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ABSTRACT: Magnesium redox chemistry is a very appealing
“beyond Li ion chemistry” for realizing high energy density
batteries due to the high capacity, low reduction potential, and
most importantly, highly reversible and dendrite-free Mg metal
anode. However, the progress of rechargeable Mg batteries has
been greatly hindered by shortage of electrolytes with wide
stability window, high ionic conductivity, and good compat-
ibility with cathode materials. Unlike solid electrolyte
interphase on Li metal anode, surface film formed by
electrolyte decomposition in Mg batteries was considered to
block Mg ion transport and passivate Mg electrode. For this
reason, the attention of the community has been mainly
focusing on surface layer free electrolytes, while reductively
unstable salts/solvents are barely considered, despite many of them possessing all the necessary properties for good electrolytes.
Here, for the first time, we demonstrate that the surface film formed by electrolyte decomposition can function as a solid
electrolyte interphase (SEI). Using Mg/S chemistry as a model system, the SEI formation mechanism on Mg metal anode was
thoroughly examined using electrochemical methods and surface chemistry characterization techniques such as EDX and XPS.
On the basis of these results, a comprehensive view of the Mg/electrolyte interface that unifies both the SEI mechanism and the
passivation layer mechanism is proposed. This new picture of surface layer on Mg metal anode in Mg batteries not only
revolutionizes current understanding of Mg/electrolyte interface but also opens new avenues for electrolyte development by
uncovering the potential of those reductively unstable candidates through interface design.
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■ INTRODUCTION

High capacity (2205 mAh/g and 3833 mAh/cm3), low
reduction potential (−2.36 V vs SHE), high abundance, and
highly reversible (100%) deposition/striping in certain electro-
lytes with no dendrite formation have made Mg metal an ideal
anode for high energy density rechargeable metal batteries.1 To
utilize its great potential, the first rechargeable Mg metal battery
was successfully prototyped in 2001.2 Since then, lots of efforts
were made to improve the energy density of rechargeable Mg
batteries.3−15 On the other hand, continuous endeavors were
also devoted to developing electrolytes with wide stability
window, good compatibility with cathode materials, and high
ionic conductivity.16,17

Due to Mg’s low redox potential, electrolytes are susceptible
to reduction in the vicinity of Mg metal, leading to the
formation of a solid film covering the Mg electrode surface.18 It
is believed any such surface films would block the transport of
Mg2+ and passivate the Mg anode due to the sluggish transport
of Mg2+ in the solid phase.18 Hence, research on Mg
electrolytes has mainly focused on synthesizing salts (either
Lewis acid−base complex salts19−21 or salts with bulky weakly
coordinating anions22,23) that are stable to Mg and soluble in

ethereal solvent (the only viable organic solvents inert to Mg
electrode).24 However, recent study showed reversible Mg
deposition/striping is possible even with the presence of surface
film, for example, in MgTFSI2-glyme electrolyte.25−27 Another
example that contradicts the passivation mechanism is
rechargeable Mg/S batteries.28−30 In Mg/S batteries, soluble
polysulfide species form during discharge31,32, and they are
prone to react with Mg anode. If a passivation surface layer is
formed, Mg anode should fail or at least demonstrate very large
overpotential to drive the deposition/striping reaction.
However, the Mg/S battery can actually operate with a small
hysteresis at a discharge voltage (1.5−1.6 V) close to the
theoretical voltage (1.77 V).28,29 Both observations have
challenged the long-held passivation mechanism of Mg/
electrolyte interface. Because the electrolyte and its interface
with Mg anode play a determining role in the reversibility of
rechargeable Mg batteries, a comprehensive understanding of
the Mg/electrolyte interface is in urgent demand to explain the
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discrepancies as well as to provide guidance for electrolyte
development and interface design.
In this study, for the first time, we conducted a systematic

investigation on the Mg/electrolyte interface using Mg/S
battery as a model system. By thoroughly examining the
electrochemistry and surface chemistry of Mg electrodes, we
demonstrated the formation of solid electrolyte interphase
(SEI) on Mg electrode. On the basis of the surface layer
formation mechanism and its electronic/ionic transport
properties, we propose a comprehensive view of Mg/electrolyte
interface. This view is able to unify both the passivation
mechanism, where the surface film cannot conduct Mg2+ so Mg
anode fails, and the SEI mechanism, where the surface film can
conduct Mg2+ under mild overpotential driving force hence Mg
anode can work reversibly. This understanding of Mg/
electrolyte interface not only explains the discrepancies
mentioned above but also opens a new avenue for electrolyte
development through interface design in the future.

■ RESULTS

To reveal the SEI formation in Mg/S battery, we first examined
how the reaction of the dissolved sulfur species with Mg
influences the electrochemistry of Mg electrode. The potential
of both S cathode and Mg anode (Figure 1) and capacities of
Mg/S cell (Figure S1) in electrolytes of different concentrations
were evaluated in a three-electrode cell (Figure S2). The
discharge curves of S cathode are in good agreement with our
previous mechanistic study on the reaction pathway of S in Mg
chemistry.32 Three stages were observed: a slope (OCP-1.5 V),

a plateau (∼1.5 V), and another slope (1.5−0.5 V),
corresponding to the formation of long-chain polysulfide,
long-chain to short-chain polysulfide transition, and short-chain
polysulfide to MgS transition, respectively. The charging curves
share a similar three-stage pattern, corresponding to the reverse
process of the above-mentioned reactions, yet the charging in
0.25 M shows a unique long plateau at 2.3 V (Figure 1a),
indicative of the polysulfide shuttle effect.33 The dissolution of
polysulfide is also evidenced by the colorimetric change of the
electrolyte after the first discharge (from colorless to yellow)
(inset of Figures 1a−c). Increasing electrolyte concentration
can mitigate polysulfide dissolution as evidenced by fading
color, consistent with our previous study.31 It is important to
point out that the active material loss due to the dissolution of
polysulfide has a direct influence on the first discharge capacity,
manifested by the shortening of the potential plateau at ∼1.5 V:
at high concentration (1.2 M), nearly all capacity (∼800 mAh/
g) corresponding to the formation of long-chain polysulfide
(stage I) and its shortening to MgS2 (stages II) is delivered,

32

but only ∼500 mAh/g is delivered at the lower concentration
(0.25 M). As a result, the cells deliver 826, 1016, and 1187
mAh/g, respectively in the 0.25, 1.0, and 1.2 M electrolytes.
The mitigation of polysulfide dissolution and the slow mass
transport in the more viscous solutions have inhibited the
shuttle effect in concentrated electrolytes (1.0 and 1.2 M),
leading to the absence of long shuttle effect plateaus at the end
of the charge (nearly 100% Coulombic efficiency starting from
3nd cycle).

Figure 1. Electrochemical results of three-electrode Mg/S cells. (a−c) Potentials of S cathode vs Mg reference electrode (RE) in MgTFSI2−MgCl2−
DME electrolytes with different concentrations. Inset: the color of the electrolyte after first discharge. Current: 100 mA/g. S loading: ∼1.0 mg/cm2.
Potential: 0.5−2.5 V. Cell with 0.25 M electrolyte is charged for 17 h before cutoff. (d−f) Potentials of Mg anode vs Mg RE, 1st cycle.
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As for Mg anode, positive potential is required to drive Mg
striping (cell discharge), and negative potential is required to
drive Mg deposition (cell charge) (Figures 1d−f). The striping/
deposition overpotential are asymmetrical, as striping requires
only <0.1 V overpotential, but deposition needs 0.4−0.5 V in all
electrolyte concentrations.25 Nevertheless, surface passivation
resulted from the reduction of dissolved sulfur species, which
would exert a large overpotential for striping/deposition,24,26 is
unlikely to happen given all the stripping overpotentials are
very small (<0.1 V).
To understand how the dissolved sulfur species (polysulfide

+ elemental sulfur) affect the reaction kinetics of the Mg
electrode, the electrochemical behavior of Mg electrode in 0.25
M MgTFSI2−MgCl2−DME electrolyte dissolved with 50 mM
sulfur was studied. Galvanostatic discharge/charge experiments
were performed with Mg/Mg/Mg three-electrode cells in both

the blank electrolyte (Figures 2a and b) and sulfur containing
electrolyte (Figures 2e and f). Consistent with Figures 1d and f,
both cells show asymmetrical overpotentials, which gradually
stabilize to −0.48/0.09 V (discharging/charging) in the blank
electrolyte (Figure 2a) and −0.58/0.11 V in the sulfur
containing electrolyte (Figure 2e), suggesting the operation
of the Mg electrode is only slighted impeded in the presence of
sulfur. This hindered kinetics suggests the presence of a surface
layer on Mg in the sulfur containing electrolyte, whose
formation is manifested by the unique discharge profile in the
first two cycles (Figures 2b and f), as explained below.
In the blank electrolyte, the potential jumps down from open

circuit potential (OCP) upon discharge and instantaneously
reaches the plateau for deposition (−0.5 V) after a nucleation
dip (Figure 2b), while in the sulfur containing electrolyte, the
potential decreases gradually and does not attain any plateau in

Figure 2. Three-electrode cells cycled in blank electrolyte and electrolyte dissolved with sulfur. Left: blank electrolyte with no sulfur (0.25 m). Right:
sulfur containing electrolyte (0.25 M + 50 mM S). (a and e) Potentials of Mg WE in the first 20 h and (b and f) in the first 5 h in Mg/Mg/Mg three-
electrode cells. Current: 0.1 mA/cm2. Both discharge and charge are cut off at 1 h. (c and g) Potentials of Pt WE vs Mg RE and (d and h) Coulombic
efficiencies of Mg deposition/striping in Pt/Mg/Mg three-electrode cells. Current: 0.1 mA/cm2. Discharge is cut off at 1 h and charge is cut off at 1.0
V in the blank electrolyte and 0.5 V in the sulfur containing electrolyte to avoid the oxidation of any formed MgSx surface layer.
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the first discharge (Figure 2f). Such peculiar potential profile
implies the reduction of dissolved sulfur species at the Mg
surface upon discharge, further supported by the formation of
soluble polysulfide (Figure S3). The potential continues its
decreasing trend in the second discharge until reaching a
plateau at −0.58 V, where Mg deposition is eventually
triggered. In contrast to the Mg WE, the potential of the Mg
counter electrode (CE) displays normal Mg striping features
during first discharge (Figure S4). Nonetheless, similar
potential profile is observed when the current is reversed, and
the reaction on the Mg CE is switched from oxidation to
reduction. These results suggest that sulfur species compete
with Mg2+ for reduction reaction, but not for oxidation reaction.
This can be understood from the redox potentials of Mg
electrodes and sulfur species: oxidation of Mg (Mg stripping,
≥0.1 V, Figure 2a) precedes oxidation of MgSx (∼1.5 V,

Figures 1a−c), while reduction of S and MgSx (∼1.5 V)
precedes reduction of Mg2+ (Mg deposition, ≤ −0.5 V, Figure
2a).
Because the reduction of sulfur species is an undesirable side

reaction, its presence inevitably undermines the reversibility of
the Mg anode. Galvanostatic discharge/charge with Pt/Mg/Mg
three-electrode cells were performed to quantify the reversi-
bility by calculating the Coulombic efficiencies (Figures 2c, d
and g, h). The Coulombic efficiency for Mg stripping/plating in
electrolytes with and without S additive can be explained with
the schematic reaction mechanism (Figure 3). Ideally (100%
Coulombic efficiency), only Mg deposition occurs during
discharge (Figure 3a, A), and during the subsequent charge, all
the deposits can be stripped (Figure 3a, E). The Coulombic
efficiency can be compromised by two processes: (1) the
presence of a competing electrochemical reduction reaction

Figure 3. (a) Reactions occurring at the Pt/Mg electrolyte interface. A: Reduction of Mg2+ to Mg. B: Reduction of electrolyte or any dissolved
species. C: Chemical reaction between Mg deposits with electrolyte or any dissolved species. D: Mg deposits losing contact with the substrate. E:
Oxidation of Mg to Mg2+. b-d) Formation of surface layer. The growth of surface layer stops when the electronic current ie decreases to a negligible
level so that no reduction reaction occurs. μe: electrochemical potential of electrons. εF: Fermi energy of Mg electrode. LUMO: the lowest
unoccupied molecular orbit of the electrolyte. σe: electronic conductivity of the surface layer. ie: electronic current. Δx: the thickness of the surface
layer. (e) Surface layer functions as SEI). (f) Surface layer passivates Mg electrode. μMg: electrochemical potential of Mg2+. σMg: ionic conductivity of
the surface layer. iMg: ionic current. If the ionic current img is zero at the applied overpotential, Mg electrode is passivated.
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during discharge (decomposition of electrolyte or reduction of
polysulfide species) (Figure 3a, B) or (2) the deposited Mg
loses electrochemical activity due to chemical attack by
electrolyte or polysulfide (Figure 3a, C) or other factors like
loss of electrical contact (Figure 3a, D). In the blank electrolyte,
Mg deposition/striping on the Pt substrate occurs at a similar
potential as that on the Mg substrate (Figure 2c), and the
Coulombic efficiency stabilizes to ∼70% during cycling (Figure
2d). It should be noted that we obtain a lower Coulombic
efficiency for the MgTFSI2−MgCl2−DME electrolyte than
Aurbach’s work,25 mainly because the measurement method is
different. When using the same cyclic voltametry method, a

similar Coulombic efficiency is observed.31 In the sulfur
containing electrolyte, discharge potential decreases gradually
from OCP (1.2 V) in the first two cycles and does not reach
any plateau until the third cycle (Figure 2g), consistent with the
above observation on Mg electrode (Figure 2f). The zero
Coulombic efficiencies in the first two cycles (Figure 2h) are
expected because there is no Mg deposition in the discharges
(Figure 3a, B). For the third cycle, any deposited Mg must have
lost its electrochemical activity so that the Coulombic efficiency
is also zero. Nevertheless, Coulombic efficiency starts to
increase from the fourth cycle and attains 40% by the 20th

Figure 4. (a) EDX spectra of Mg electrodes recovered from cycled cells. Left: blank electrolyte. Right: sulfur containing electrolyte. (b) Morphology
of Mg electrodes charged (oxidized) for 1 h (left) or discharged (reduced) for 3 h (right) in sulfur containing electrolyte. (c) EDX element mapping
and (d) EDS point spectra of Mg electrode discharged for 3 h in sulfur containing electrolyte. Current: 0.1 mA/cm2. Atomic percentage of different
elements are given in all EDX spectra. Point 1: Mg deposits. Point 2: Mg substrate.
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cycle, indicating a substantial hindrance of the side reaction and
enhancement of reversible Mg deposition/striping.
We speculate the gradual improvement of Coulombic

efficiency during cycling is due to the covering of the Mg
deposit by SEI. This layer blocks direct contact of the deposited
Mg with electrolyte, and preferentially conducts Mg2+ while
impeding the transport of electrons, hence enabling Mg
deposition beneath the surface layer while inhibiting the
parasitic reduction reactions at the interface. Although it is
commonly believed that any surface layer will passivate Mg
electrode because Mg2+ is difficult to migrate through Mg
compounds, this scenario is not comprehensive enough to
describe the interface in Mg batteries. In theory, if an
electrolyte is not thermodynamically stable with Mg electrode,
reduction of the electrolyte occurs at the interface (Figure 3b),
and the solid product forms a surface layer. Driven by the
energy difference between Fermi level of Mg and electrolyte
LUMO (electrochemical potential difference), electrons will
migrate through this layer to continue the reduction reaction at
the interface (Figure 3c) until the surface layer is thick enough
to inhibit the electronic current to a negligible level (Figure 3d)
and then kinetic stability of electrolyte is reached. This process
occurs spontaneously when the electrolyte is brought to the
vicinity of the Mg electrode.34 The thickness of the surface
layer is therefore determined by the driving force (electro-

chemical potential gradient) and the electronic conductivity. To
enable Mg deposition beneath this surface layer, an electro-
chemical potential gradient must be exerted to drive Mg2+

transport across the layer, which can be achieved by applying a
negative overpotential on the Mg electrode. If the surface layer
is relatively ionic conductive (higher ionic conductivity than
electronic conductivity), only a small overpotential is required.
In this case, the surface layer functions as an SEI (Figure 3e). If
the surface layer is ionic insulating (comparable or even lower
ionic conductivity than electronic conductivity), the Mg
electrode is practically passivated (Figure 3f) due to the large
overpotential. The above discussion describes a general
mechanism of the surface layer formation for various anode
materials not limited to Mg electrodes. Surface layers in
magnesium batteries are commonly believed to be passivation
layers, which has explained the failure of Mg electrodes in PC-
or AN-based electrolytes.24 However, this notion contradicts
the fact that reversible Mg deposition/striping is possible on
Mg electrodes covered by surface layers in some electro-
lytes.26,35 Indeed, recent study by Toyota Research Center has
provided direct experiment evidence on the presence of SEI on
Mg electrode.36

To verify the formation of the surface layer and its role as
SEI, Mg electrodes cycled in both electrolytes are analyzed by
scanning electron microscopy (SEM) and energy dispersive X-

Figure 5. High resolution XPS spectra before (top) and after (bottom) Ar+ sputtering. (a) Mg 2p, (b) F 1s, (c) Cl 2p, (d) S 2p, (e) N 1s, (f) C 1s,
and (g) O 1s. The spectra before and after sputtering are plotted in the same intensity range for comparison. Sputtering time: 10 min.
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ray spectra (EDX) (Figure 4, Figure S5). Compared to the Mg
electrode cycled in blank electrolyte (Figure 4a, left), the Mg
electrode cycled in sulfur containing electrolyte (Figure 4a,
right) shows a clear S peak, which suggests reaction between
dissolved sulfur species with Mg electrode. The presence of Cl
peak could be explained by the adsorption of chlorine from the
electrolyte.25 SEM images show oxidation (charging) of the Mg
electrode leaves many holes due to Mg striping (Figure 4b,
Figure S6 left), and reduction (discharging) creates spherical
deposits. The presence of stripping holes and deposition
spheres reaffirms that the Mg electrode is not passivated. EDX
element mapping of the deposits (Figure 4c) reveals they are
covered by a surface film containing Cl and S, furthered
confirmed by the S/Cl peak in the EDX spectra (Figure 4d).
The emergence of F peak and the enhanced intensity of O peak

suggest this surface film also contains F and O. In comparison
to the Mg deposits, no clear S/Cl peak appeared on the Mg
substrate, which does not exclude the possibility of the presence
of S/Cl on the surface because EDX can fail to detect very thin
surface layer due to its detection limit (Figure S5). The
presence of S/Cl on the Mg substrate can be detected by X-ray
photoelectron spectroscopy (XPS), as we will discuss in next
part. Hence, the strong S/Cl/F/O peaks in the EDX spectra of
the Mg deposits suggest the newly formed Mg deposits are
more prone to the parasitic reaction and surface film formation
than the bulk Mg (Mg substrate). In summary, the SEM/EDX
result verifies the competing mechanism between Mg
deposition and the side reaction at the Mg/electrolyte interface
when discharging Mg electrodes in the sulfur containing
electrolyte.

Table 1. Binding Energies of Possible Species (eV)

species Mg 2p O 1s C 1s S 2p F 1s Cl 2p N 1s

MgO 1.037 530.837

0.8 ± 0.138

0.939

Mg(OH)2 1.037 532.2,37 532.139

1.039

MgCO3 2.137 532.737 290.337

3.340

MgSx 0.9 ± 0.2b 161.5b

MgF2 1.041 685.641

1.2 ± 0.142 685.5 ± 0.143

1.2 ± 0.143

MgCl2 2.0,44 198.544

3.145 200.645

TFSI− 533.046 293.046 169.446 688.247 399.646

688.646

aFor Mg 2p, only the binding energy differences relative to Mg0 are given (ΔBE vs Mg metal). The binding energy of Mg0 is 49.6 eV.42

Corresponding literatures are listed in the table. Data from different literatures are converted using Au 4f7/2 of Au (84.0 eV), O 1s of MgO (531.0
eV), and/or C 1s of adventitious carbon (284.8 eV) as common references. bThe binding energy of polysulfide MgSx is from experimental data
(Figure S9).

Figure 6. Structure of SEI on Mg electrode cycled in sulfur containing electrolyte.
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To elaborate on the composition of the surface layer, XPS of
Mg electrodes cycled in the sulfur containing electrolyte (the
substrate region) was collected (Figure 5). Survey scan shows
the presence of Mg, F, Cl, S, O, N, and C peaks (Figure S7),
consistent with EDX. These peaks are also observed previously
by Aurbach’s group25 and Markovic’s group26 on Mg electrodes
cycled in blank electrolyte, suggesting salt decomposition is a
major source for the surface layer. Here, we tried to provide a
systematic analysis of the structure and composition of the
surface layer by carefully fitting the depth profile XPS spectra
based on well-accepted XPS spectra positions of different Mg
compounds (Table 1).
Two peaks can be explicitly observed in Mg 2p spectra,

which reveals the simultaneous presence of Mg0 (49.6 eV) and
Mg compounds (51.2−51.8 eV), suggesting the surface layer is
thin.25,37,26 The amount of Mg increases after sputtering, as
evidenced from the enhanced Mg peaks (Figure S8, Figure 5a).
Meanwhile, ratio of Mg0 in Mg 2p spectra increases from 10.7
to 20.0%. Both indicate the thinning of the surface layer by
sputtering. To deconvolute the XPS spectra, peak fittings are
performed based on the reported binding energies of possible
species (Table 1 and Figure S9). Mg 2p spectra are fitted to
three separate peaks, given that the binding energies of MgO,
Mg(OH)2, MgSx, and MgF2 are close (0.8−1.2 eV), and the
binding energies of MgCl2 and MgCO3 fall into the same range
(1.9−3.3 eV). The presence of −CF3, OSO, SO, and
S−N−S peaks can be explained by the adsorption of TFSI−, but
the existence of MgF2 peak suggests its decomposition. Such
reduction instability of TFSI− was predicted in theoretical
studies27,48 and also observed experimentally.35,26 Sputtering
readily removes the adsorbed TFSI−, shown by the vanishing of
−CF3, OSO, SO, and S−N−S peaks, and it also
exposes more decomposition product of TFSI− (MgF2). A
polysulfide (MgSx) peak is seen in S 2p spectrum after
sputtering, which evidences the reduction of sulfur species on
Mg electrode. The strong Cl signal after sputtering exhibits that
MgCl2 is not just adsorbed but also exists as a component of
the surface layer. C 1s spectra and O 1s spectra further
demonstrate the existence of MgO and MgCO3 in the surface
layer. Other than the inorganic compounds (MgF2, MgCl2,
MgSx, MgO, and MgCO3), organic components are also found
from C 1s and O 1s spectra (CO, C−O), which most likely
resides on top of the inorganic species due to the enhanced
MgO peak but weakened C−O peak after sputtering.
On the basis the XPS data, the structure of the surface layer

is schematically summarized in Figure 6. When the sulfur
containing electrolyte is brought to the vicinity to the Mg
electrode (substrate), reduction of sulfur and decomposition of
electrolyte leads to the formation of surface layer until kinetic
stability is achieved. This layer is sufficiently thin to be invisible
by EDX but detectable by XPS. During discharge, Mg2+

transport through the surface layer at some sites and is
reduced, which forms spherical deposits. The volume expansion
during the growth of Mg deposits breaks the surface layer, and
the reaction of newly deposited Mg0 with the electrolyte and/or
sulfur heals the cracks. Because the newly formed Mg0 is far
more reactive than Mg substrate, surface films on Mg deposits
are much thicker than that on the bulk. The surface layer
mainly consists of three layers: an inorganic layer containing
multiple Mg compounds, a middle layer containing organic
components, and an adsorption layer of TFSI−/Cl−.

■ CONCLUSION
In conclusion, we reveal that the reduction of sulfur species and
electrolyte on the Mg electrode forms a surface layer which
does not passivate the Mg electrode and causes its failure, as
would be expected from the passivation mechanism. Instead,
this surface layer functions as an SEI, which allows Mg2+

transport and Mg deposits growth beneath it. The structure
and composition of the surface layer is thoroughly investigated
through EDX and XPS, and we found it is composed with three
layers containing inorganic Mg compounds, organic compo-
nents, and adsorbed TFSI−/Cl−, respectively. The reduction of
sulfur species produces MgSx, a component of the SEI, and
electrochemical testing demonstrates that the Mg anode in Mg/
S battery can work very reversibly with only slightly increased
overpotential.
The results presented here has cleared the concern regarding

the functionality and reversibility of Mg anode, a critical issue
for the practical implementation of Mg/S battery chemistry.
The compromised Coulombic efficiency of the Mg electrode
can be potentially addressed by inhibiting polysulfide
dissolution or tailoring the composition of the surface layer.
More importantly, a comprehensive picture of the Mg/
electrolyte interface is proposed to elaborate on the mechanism
of the surface layer formation, and conditions when it can
function as an SEI. This picture not only unifies the current
passivation mechanism with our proposed SEI mechanism,
which explains the discrepancies in recent experiment
studies,25−30 but also provides new insights in examining the
interface in Mg batteries. The understanding regarding surface
film on Mg electrode would also enable the design of new
electrolytes or additives for better performance by manipulating
interfacial chemistry. In our recent work, we set the first step
out to explore the possibilities, by using iodine as an additive to
enhance the ionic conductivity of the surface film.49 Motivated
by this new understanding and our recent example study,
reductive unstable salts/solvents can be explored as Mg
electrolytes if their decomposition product is tailored to form
an SEI instead of a passivation layer. This opens the door to
examining a vast amount of salts and solvents for designing Mg
electrolytes with wide stability window, high ionic conductivity,
and good compatibility with cathode materials.

■ METHODS
Electrochemistry. The carbon/sulfur composite electrode is

prepared with the same procedure reported in our previous
work.31,32 Typical loading is 1 mg/cm2, and carbon/sulfur ratio is
∼0.11. All Mg electrodes are polished by sandpaper to remove the
surface oxide layer until a fresh and shining surface is exposed before
electrochemical testing. Three-electrode Mg/S batteries were
assembled for galvanostatic discharge/charge with sulfur/carbon
composite as working electrode (WE), Mg disks as both reference
electrode (RE) and counter electrode (CE), and MgTFSI2−MgCl2
complex as the electrolyte.25 To avoid any ambiguity, discharge is
defined as applying negative current on WE, and charge is defined as
applying positive current on WE in our discussion. Electrolytes were
prepared under pure argon atmosphere in MBraun, Inc. glovebox (<1
ppm of water and oxygen). MgTFSI2(99.5%, Solvonic, France) was
dried in vacuum at 240 °C for >10 h, and dimethoxyethane (DME,
99%, Sigma-Aldrich) was dried with molecular sieves for >24 h prior to
use. Ultra dry MgCl2(99.9%, Sigma-Aldrich) was directly used without
further treatment. The electrolyte was prepared by adding MgTFSI2
and MgCl2 in the molar ratio of 1:2 in DME and stirring overnight.
The molar concentration of the electrolyte is reported based on the
amount of MgTFSI2. For example, to make 0.25 M electrolyte, 0.25 M
MgTFSI2 and 0.5 M MgCl2 was added to DME.
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Material Characterization. SEM and EDX were conducted using
a Hitachi SU-70 field emission scanning electron microscope. All the
cycled Mg electrodes were fully washed with DME before EDX and
XPS measurement. XPS was collected with a Kratos Axis 165
spectrometer operating in hybrid mode, using monochomatized Al Kα
X-rays (1486.7 eV). Survey and high resolution spectra were collected
with pass energies of 160 and 40 eV, respectively. Mg0 (49.6 eV) is
used as the reference to calibrate all the spectra. Peak fitting was done
using CASA XPS software. Data were fit with a Shirley background
using peaks with a 30% Lorentzian, 70% Gaussian product function. S
2p spectra were fit with spin−orbit split 2p 3/2 and 2p 1/2 doublets,
constrained by 1.18 eV separation consistent with the spin−orbit
splitting and a characteristic 2:1 area ratio. Cl 2p spectra were fit with
spin−orbit split 2p 3/2 and 2p 1/2 doublets, constrained by 1.6 eV
separation and a characteristic 2:1 area ratio.
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