 2 results in minimal local changes to the Mgl, SEI
as ions are intercalated and deintercalated. We note that alt-
hough Mg(15), is unstable with respect to disproportionation, I3
has been observed to form at the cathode of Mg-I, batteries and
alters the solubility of Mgl,.??

Raman spectroscopy provides further evidence for forming
I;”on the Mg|Mgl, electrodes. Figure 3 shows the characteristic



Raman shifts for 5~ (vi at 110 cm™!, and vsat 140 cm™). In these
spectra a large MgO mode at 120 cm™! results from exposing
the film to air. Important is that these I;" Raman signatures re-
main affer the galvanostatic cycling experiments detailed in the
next section.

Galvanostatic Cycling of Symmetric Cells.

To understand the influence of the a Mgl, SEI on the overpo-
tential for magnesium deposition/stripping in Mg(TFSI), elec-
trolyte, we carried out four chronopotentiometry (CP) (i.e. —
galvanostatic cycling) experiments—all using symmetric
Swagelok™ cells in bis(2-methoxyethyl) ether (diglyme) sol-
vent containing 0.5 M Mg(TFSI), at a current density of 0.1 mA
cm?: 1) using pristine magnesium metal as the working elec-
trode (Mg in Mg(TFSI), electrolyte solution ); 2) using the
MgMgl; electrode described in the previous section in electro-
lyte solution; 3) using the MgMgl, electrode with 5 mM I,
added to the electrolyte solution; 4) using the Mg|Mgl, elec-
trode with 5 mM BusNI; added to the electrolyte solution. The
low 5 mM additive concentration matches that in the previous
report,?’! and is sufficient to allow for further equilibria be-
tween the SEI and diffusive species from solution to be ob-
served without interfering significantly with the ionic strength
of the Mg(TFSI), electrolyte in diglyme solution. We should
also note that pristine Mg metal foil was not cycled galvanostat-
ically with either I, or BusNI; additives since these additives
would spontaneously react with Mg to form Mgl,.

CP data for magnesium stripping/deposition is shown in Fig-
ure 4, with a summary of several trials presented as Table S1.
Electrode potentials are recorded (and reported throughout) rel-
ative to the Mg?"° couple. The potential at which deposition and
stripping occurs on pristine Mg metal is consistent with the pre-
vious literature of Mg(TFSI), electrolyte; a large overpotential
of ~ 1.89 V is observed at hour 5.781 The Mg|Mgl, electrode
(i.e. — with the SEI formed first in ex situ fashion, followed by
isolating the electrode and new preparing new cells with no ad-
ditional iodine-containing species in solution during cycling)
shows a small decrease in the overpotential (~1.65 V to ~1.62
V). This result conflicts with the drastically reduced overpoten-
tials observed on electrodes with Mgl, formed in situ from
added I, suggesting that the Mgl, SEI alone is not responsible
for accelerating the rate of Mg stripping/deposition.”*s! For in
situ-generated Mgl,, higher concentrations of I, lead to thicker
layers, and the deposition/stripping rates increase as thickness
increases.[?’! Either the 6 — 10 um thick Mgl, formed in our ex
situ reaction limits Mg?" diffusion or the authors’ original as-
sessment that Mgl is the responsible species is incomplete. To
resolve the role of added I, 5 mM I, was added to the electro-
lyte. After a short conditioning period (~1 h), we observe a dra-
matic decrease in overpotential to ~33 mV. Adding 5 mM
BusNI; also decreases the overpotential to ~42 mV after 5
hours. These data show that merely having the Mgl, is not the
primary reason for the observed overpotential decrease, but that
it results from I3~ — either added directly as BusNI; or from I
(in Mgly) reacting with I» in solution.

To test whether I3~ alone will support magnesium deposition
and stripping, a 274 mM Mg(I;), electrolyte (formed in situ
from reacting Mgl, and I, with no Mg(TFSI),) was tested with
the Mg|Mgl, electrodes (Figure S5). This concentration is the
maximum concentration of Mg(I3), that is soluble in diglyme
solvent. We observe no conditioning period and an a relatively
low initial overpotential (~0.34 V). However, upon cycling, the
overpotential increases and reaches the 5 V instrument limit
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Figure 4. a) CP of symmetric Swagelok™ cells at a current den-
sity of 0.1 mA * cm and b) magnification of the y-axis showing
the low overpotential for cells with added I, and BusNIs.

after 8 hours. While 274 mM Mg(I5), electrolyte does not sup-
port long-term cycling alone, the initial low overpotential cy-
cling indicates that Mg(13), is a plausible magnesium electroac-
tive species. Therefore, with the XPS data showing formed I3~
within the SEI, we propose that Mg?* ligated with I~ ion is re-
sponsible for the vastly improved Mg deposition and stripping
kinetics—not Mg?* diffusion through the Mgl, layer alone. It
should be noted that adding I directly as BusNI results in salt
metathesis with Mg(TFSI), to yield insoluble Mgl in solution,
which precipitates and therefore was not used further.

Electrochemical Characterization of Symmetric Cells.

The CP data in Figure 4 show that the overpotential for mag-
nesium deposition and stripping decreases after the first five CP
cycles when either I, or I5™is added to the Mg(TFSI), electro-
lyte. However, the first few cycles show similar behavior to that
observed with only Mgl,. This electrode conditioning over the
first few cycles was not previously observed,?®! and cyclic volt-
ammetry (CV) in Figure 5 allows us to probe changes during
these early conditioning cycles. Figure 5a shows that on a Mg
metal electrode in Mg(TFSI), electrolyte in diglyme solvent, the
onset potential for Mg deposition increases from ~ —0.3 to ~ —
1.2 V from scan 1 to scan 10, and the onset potential for Mg
stripping increases from ~ 0.6 V to ~ 0.9 V, showing that as the
electrodes are cycled, a passivating layer is formed, rendering
the deposition and stripping of Mg more difficult.

After 10 scans, we observe a significant loss in current den-
sity, as expected with the growth of a passivating layer resulting
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Figure 5. Cyclic voltammograms in [UPAC notation of sym-
metric cells at a scan rate of 10 mV/s showing scans 1 and 10
of cells containing a) Mg electrodes with Mg(TFSI),, b)
MgMgl, electrodes with Mg(TFSI),, ¢) MgMgl, electrodes
with Mg(TFSI), and 5 mM I,, and d) Mg/Mgl, electrodes with
Mg(TFSI); and 5 mM BusNIs.

from known electrolyte TFSI~ decomposition.?4282%-33:341 Figure
5b shows that by adding the Mgl, SEI ex situ, that the onset
potential for Mg stripping does not increase, while the onset po-
tential for deposition does decrease over 10 scans, and there
remains a decrease in current density after 10 scans. Figure 5c
shows that after adding 5 mM I, to the Mg(TFSI), electrolyte, a
decrease in the onset potential for Mg deposition (from ~-0.3 V
to ~-0.2 V for the first scan, from ~-1.2 V to -0.1 V for the 10®
scan) and stripping (from ~0.6 V to ~0.4 V for the first scan,
from ~0.9 V to ~ 0.1 V for the 10" scan) is observed when com-
pared to cells with no additive. Figure 5d shows that when we
add 5 mM BuyNIj; to the electrolyte, the onset potentials for Mg
deposition and stripping from ~—0.7 to ~—0.2 V and from ~0.7
to ~ 0.2 V for the 1% to the 10" scan, respectively. In Figure 5c,
the surface reaction between I and I" from equation 2 results in
the sharp peak drop offs at approximately + 1 V and the cross-
over in current at ~1.5 V. %! After surface adsorption, the rough
features can be attributed to the continued diffusion of additives
to the surface. Then, in Figure 5d, we observe similar adsorp-
tion features when I5™ is pre-formed. We note that increasing the
CV scan rate from 10 mV/s to 25 mV/s (Figure S6) removes the
choppiness (i.e. — diffusion limitations) but that the adsorption
peaks are retained, particularly so with I5™ in solution. We inter-
pret the secondary peaks at lower potentials (as compared to
simple Mg(TFSI), deposition and stripping) to indicate the for-
mation and conditioning of the Mg|Mgl, SEI layer as Mg>*
complexes with I3~ (Scheme 1), which allows for lower overpo-
tential stripping/deposition in the CP experiments.

Before and after CV scanning, we conducted electrochemical
impedance spectroscopy (EIS) on symmetric cells to probe the
effects linked to each additive and to identify the influence that
conditioning has on pristine Mg and Mg|Mgl, electrodes; these
data are presented in main text as Figure 6 and in the SI as Ta-
ble S2. The data are modeled using Z-view softwarel*®! to the
equivalent circuit illustrated in the figure. Of note, the Warburg
(diffusion-limited) feature is included in the middle Mgl, SEI
layer, further supporting the diffusion limitations in the CV
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Figure 6. Nyquist plot of symmetric Swagelok™ cells with a)
Mg|Mgl, foil containing electrodes with I, and BusNI; addi-
tives, b) zoomed in view of Mg|Mgl, foil containing electrodes
with I, and BuyNI; additives, ¢) Mg foil and Mg|Mgl, foil con-
taining electrodes with Mg(TFSI),, and d) zoomed in view of
electrodes with no additives before and after 10 CV scans with
fit and equivalent circuit used for fitting. R;, bulk resistance of
the cell (electrolyte solution, separator, and electrodes); Rsgi,
CPEgg;: resistance and capacitance of the interfacial Mgl layer;
Zw, Warburg diffusional effects of Mg?"; R«, and CPEec:
charge-transfer resistance and double-layer capacitance for Mg.

data. The modeling results show that the largest kinetic barrier
is the charge-transfer resistance between the Mg(TFSI), elec-
trolyte and the metal electrode during the deposition and strip-
ping reactions. For conditioning in all systems, the interfacial
resistance of the SEI (Rsgi) increases, which is consistent with
forming a new interface. Both samples containing I, and BusNI;
additives show a decrease in the charge-transfer resistance (Rq):
from 1082 Q to 315 Q for I, and 81.5 kQ to 1.6 kQ for BusNIs.
The large decrease in R that is seen with electrolyte containing
I,) and BuyNI; suggests that I~ forms a complex intermediate
with Mg?* that has much lower overpotential for deposition than
solvated Mg?" in diglyme alone. This result is shown to align
with the CV data where the distinct reduction/oxidation peaks
at potentials closer to the redox potential of Mg/Mg?* grow in
after the buildup of triiodide-ligated Mg?" species with lower
CT resistance.

Finally, to show that the large potential drop observed in the
CP data is not due to short circuiting the electrochemical cells,
we performed an experiment in which 50 CP cycles are done
(Figure S7) followed by recording the post-cycling CV traces
(Figure S8). From these data, we see that after SEI formation,
the overpotential for Mg deposition and stripping has a range
from ~2 — 30 mV for the 5 mM I, additive and ~40 — 200 mV
for the BusNI; additive. This range is most likely due to differ-
ences in MgMgl, SEI thickness from batch-to-batch prepara-
tion. Most important is that the post cycling CV traces are like
those observed in Figure 5, hinting that the same electrochemi-
cal reactions are still taking place. The difference in current
likely arises from the SEI dynamics with the electrochemical
techniques applied.



SEM Characterization of Cycled Symmetric Cells.

In addition to the spectroscopic evidence for I3~ formation,
the influence of I~ complexing with Mg?* to form a new elec-
troactive species is clear from SEM analysis of the magnesium
electrodes after cycling. Previous studies from our lab have
shown that changing the electroactive magnesium species
causes a change in magnesium deposition morphology.*”! Fig-
ure 7 shows a stark difference in the morphology of the mag-
nesium electrodes after cycling with and without the presence
of the Mgl, SEI and with the iodine-containing additives. Pris-
tine magnesium metal electrodes (Figure 7a) alone show large
~20 pm size deposits, along with large pores in the electrode
surface demonstrating a very uneven stripping/deposition pro-
cess due to the break-up of the insulating SEI layer formed from
decomposition of TFSI™ and deposition of Mg into those pref-
erential sites. When the Mg|Mgl, surface is cycled in iodine-
free solution (Figure 7b), we see ~ 10 um size deposits with
fewer large pores on the electrode surface. In stark contrast,
MgMgl, electrodes cycled with I, or BusNI; additive (Figures
7c¢ and d, respectively) show a smooth, uniform surface mor-
phology. This change in surface morphology after cycling fur-
ther supports our proposed mechanism that Mg?" ions interact
with the SEI as triiodide-solvated species; this solvation, rather
than the presence of the Mgl, SEI, leads to more even coverage
of Mg deposits as well as the enhanced deposition/stripping ki-
netics.

Figure 7. Top-down SEM images of Mg electrodes after gal-
vanostatic cycling with Mg(TFSI),. a) Pristine Mg; b) Mg|Mgl,
electrode; ¢) Mg|Mgl, with 5 mM Ir; and d) MgMgl, with 5
mM BU4NI3.

To further probe the electrochemical characteristics of the
Mg|Mgl, layer, galvanostatic intermittent titration technique
(GITT) experiments were performed (Figure S9). A 15 cycle
galvanostatic conditioning period was first performed followed
by a 1 minute, 0.1 mA/cm? charge pulse with a 3-minute rest
period for 50 cycles followed by 50 cycles of a -0.1 mA/cm?
discharge pulse with 3-minute rest period. Both the Busl; and I,
containing systems are shown to have an immediate relaxation
after each pulse which is due to such high resistances as seen in
the EIS. This result indicates that polarization is needed to drive
Mg*" ions, and significant equilibrium solid- state diffusion
does not occur in the SEI, which is further supported by the
Warburg element in the EIS data (Table S2) as the resistance

portion decreases after 10 CV scans with all cells containing the
SEI and increases for the Mg foil.

Conclusion

Cyclic voltammetry, galvanostatic cycling, and SEM imag-
ing show that adding an ex-situ prepared Mgl, SEI surface layer
is not responsible for facilitated magnesium deposition and
stripping in iodine-containing electrolytes. Through various
spectroscopic and electrochemical methods, we were able to
propose and support a novel mechanism for the known superior
performance of Mg|Mgl; electrodes. Triiodide was observed in
all systems housing I, and I, and was discovered to have a la-
tent, but profound role in the facilitation of electrochemical ki-
netics. The solvation effect of triiodide toward magnesium dras-
tically reduced overpotentials for deposition and stripping, re-
sulting in even Mg deposition on the surface of the SEI. These
results show Mgl, SEI layers protect the Mg surface from elec-
trolyte decomposition but are not responsible for improved ki-
netics. Our work introduces a conceptual avenue for using tri-
iodide in reversible magnesium battery technology and high-
lights the importance of tracking electroactive species in batter-
ies.

Experimental Section

Mg, SEI electrode preparation: Magnesium foil was first
scraped with a glass slide to remove any magnesium oxide sur-
face layer in an Argon glovebox box (VacuumAtmosphere).
The pristine magnesium foil was then transferred to a N, glove
box (VacuumAtmosphere) and submerged in a solution of dry
hexanes saturated with I, (600 mg I, stirred for 2 hours in 40
mL of hexanes and then decanted) for 12 hours. After the reac-
tion, the I, saturated hexanes were removed, and the foil was
washed 3x with 40 mL dry hexanes and then dried 12 hours
under vacuum. The sample was then transferred to the argon
box for storage. Electrodes of pristine magnesium metal and io-
dine treated magnesium metal were punched in discs with an
area of .31 cm? using a hole punch.

Electrolyte preparation: Mg(TFSI), was purchased from
Strem Chemicals, Anhydrous diglyme, BusNIz;, and lodine
where all purchased from Sigma Aldrich, Mg(TFSI),, was dis-
solved in the dry diglyme in a nitrogen box to make a 0.5 M
solution. Todine and BusNI; additive containing electrolyte
were first made by dissolving the Iodine or BusNI; into the 0.5
M Mg(TFSI); electrolyte to make a stock solution of 50 mM
additive and 0.5 M Mg(TFSI),. The solutions were then trans-
ferred to an argon box. The working electrolyte was made by
diluting the stock additive solutions with 0.5 M Mg(TFSI), to 5
mM. 274 mM Mg(Is), electrolyte was formed by adding 274
mM Mgl, and 584 mM I, to 1 ml diglyme and stirring overnight
until complete dissolution.

Electrochemical Characterization Details: all electrochemi-
cal tests were done by using symmetric Swagelok™ cells (Fig-
ure S10) using Mg/Mg or Mg|Mgl,/Mg|Mgl, electrodes, stain-
less steel current collectors and a glass fiber separator (What-
man® glass microfiber filters, Grade GF/D) which were soaked
with 50 uL of electrolyte and were assembled in an argon glove-
box. CVs were performed using a CH Instrument 1000A poten-
tiostat except for the post galvanostatic cycling CVs, which
used a Solartron Analytical / AMETEK SI-6200. EIS measure-
ments were performed using an Eco Chemie Autolab
PGSTATI128N potentiostat, and CP was performed using a



MTI-Neware battery analyzer. CV traces were performed for 10
forward and reverse scans in the potential range —2 Vto 2 V vs
Mg*"° at 10 mV/s scan rate starting at 0 V vs Mg?""° in the neg-
ative direction. EIS measurements were performed before and
after the CV experiments at the open-circuit potential using a
10 mV amplitude from 100 KHz to 1 Hz. CP was performed for
30 and 50 cycles, with 10 min stripping/deposition intervals,
and a current density of 0.1 mA. GITT experiments were done
using 15 cycles of CP as done previously, followed by 50 cycles
charging at 0.1 mA/cm? for 1 min and a 3-min rest period and
50 cycles discharging at —0.1 mA/cm? for 1 min and a 3-min
rest period.

Material Characterization: SEM images and EDX spectra
and maps were recorded taken using a JEOL 7800FLV micro-
scope at 20 kV operating voltage equipped with a field emission
electron source and an Oxford XMaxN 80mm? silicon-drift en-
ergy-dispersive X-ray spectrometer. EDX data was processed
using Oxford Aztec v3.3 software. Raman spectroscopy was
performed using a Renishaw inVia Raman microscope, with a
785 nm laser at 50x magnification while flushing with nitrogen,
samples were removed from the argon box while in a sealed
container and were placed in the Raman microscope as quickly
as possible.

XPS was performed on a Kratos Axis Ultra using a mono-
chromatic Al source at an emission of 10 mA and a voltage of
14 KeV with air free sample transfer. Collected spectra were
corrected for charging by referencing the C(1s) peak to 284.8
eV. All peaks were fitted in Casa XPS*® with the Shirley-type
background. Powder X-ray diffraction (XRD) data were col-
lected on a Panalytical Empyrean diffractometer at a power of
1.8 kW (45 kV, 40mA) with Cu Ka (1/41.5418 nm) radiation.
The detector was an X'Celerator Scientific, a position sensitive
1D detector equipped with Bragg—Brentano HD X-ray optic
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