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A Stable Solid Electrolyte Interphase for Magnesium Metal
Anode Evolved from a Bulky Anion Lithium Salt

Kun Tang, Aobing Du, Shanmu Dong, Zili Cui,* Xin Liu, Chenglong Lu, Jingwen Zhao,

Xinhong Zhou,* and Guanglei Cui*

Rechargeable magnesium (Mg) metal batteries are a promising candidate for
“post-Li-ion batteries” due to their high capacity, high abundance, and most
importantly, highly reversible and dendrite-free Mg metal anode. However,
the formation of passivating surface film rather than Mg?*-conducting solid
electrolyte interphase (SEI) on Mg anode surface has always restricted the
development of rechargeable Mg batteries. A stable SEI is constructed on the
surface of Mg metal anode by the partial decomposition of a pristine Li elec-
trolyte in the electrochemical process. This Li electrolyte is easily prepared

by dissolving lithium tetrakis(hexafluoroisopropyloxy)borate (Li[B(hfip),])

in dimethoxyethane. It is noteworthy that Mg?* can be directly introduced
into this Li electrolyte during the initial electrochemical cycles for in situ
forming a hybrid Mg?*/Li* electrolyte, and then the cycled electrolyte can
conduct Mg-ion smoothly. The existence of this as-formed SEI blocks the
further parasitic reaction of Mg metal anode with electrolyte and enables this
electrolyte enduring long-term electrochemical cycles stably. This approach of
constructing superior SEl on Mg anode surface and exploiting novel Mg elec-

abundant resources, environmental amity,
and handling safety.?l The first prototype
of rechargeable Mg metal battery has been
successfully exploited by Aurbach et al.
in 2000, by virtue of the development
of Mg organohaloaluminate electrolyte
and the employment of Chevrel phase
cathode (MogSg).?l However, this system
is generally known to possess unsat-
isfactory energy density owing to the
low operating voltage (=1.1 V) and the
low specific capacity (80 mAh g) of
MogSg cathode. Since then, tremendous
endeavors have been devoted to improving
the energy density of rechargeable Mg
metal batteries, aimed at exploiting the
high-voltage Mg cathode and developing
the high-performance Mg electrolytes.*
Due to the low reduction potential of
Mg metal (-2.37 V vs S.H.E), most elec-

trolyte provides a new avenue for practical application of high-performance

rechargeable Mg batteries.

Currently, various rechargeable alkaline or alkaline earth metal
(Li, Na, K, Mg) batteries have received extensive concern of
researchers owing to the high theoretical specific capacities of
these metal anodes.). Among these metal anodes, Mg metal
is an especially attractive alternative due to its high volumetric
capacity (3833 mAh cm™), resistance to dendrite growth,
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trolyte components are susceptible to be
reduced on Mg metal surface, leading
to the formation of a solid film covering
the Mg anode surface.’’ The current
prevailing view is that such surface film generally blocks the
reversible Mg plating/stripping and passivates the Mg anode
due to the difficult transport of Mg?* in this surface interphase.
Hence, many previous investigations on Mg electrolytes mainly
focused on synthesizing new Mg salts based on carbanion
(such as Grignard reagents) and hydride anions (such as boron-
cluster hydrides) that are stable to Mg metal and soluble in ethe-
real solvent (the only feasible organic solvents currently inert to
Mg metal).*2¢2i.6 Those reported Mg electrolyte components,
which are strongly reduction-resistant but generally vulner-
able oxidation or corrosive, intrinsically limit the possibility of
a high-voltage Mg battery operating above 3.0 V.l If a Mg?*-
conducting solid-electrolyte interphase (SEI) can be formed on
the surface of Mg metal anode to hinder the parasitic reaction
between electrolyte and anode, it will be possible to decouple
the anodic and cathodic requirements for a Mg electrolyte,
so that the electrolyte system can support both reversible Mg
plating/stripping at the anode side and high-potential intercala-
tions of Mg?" at the cathode side, simultaneously.

Recently, the feasibility of constructing Mg?*-conducting
SEI on Mg anode surface has gradually attracted the attention
of researchers. Ban et al. engineered an Mg?*-conducting and
electronic-insulating artificial interphase on the Mg anode
surface, which realized highly reversible Mg chemistry in
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Figure 1. a) Typical SEM images of the deposited Mg on Cu substrate with LBhfip/DME electrolyte. b) Mg, c) Cu EDS element mapping, and d) XRD of
the deposits on Cu substrate. e) CV of the Mg/Cu cell (with LBhfip/DME) at a scanning rate of 25.0 mV s7'. f) LSV of LBhfip/DME electrolyte examined
with the working electrode of graphite film (GF), Ni, Cu, and SS. The counter and reference electrodes are Mg metal.

oxidation-resistant electrolytes.”] Cao et al. tailored an inor-
ganic magnesium fluoride (MgF,) surface layer on Mg anode
for improving the performance of full-cell Mg ion batteries.®l
Wang et al. demonstrated that an Mg-ion conductive solid
Mgl, layer could be formed on Mg metal anode surface for
acting as a solid electrolyte interface.”) These observations
have challenged the long-held passivation mechanism of Mg/
electrolyte interface and verified the possibility of forming SEI
on Mg anode surface by some delicate surface modifications.
However, there is few report about the direct reduction of Mg
electrolyte components for in situ forming an Mg?*-conducting
SEI on Mg anode surface.[%

Tetrakis(hexafluoroisopropyloxy)borate anion (denoted as
B(hfip),”) based Mg electrolytes have been reported almost
simultaneously by our group and Zhao's group, which exhibits
superior electrochemical performance, especially in Mg-S
battery system.l**P11] However, in this contribution, we have
observed that the Mg/Cu asymmetric cell (with Mg[B(hfip),],
based electrolyte, 0.5 M Mg[B(hfip),], dissolved in dimethox-
yethane (DME), abbreviated as MBhfip/DME) cannot sustain
the stability in the long cycle charge—discharge process, as
shown in Figure S1 (Supporting Information). By sufficient
characterizations (Figures S2-S4, Supporting Information),
we have detected that MBhfip salt is virtually unstable toward
Mg metal anode during the electrochemical cycling and an SEI
layer can be formed on Mg anode surface by the partial decom-
position of MBhfip salt. Although the SEI formed by decom-
posed MBhfip salt enables dozens of cycles of reversible Mg
plating/stripping in the Mg/Cu asymmetric cell (with MBhfip/
DME), this SEI is not very stable that causing poor long-
term electrochemical stability. The relevant discussion details
about MBhfip/DME electrolyte can be seen in the Supporting
Information.

Herein, to improve the cycling stability of B(hfip),” based
Mg electrolytes, a pristine Li salt electrolyte (0.5 M Li[B(hfip),]
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dissolved in DME, abbreviated as LBhfip/DME) has been first
found that has the ability to plate/strip Mg reversibly and
has better cycling stability than above MBhfip/DME electro-
lyte. First, to strictly illustrate the Mg-ion conducting ability
of LBhfip/DME electrolyte, the Mg/Cu asymmetric cell (Mg
metal as anode and Cu foil as cathode) with this electrolyte
was discharged for 12 h at the current density of 1.0 mA cm™2.
The inset of Figure 1a displays shiny magnesium deposits on
Cu foil substrate. As shown in scanning electron microscopy
(SEM) images of Figure 1a and Figure S5 (Supporting Informa-
tion), the Mg was uniformly deposited, which can be confirmed
by the energy-dispersive spectrometry (EDS) mapping results of
element Mg and element Cu (Figure 1b,c). Moreover, Figure 1d
exhibits that the X-ray diffraction (XRD) result of the deposits
only can be indexed to Mg metal and Cu metal, which affirm
these deposits are pure Mg metals without any other species.
Compared to the deposits in MBhfip/DME electrolyte under
the same deposition conditions (Figure S6, Supporting Infor-
mation), the Mg deposits in LBhfip/DME electrolyte are signifi-
cantly more uniform and dense. And it is worth noting that the
Mg deposits in both two electrolytes have no obvious dendrite
formation. Then, the reversible Mg plating/stripping process
in LBhfip/DME electrolyte has also indeed been verified by
Cyclic voltammogram (CV) tests even for 300 cycles, as shown
in Figure le. And the linear sweep voltammetry (LSV) results
(Figure 1f) indicate that LBhfip/DME has a relative higher
anodic stability of =2.7 V versus Mg/Mg?" toward Cu, nickel
(Ni), and stainless steel (SS) working electrode, which enable
this electrolyte matching well with sulfur and MogSg cathodes.
In addition, as shown in Figure S7 (Supporting Information),
the Mg plating/stripping performance of LBhfip salt dissolved
into various ether solvents, such as tetrahydrofuran, diethylene
glycol dimethyl ether (G2), and triethylene glycol monomethyl
ether (G3) solvent have also been investigated by CV measure-
ments. The superior reversibility of Mg plating/stripping in
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Figure 2. a) Voltage profiles of Mg/Cu cell (with LBhfip/DME) cycled at the charge—discharge current density of 0.5 mA cm™2 and b) the corresponding
Coulombic efficiency. c) ICP-OES results (the molar proportion of Li element and Mg element) of the LBhfip/DME electrolyte after varied charge—
discharge cycles. The comparison of d) HRMS and e) '°F NMR spectra of the LBhfip/DME electrolyte before and after 100 charge—discharge cycles.
f) Long-term cycling behavior of the Mg/Mg symmetrical cell (with LBhfip/DME) at the current density of 1.0 mA cm™. g) Polarization behavior of
the Mg/Mg symmetric cell (with bare Mg electrodes) and the Mg/Mg symmetric cell (with SEI protecting Mg electrodes) at the current density of
0.1 mA cm~2, both based on Mg(TFSI),/DME electrolyte. h) Charge—discharge profiles, i) capacity and Coulombic efficiency of the MogSg/Mg batteries

(with SEI protecting Mg anode) based on Mg(TFSI),/DME electrolyte.

these LBhfip/ether systems indicate the wide solvent tolerance
of LBhfip salt in Mg electrolytes.

To further evaluate the reversibility of Mg plating/stripping,
Mg/Cu asymmetric cell (with LBhfip/DME) has been tested by
charging—discharging at the current density of 0.5 mA cm™, as
shown in Figure 2a. The corresponding Coulombic efficiency
(CE) reaches to 99.0% after 25 activating cycles and can be
stably cycled for 500 cycles (Figure 2b), which is better than
the cycling stability of the Mg/Cu cell (with MBhfip/DME)
(Figure Slc, Supporting Information). Disassembling the Mg/
Cu cell (with LBhfip/DME) after 100 charge-discharge cycles,
the Mg anode surface has turned gray, and some C, F, and B
species are detected on the surface of the cycled Mg anode by
EDS analysis, as shown in Figure S8 (Supporting Information).
Therefore, the LBhfip/DME electrolyte has been partly decom-
posed on the Mg anode surface during electrochemical cycling,
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and the superior cycling stability can be attributed to the protec-
tion of the as-formed stable SEI. In addition, the specific salt
components of the cycled LBhfip/DME electrolyte have been
identified by various methods including inductively coupled
plasma-optical emission spectrometer (ICP-OES), nuclear
magnetic resonance (NMR), and high resolution mass spec-
trometry (HRMS). As shown in Figure 2¢, the Mg content in
the pristine LBhfip/DME electrolyte is negligible, but after the
first cycle, the Mg content in the cycled electrolyte increases
and then remains invariant after five cycles. To clearly illustrate
what happens on Cu cathode during initial discharge process,
the compositional variation of Cu cathode surface at different
discharge times have been investigated by XPS and XRD
analysis, as shown in Figure S9 (see the Supporting Informa-
tion for the details). The immediate appearance of Mg?" in
the cycled LBhfip/DME electrolyte indicates that Mg?* can be
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introduced into this electrolyte as soon as the electrochemical
process begins, and then the cycled electrolyte can conduct
Mg-ion well. Interestingly, comparing the spectral results
(NMR, HRMS) of the pristine LBhfip/DME electrolyte with that
of the cycled one, as depicted in Figure 2d,e and Figure S10
(Supporting Information), the decomposed product of Bhfip~
anion is not detected in the cycled LBhfip/DME electrolyte,
which is completely different from MBhfip/DME electrolyte
(Figure S1d,e, Supporting Information). We speculate that those
decomposed products of LBhfip/DME electrolyte mostly partic-
ipate in the formation of SEI on electrode surface, which pre-
vents the further decomposition of the remaining LBhfip/DME
well. To estimate the long-term compatibility of LBhfip/DME
electrolyte, the Mg/Mg symmetric cell with LBhfip/DME elec-
trolyte has been measured by galvanostatic charge—discharge
at the current density of 1.0 mA cm™. As shown in Figure 2f,
this Mg/Mg symmetric cell can be cycled for 2000 cycles with
no significant increase in polarization potential, which indi-
cates LBhfip/DME electrolyte has outstanding long-term sta-
bility and superior Mg-ion conductivity. And as shown in
Figure S11 (Supporting Information), the electrochemical
impedance spectroscopy of Mg/Mg cell after galvanostatic
cycling shows a newly generated interface impedance in the
high frequency region, which should correspond to the SEI
formation on Mg electrode surface.

To further verify the protective effects of this SEI on Mg
surface, the cycled Mg electrodes were taken out from the Mg/
Mg cells (with LBhfip/DME) to investigate its compatibility
with Mg(TFSI),/DME electrolyte. It is known that Mg(TFSI),
can chemically react with Mg metal to form passivation layer
on the Mg anode surface, which severely hinders its revers-
ible Mg plating/stripping.l'¥ As shown in Figure 2g, the
fresh Mg electrodes experience extremely high and rapidly
increased overpotential during galvanostatic cycling in the Mg/
Mg symmetric cell with Mg(TFSI),/DME electrolyte, which
is apparently caused by the Mg-surface passivation as a result
of reductive decomposition of TFSI™ anion. In sharp contrast,
the SEI protecting Mg electrodes in the same Mg(TFSI),/DME
electrolyte exhibit excellent reversibility for 300 cycles without
pronounced overpotential enhancement, suggesting the supe-
rior protective effect of the as-formed SEI. In addition, the
anticorrosion properties of the SEI protecting Mg electrode
in Mg(TFSI),/DME electrolyte (measured by the Tafel plot
method) is much superior than that of the fresh Mg electrode,
as shown in Figure S12 (Supporting Information). Most
notably, the SEI protecting Mg anode coupling with MogSg
cathode can also operate well with Mg(TFSI),/DME electro-
lyte, which should be the first prototype of MogSg/Mg battery
based on Mg(TFSI),/DME electrolyte, as shown in Figure 2h,i.
In addition to Mg(TFSI), salt, propylene carbonat solvent have
also been confirmed to be blocked by the as-formed SEI well, as
shown in Figure S13 (Supporting Information). These results
confirm that a stable SEI layer on Mg anode surface indeed
significantly expand the scope of application of practical Mg
electrolyte.

To thoroughly investigate the explicit compositions in the
stable SEI, the Mg anode surface of the Mg/Cu cell with LBhfip/
DME electrolyte after 100 charge—discharge cycles has been ana-
lyzed by XPS and time-of-flight secondary ion mass spectrometry
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(TOF-SIMS) measurements. As shown in Figure 3a—e, the
results of B 1s, F 1s, C 1s, O 1s, and Mg 2p XPS spectrum are
similar to the cycled Mg anode in MBhfip/DME electrolyte
(Figure S4a—e, Supporting Information), which indicates that
the SEI formed by LBhfip/DME electrolyte has somehow similar
compositions with the forming SEI in MBhfip/DME electrolyte.
However, it is worth noting that Li 1s XPS spectrum (Figure 3f)
exhibits a significant amount of LiCO;, Li,O, and LiF species
located at 55.2, 55.6, and 56.7 eV, respectively.l'3} Therefore,
these inorganic lithium salts are likely to play a very important
role in stabilizing the as-formed SEI on Mg anode surface. TOF-
SIMS results (Figure 3g) not only further manifest the presence
of Li-containing components in SEI, but also shows that the dis-
tribution of SEI components is uniform, which is different from
the uneven SEI formed by MBhfip/DME electrolyte (Figure S4f,
Supporting Information). In addition to the above comparison
of components distribution map, Figure 3h depicts the inten-
sity evolution of various species in the SEI for both electrolytes,
as a function of the sputtering time. As the ion sputtering time
increases, the signal intensity for O~, CO;™, and F~ species of the
SEI formed by LBhfip/DME electrolyte is always higher than that
of the SEI formed by MBhfip/DME electrolyte, which indicates
the SEI formed by LBhfip/DME electrolyte should be denser.
The cross-section SEM images of the Mg anode of the Mg/Cu
cell with different electrolytes after 100 charge—discharge cycles
have been observed and compared, as shown in Figure 3i. The
cycled Mg anode in LBhfip/DME shows an obviously dense and
uniform morphology, which indicates that Mg plating/stripping
in LBhfip/DME electrolyte should be more homogeneous
during the electrochemical charge—discharge process. These
results manifest that a stable and dense Li-species-containing
SEI could be formed on Mg anode surface based on the reaction
between Mg metal and LBhfip/DME, which highly contributes
to the reversible Mg plating/stripping. Inspired by the stable
Li-species-containing SEI, some Li salts additives (LiNO;, LiPF)
have also been attempted for improving the electrochemical sta-
bility of MBhfip/DME electrolyte, which unsuccessfully exhibit
reversible Mg plating/stripping behavior (see Figure S14 for the
details, Supporting Information). Therefore, the anion species
in Mg electrolyte play a crucial role in the formation of stable
Li-species-containing SEI on Mg anode surface. Li[B(hfip),] salt
has also been attempted as additive in MBhfip/DME electrolyte
(containing 0.5 M Mg[B(hfip),], and 0.2 M Li[B(hfip),], abbrevi-
ated as MLBhfip/DME). As shown in Figure S15 (Supporting
Information), the electrochemical stability and reversibility of
MLBhfip/DME is significantly better than MBhfip/DME, and
slightly worse than LBhfip/DME. The results of XPS and TOF-
SIMS (Figure S16, Supporting Information) have also affirmed
the existence of Li-species-containing SEI on the cycled Mg
anode surface in MLBhfip/DME electrolyte.

Based on the above various experimental analysis, the spe-
cific mechanism of SEI formation on Mg anode surface has
been first summarized, as illustrated in Scheme 1. In MBhfip/
DME electrolyte (Scheme 1a), the decomposed products of
MBhfip salts participate in forming a loose and unstable SEI on
Mg anode surface, thereby causing the Mg anode to be unable
to withstand long-cycle electrochemical process. However, in
the LBhfip/DME electrolyte (Scheme 1b), Li[B(hfip),] salts first
decompose on the side of low potential and Mg?" enter into
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time in TOF-SIMS and i) the cross-section SEM images for the cycled Mg anode surface of the Mg/Cu cell (with LBhfip/DME) and the Mg/Cu cell (with
MBhfip/DME) after 100 charge—discharge cycles.
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Scheme 1. The specific mechanism of SEI formation on the Mg anode surface in a) MBhfip/DME electrolyte and b) LBhfip/DME electrolyte.
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Figure 4. a) Charge—discharge profiles and b) charge—discharge capacity of the MogSg/Mg battery (with LBhfip/DME electrolyte) at different rates.
c) Cycling stability and corresponding Coulombic efficiency of this MogSg/Mg battery for 6000 cycles at the rate of 10C (1C =128.8 mA g7').

the electrolyte from the side of Mg anode during the initial
discharge process. After a sufficient amount of Mg?" exists in
the electrolyte, LBhfip/DME electrolyte enables Mg?* conduc-
tion. After several cycles of charge—discharge, the decomposed
products of Li[B(hfip),] salt participate in the formation of a
stable Li-species-containing SEI on electrode surface, which
ensures the reversible and stable Mg plating/stripping during
long-cycle electrochemical testing.

To demonstrate the practical application of LBhfip/DME
electrolyte in battery system, MogSg/Mg batteries with this
electrolyte have been assembled to investigate its cycling
performance. Figure 4a,b shows the charge-discharge profiles
and specific capacities at different C-rates (1 C = 128.8 mA g'!).
The specific capacity decreased slightly as the C-rate increasing,
and the discharge capacity still maintains 106.0 mAh g! even
at 15C. The long cycling stability of this MogSg/Mg battery
has also been studied, as shown in Figure 4c. This Mo¢Sg/Mg
battery delivers an initial discharge capacity of 100.4 mAh g
with the Coulomb efficiency of 99.0% at a rate of 10C and the
discharge capacity increases gradually to 118.5 mAh g™ after
2800 cycles, which may be due to the slow electrolyte wetting
into cathode and the activating process of LBhfip/DME electro-
lyte. After stable 6000 cycles at 10C, the discharge capacity of
this battery is still rather high (101.3 mA g7!), and the average
CE over the 6000 cycles is higher than 99.0%. To our knowl-
edge, this is the best performance of the MogSg/Mg battery
that has been reported.' In fact, Li* intercalation reaction into
MogSg cathode is the dominant process when both Li* and Mg?*
are present in the electrolyte simultaneously.'**'5] Although
the above high capacity performance may be due to the revers-
ible intercalation reaction of Li-ion into the MogSg cathode, the
rate performance and long cycling stability in our LBhfip/DME
electrolyte still show impressive advantages.

In conclusion, a stable Li-species-containing SEI could be
formed on Mg metal anode surface by the partial decomposition
of LBhfip salts in the electrochemical process. Simultaneously,
Mg?* can be introduced into this LBhfip/DME electrolyte
during the initial electrochemical cycles for in situ forming a
hybrid Mg?*/Li* electrolyte, and then the cycled LBhfip/DME
electrolyte can conduct Mg?" smoothly. The precise species
of this cycled LBhfip/DME electrolyte primarily comprises
Mg?*, Li*, and unchanged B(hfip),~ anion, which has been
confirmed by NMR, ICP-OES, and HRMS. The unchanged
B(hfip),” anion in the hybrid Mg?*/Li* electrolyte indicate the
decomposed products of LBhfip salts mostly precipitate on the
Mg anode surface to form Li-species-containing SEI, which can
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prevent the further parasitic reaction between the remaining
electrolyte and Mg anode. The as-formed Li-species-containing
SEI has also been thoroughly analyzed by XPS analysis and
TOF-SIMS. This stable SEI highly contributes to reversible
Mg plating/stripping in Mg/Cu cell and enables 2000 cycles
of stable constant current polarization (1.0 mA cm™) in Mg/
Mg symmetric cell. More importantly, the extracted Mg anodes
after cycling in LBhfip/DME electrolyte can be well compat-
ible with Mg(TFSI),/DME electrolyte. Notably, the MogSg/Mg
batteries assembled with this LBhfip/DME electrolyte exhibits
a discharge capacity of 101.3 mAh g after 6000 cycles at the
rate of 10C. This ingenious approach of constructing stable SEI
by exploiting novel electrolyte provides a promising avenue not
only for Mg metal anode but also for other multivalent metal
anodes facing the similar problems.

Experimental Section

All experimental details are included in the Supporting Information.
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