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A bimetallic Bi/Sn artificial interface layer is constructed on an Mg

anode via displacement reaction to address passivation challenges

in ether-based electrolytes. Compared to the nucleation overpo-

tential of Mg (–3.21 V), that of the fabricated BiSn@Mg is lower

(0.098 V), and its deposition overpotential is below 0.21 V. The

BiSn@Mg//BiSn@Mg cell can run stably for 4000 h with a good rate

capability. The constructed artificial interface enhances Mg/elec-

trolyte compatibility and reaction kinetics. This work advances

reversible Mg plating/stripping in ether-based electrolytes.

Recently, the surging demand for portable electronic devices and
electric vehicles has driven significant progress in the energy
storage field.1,2 Rechargeable magnesium batteries (RMBs) are
emerging as formidable alternatives to lithium-ion batteries
(LIBs) owing to their several advantages: first, magnesium (Mg)
has a superior theoretical specific capacity (3833 mA h cm�3),3–5

which is particularly favorable for energy storage devices with
limited storage space;6,7 second, the Mg metal anode (MMA)
exhibits a rather low redox potential (�2.37 V vs. SHE), so RMBs
can provide a higher working voltage; and third, Mg shows high
terrestrial abundance and safety compared with lithium metal.
However, the practical application of RMBs is strictly hindered
due to several challenges regarding MMA performance. On the
one hand, the uneven deposition of magnesium ions during
operation of RMBs under high current densities may lead to
piercing of the separator due to dendrite formation and genera-
tion of internal short circuits, which poses safety hazards and
results in rapid degradation of battery performances. On the
other hand, passivation layers easily form on the metal anode in
RMBs because magnesium, due to its strong reducibility,triggers
a series of side reactions with traditional Mg(TFSI)2/DME

electrolytes.8,9 Consequently, insulating components such as
MgO and Mg(OH)2 can gradually form on the MMA surface
during charge–discharge processes, and these formations ser-
iously hinder the diffusion of Mg ions and the electrode reaction
kinetics. This hindrance occurs because the passivation layer on
the MMA substantially obstructs the reversible plating/stripping
of Mg, while the solid electrolyte interface (SEI) coating on the
anode in LIBs can facilitate transport of lithium ions.8–10 There-
fore, operation of RMBs is marked by a short cycle life with
emerging high polarization and poor stability.11–15

Alleviating the passivation of the MMA in conventional ether-
based electrolytes is the key to improving the cycling reversibility
and stability of Mg plating/stripping on the anode of an
RMB.16–18 Numerous studies have been dedicated to the devel-
opment of an artificial SEI on the Mg electrode surface, which
has shown significant potential in improving Mg2+ migration
kinetics and inhibiting deleterious reactions with electro-
lyte.19–24 Luo et al.25 created an in situ protective layer by
introducing GeCl4 into an ether-based electrolyte to inhibit
passivation on the MMA. However, this approach comes with
some issues, such as chloride-induced corrosion of the cell
components and the unpredictable nature of the chemical
reactions. These issues could seriously hinder the effective
formation of a stable SEI layer, thus lowering the cycling
stability. To tackle these challenges, the subsequent research
shifted its focus from directly incorporating chlorides into the
electrolyte to facilitating their in situ formation or preparing an
artificial interface layer on the Mg electrode beforehand, thereby
effectively mitigating the corrosive effects of chloride ions. A Sn-
based artificial SEI composed of Mg2Sn alloy prepared by Luo
et al.26 through an ex situ soaking process effected a facilitated
and rapid ion transport, while the insulating composition
MgCl2/SnCl2 in the modified layer provided the essential gradi-
ent of potential to prevent surface deposition. Such strategies
align with interfacial engineering principles used for stabilizing
nanostructured carriers.27,28 Furthermore, Pan et al.29 success-
fully developed an In/MgCl2/Mg SEI layer through a hydrolysis
approach and introduced the concept of relative compactness
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density, which offers a method for evaluating the density and
chemical reactivity of the artificial SEI layer. Sustainable
approaches, like those using eco-friendly materials,30 highlight
scalable solutions for low-cost SEI layers. Nevertheless, the
single-component SEI layer presents some limitations, including
suboptimal electrical contact activity and magnesiumphilicity
among the constituent elements. Consequently, the overpoten-
tial of an MMA tends to increase progressively during the
charge–discharge process. It is important to design and develop
a simple, low-cost SEI layer to resolve present problems, which is
essential for improving the cycling reversibility and stability of
plating/stripping on MMAs.31

Herein, we have proposed a strategy for fabricating a BiSn
artificial interface layer by carrying out a replacement reaction
between Mg and two-component metal salts. Including this
artificial interface effectively lowers the energy barriers to the
adsorption and diffusion of Mg, enhances the affinity to anode-
electrolyte interface and electrode reaction kinetics, thus creat-
ing a BiSn@Mg anode showing electrochemical performance
markedly better than that of pristine Mg. Therefore, BiSn@Mg//
BiSn@Mg exhibits a very low overpotential and exceptional
cycling stability and can operate stably and continuously for
over 4000 h at 0.01 mA cm�2 and maintain an overpotential
below 0.2 V. Furthermore, the results of experiments with
BiSn@Mg//Mo6S8 also demonstrate that the artificial interface
layer effectively mitigates the interfacial reaction of electrode with
electrolyte, enabling rapid and reversible plating/stripping of Mg.

SEM images in Fig. 1(a) and (b) clearly show the artificial
interface layer to be composed of many spherical particles with
dimensions of several microns and forming with a thickness of
about 15 mm on the Mg surface. The formation of the artificial
interface layer can be also observed from the optical photo-
graphs in the inset of Fig. 1(a). An EDS mapping of the cross-
section of the BiSn@Mg in Fig. 1(c–f) shows Bi and Sn elements
distribute mainly in artificial interface layer, and Mg element

predominantly under its ‘‘bottom’’ while Cl from reaction
residue. This result confirms that the artificial interface layer
is mainly composed of Bi and Sn elements. Moreover, the
thickness, crystal structure and elemental distribution of this
artificial interface layer are almost unchanged over the course
of 4000 h of charge–discharge, as evidenced by the results
shown in Fig. S1 and S2 (ESI†), suggesting excellent structural
stability. The SEM images and element mappings acquired of
Sn@Mg and Bi@Mg are provided in Fig. S3 and S4 (ESI†), and
suggest significant differences between them and BiSn@Mg.
They also indicate that the artificial interface can be fabricated
on an Mg surface by carrying out a simple displacement
reaction. The spherical particles are also observed in an HR-
TEM image, shown in Fig. 1(g), while the (101) plane of Bi with
a lattice spacing of 3.28 Å and the (211) plane of Sn with a
lattice spacing of 2.01 Å are seen in the acquired lattice fringe
images, shown in Fig. 1(h–j). The artificial interface formed on
the Mg surface is further confirmed to be mainly composed of
Sn and Bi. Moreover, the interface contact between Bi and Sn
could result in the formation of heterogeneous interfaces,
which are conducive to enhancing the adsorption and diffusion
of Mg2+ through synergistic interactions.32

Characteristic peaks of Mg (PDF#35-0821), Bi (PDF#44-
1246), and Sn (PDF#04-0673) are seen in the XRD pattern
acquired of a produced BiSn@Mg shown in Fig. 2(a), implying
that the BiSn@Mg consists of metallic Mg, Sn and Bi. The XRD
pattern confirms the crystalline nature of BiSn@Mg, despite its
synthesis via displacement reaction between Mg and BiCl3/
SnCl2. The XRD pattern of pristine Mg, provided in Fig. 2(b),
only shows the characteristic peaks of Mg, in accordance with
the Mg metal (PDF#35-0821). The XRD patterns acquired of
Sn@Mg and Sn@Mg are also provided, in Fig. S5 (ESI†). The Bi
4f region of the XPS spectrum acquired of BiSn@Mg is provided
in Fig. 2(c), and shows peaks located at 156.9 eV (4f7/2) and
162.5 eV (4f5/2), corresponding to Bi0 species, and peaks at
159.7 eV (4f7/2) and 165.1 eV (4f5/2), attributed to Bi3+ species.33

The presence of Bi3+ can be owed to trace residues of reactant
and the bismuth oxidation due to the inevitable exposure of
samples in air during the XPS test process shown in Fig. S13
(ESI†).34 The Mg 1s region of the spectrum of BiSn@Mg,
provided in Fig. 2(d), shows three separate peaks, at binding

Fig. 1 (a) Top-view SEM image and optical photograph (inset), and
(b) cross-sectional view SEM image of BiSn@Mg. (c)–(f) EDS mapping images
of different elements in interface layer. (g) HR-TEM images of interface layer.
(h)–(j) Lattice fringe images of regions I, II and III in panel (g).

Fig. 2 (a) and (b) XRD patterns of (a) BiSn@Mg and (b) pristine Mg. (c) Bi 4f,
(d) Mg 1s, (e) Sn 3d and (f) Cl 2p regions at high resolution of the XPS
spectrum of BiSn@Mg.
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energies of 1302.8 eV, 1303.8 eV, and 1304.5 eV, confirming the
presence of Mg, MgO and Mg2+ species, respectively. In addition,
the Sn 3d region, provided in Fig. 2(e), also shows three peaks, here
at binding energies of 485.4 eV, 486.1 eV, and 486.6 eV, attributed
to Sn, SnO and SnO2, respectively.33 The generation of magnesium
and tin oxides is due to the inevitable oxidation of BiSn@Mg
during the XPS test. Finally, the Cl 2p region, provided in Fig. 2(f),
shows peaks located at 198.5 eV and 199.9 eV, assigned to the 2p3/2

and 2p1/2 of Cl�,35 and attributed to the residues resulting from
reactions of Mg with BiCl3/SnCl2. Consequently, the artificial
interface on the Mg surface can be inferred to be mainly composed
of metallic Bi and Sn.

Charge–discharge curves of the BiSn@Mg and Mg anodes
acquired under same conditions in Fig. 3(a) and (b) indicate a
nucleation overpotential of Mg of about 0.098 V on the
BiSn@Mg anode, and of 3.21 V on the Mg anode. Meanwhile,
it can also be found that the overpotential difference of the
Mg//SS runs to 5.06 V, which is almost 24.1 times higher than
that of BiSn@Mg//SS (0.21 V). The significant reduction of
nucleation and plateau overpotential on BiSn@Mg anode ori-
ginates from the formation of artificial interface.32 Fig. S8
and S10 (ESI†) show that BiSn@Mg//BiSn@Mg has the lowest
activation energy and interfacial resistance, due to the synergy
of Bi and Sn, thereby enhancing Mg2+ adsorption and
diffusion.33 Additionally, the results of a cycling stability test
on BiSn@Mg//BiSn@Mg, provided in Fig. 3(c), indicate an
enduring and stable cycling performance, attributed to the
formation of the artificial interface. After 20 charging–dischar-
ging cycles, the overpotential of BiSn@Mg//BiSn@Mg is approxi-
mately 0.18 V, much lower than that of Mg//Mg (2.0 V). It
still remains at about 0.2 V after 4000 h of charge–discharge at
0.01 mA cm�2 with a coulombic efficiency of 99%, as shown in
Fig. S6(a) (ESI†). However, the results displayed in Fig. S6(c) (ESI†)
show that under the same conditions, Sn@Mg//Sn@Mg and
Bi@Mg//Bi@Mg can operate continuously for 100 and 500 h,

while the Mg//Mg device only stably runs for 60 h. Similarly, the
results in Fig. S6(d) (ESI†) indicate that the overpotentials of
Sn@Mg//Sn@Mg and Bi@Mg//Bi@Mg separately are 0.5 V and
0.6 V, much higher than that of BiSn@Mg//BiSn@Mg. From rate
capability data acquired for BiSn@Mg//BiSn@Mg, shown in
Fig. 3(d), its overpotential can be found to increase gradually
from 0.15 to 0.3 V as the current density is increased from 0.01 to
0.2 mA cm�2. When the current density reverts to 0.01 mA cm�2,
the cell overpotential also drops back to 0.15 V. These results imply
a good rate capability for BiSn@Mg//BiSn@Mg. However, rate
capability data acquired for Mg//Mg and displayed in Fig. 3(e) show
that its overpotential remains at almost 2.0 V under different
current densities. These results sufficiently clearly demonstrate
an improvement in performance resulting from fabricating the
artificial interface on the Mg anode. Similarly, the data displayed in
Fig. S6(e) and (f) (ESI†) show that both Sn@Mg//Sn@Mg and
Bi@Mg//Bi@Mg experience short-circuiting when the current den-
sity is increased to 0.05 mA cm�2. In addition, the data in Fig. S9
(ESI†) also indicate that the ratio of the amount of Bi3+ to that of
Sn2+ and the reaction time significantly affect the performances of
BiSn@Mg. The overpotential of BiSn@Mg//BiSn@Mg is lowest
when this ratio is 1 : 1. Moreover, under this optimal ratio, the
overpotential decreases first and then after 14 minutes increases
with the increasing reaction time, leading us to choose 14 minutes
as the optimal reaction time in this work.

The CV curves acquired of BiSn@Mg//Mo and provided in
Fig. 4(a) show a pair of redox peaks at 0.70 V and �0.75 V,
which correspond to the stripping and plating of Mg. However,
no redox peaks appear on the CV curves of Mg//Mo, displayed
in Fig. 4(b). These results imply that fabricating an artificial
interface is conducive to enhancing Mg plating and stripping,
and remarkably improving electrochemical behaviours. EIS
data acquired before the charge–discharge and displayed in
Fig. 4(c) and (d) and Table S1 (ESI†) demonstrate that the
reaction resistance of BiSn@Mg//BiSn@Mg is 3.7 kO, much

Fig. 3 (a) and (b) Charge–discharge curves of (a) BiSn@Mg//SS and
(b) Mg//SS. (c) Cycling stability levels of indicated cells at 0.01 mA cm�2

(with enlarged views of 40–50 and 3650–3660 h in the inset). (d) and (e)
Rate capability levels of the (d) BiSn@Mg//BiSn@Mg and (e) Mg//Mg cells.

Fig. 4 (a) and (b) CV curves of (a) BiSn@Mg//Mo and (b) Mg//Mo in 0.5 M
Mg(TFSI)2/DME at 10 mV s�1. (c) and (d) EIS of (c) BiSn@Mg//BiSn@Mg and
(d) Mg//Mg under indicated cycling states.
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lower than that of Mg//Mg (489.1 kO). This difference can be
attributed to the formation of the artificial interface, and its
enhancement of the diffusion kinetics of Mg2+. Although all the
cells tested show a tendency of increasing reaction resistance
during the course of charge–discharge, the value of BiSn@Mg//
BiSn@Mg is always much lower than that of Mg//Mg, suggest-
ing that the rise of reaction impedance is inhibited by the
artificial interface, thereby improving cycling stability.

The CV curves acquired of BiSn@Mg//Mo6S8 and displayed in
Fig. S12(a) (ESI†) show redox signals located at about 0.6 V and
�0.6 V, respectively, and the positions and current density remain-
ing stable in the subsequent cycles, suggesting good reaction
kinetics and stability. However, there are no obvious redox signals
in the CV curves acquired for Mg//Mo6S8 and shown in Fig. S12(b)
(ESI†). This result stems from the difficulty of plating and strip-
ping on the Mg anode. The results in Fig. S12(c) and (e) (ESI†)
show that BiSn@Mg//Mo6S8 displays a charge–discharge plateau
and a discharge specific capacity of 49 mA h g�1 with a coulombic
efficiency of 87.4% during the first cycle. Also, the discharge
specific capacity can still reach 39 mA h g�1 after 20 cycles.
However, Mg//Mo6S8 shows a much lower specific capacity and
coulombic efficiency; see Fig. S12(d) and (f) (ESI†).

Herein, an artificial interface consisting of metallic Bi and Sn
has been successfully fabricated on an Mg anode by performing a
replacement reaction, yielding excellent electrochemical perfor-
mances. The nucleation and deposition overpotentials for the
BiSn@Mg anode are much lower than those for the Mg anode
under the same conditions. BiSn@Mg//BiSn@Mg generates an
overpotential of only 0.2 V at 0.01 mA cm�2 and can run stably
for 4000 h with good rate capability and coulombic efficiency.
However, Mg//Mg does not work normally after 60 h, and its
overpotential is about 2.0 V. Moreover, BiSn@Mg//Mo6S8 can
provide an initial discharge specific capacity of 49 mA h g�1.
These excellent performance measures are attributable to the
formation of the artificial interface on the Mg anode surface,
which lowers the energy barrier of Mg2+ adsorption and diffusion
as well as lowering the reaction impedance, thus improving the
affinity of Mg to the anode-electrolyte interface and improving
electrode reaction kinetics. These research results contribute to
the advancement of modification methodologies for Mg anode
surfaces to facilitate the development of high-performance RMBs.
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