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A B S T R A C T

The rise of rechargeable Mg batteries, a candidate for replacing lithium-ion batteries, is constrained by the
electrolytes severely. Unfortunately, the Mg anode usually forms a blocking layer to impede the penetration of
divalent Mg2þ in traditional electrolytes. Here, we demonstrate a protection layer formed in vivo on the surface of
Mg metal anodes by adding GeCl4 into ether electrolyte, successfully preserving structure stability and showing a
low overpotential even at high current density of 10mA cm�2. Due to the excess additives in electrolyte, self-
repair effect of the protection layer emerges over electrochemical cycling. Significantly, full cells with Mg
metal anodes paired with both TiS2 and Ti3C2 cathodes in GeCl4-containing ether electrolyte are also presented.
Our work paves a new way towards rational design of self-repair protection layer via a facile chemistry route in
simple Mg salt electrolyte system.
1. Introduction

The challenges that current rechargeable battery systems face are
high energy density, material sustainability and safety [1]. Due to the
limited capacity, commercial lithium–ion batteries fail in meeting the
ever-growing energy density demand with the development of portable
electronic devices and electric vehicles [2]. As one of the most potential
alternatives, rechargeable Mg metal batteries (RMBs) have received
extensive attention in virtue of some fascinating features of metallic
magnesium.Mgmetal anodes have natural superiority of high theoretical
volumetric capacity (3833 mAh cm�3), abundance in earth's crust, and
low redox potential (�2.37 V versus the standard hydrogen electrode).
Moreover, Mg metal anodes possess the characteristics of environmen-
tally friendly and relatively low activity [3]. In most cases unlike metallic
lithium, magnesium will not form dendrites during repeated deposi-
tion/dissolution process [4]. Therefore, it is of great possibility to pro-
mote safety of batteries with high energy density when using metallic
magnesium as the anode. However, there are still some challenges that
hinder the commercial applications of RMBs.

One of the pivotal obstacles is the lack of an ideal electrolyte that can
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hargeable Mg metal batteries
effectively transfer Mg2þ. Great efforts have been devoted to developing
suitable electrolytes capable of reversible plating/stripping of Mg. A
groundbreaking work from Nelson's group demonstrated that soluble
Grignard reagent (RMgX, R is alkyl or aryl, X is halogen) dissolved in
ether solvent electrolytes can achieve reversible deposition/dissolution
of magnesium. However, this electrolyte showed poor anodic stability
and quite low ionic conductivity [5]. Gregory and coworkers subse-
quently found that adding strong Lewis acid AlCl3 into Grignard reagent
could effectively enhance the interphase stability between electrolyte
and anode [6]. A breakthrough in prototype systems for non-aqueous
rechargeable magnesium batteries was first demonstrated by Aurbach's
group in 2000 with Mg organohaloaluminate salts in ether solvents based
on Lewis acid-base theory [7]. Afterwards, various Grignard
reagent-based and organoborate-based electrolytes have been proposed
to allow stable and fast Mg2þconducting while avoiding the generation of
blocking layer [8]. Nevertheless, these complex electrolytes are difficult
to synthesize and highly sensitive to air and moisture, and usually toxic
and costly. Moreover, these electrolytes can be compatible with few types
of cathodes due to their poor anodic stability and unsatisfactory stability
against current collector corrosion. Apart from electrolytes containing
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heavy organometallic magnesium complex, using simple Mg salt (e.g.,
Mg(PF6)2, Mg(BF4)2, Mg(TFSI)2, etc.) is another promising strategy to
realize reversibility of RMBs. Different from the solid electrolyte inter-
face (SEI) transporting Liþ in Li batteries, a passivation layer hindering
Mg2þ conduct would be formed induced by the decomposition of elec-
trolyte components or parasitic reactions between electrolytes and an-
odes [9]. Mg(TFSI)2, one of the very few Mg salts possessing reasonable
solubility in ether solvents, is highly resistant to oxidation and provides a
wide operating voltage range. Unfortunately, Mg(TFSI)2-based electro-
lytes usually show a poor electrochemical performance as a result of the
decomposition of Mg salt forming a MgF2-rich blocking layer, which
impedes reversible Mg plating/stripping (Fig. 1a) [9b,10]. Recently, Ban
and co-workers made an important breakthrough in the development of a
PAN-based protection layer engineered on the Mg anode surface as an
artificial Mg2þ-conducing interphase in Mg(TFSI)2/PC electrolyte to
realize reversible Mg plating/stripping [11]. Besides facilitating Mg2þ

conducting, an ideal protection layer should maintain structure and
component stability during long-term cycling. However, it should be
noted that high current density and accidental damage often lead to a
loose structure of the artificial film. As a result, the protection layer may
crack or even partially peel off so that the bare region would be passiv-
ated again due to the direct contact between Mg anode and electrolyte
(Fig. 1b).

Herein, we propose a facile surface chemistry approach to accomplish
a Ge-based protection layer in vivo on the surface of Mg metal by adding
GeCl4 into Mg(TFSI)2/DME electrolyte. The Ge-based protection layer
provides a pathway for rapidMg2þ transport andmeanwhile prevents the
formation of the passivation film on the Mg anode surface. Electro-
chemical performance shows that a low and stable overpotential was
exhibited during plating/stripping process in GeCl4-containing ether
electrolyte, even at high current density of 10mA cm�2. On account of
excess additives in electrolyte, a self-repair process would occur when the
artificial protection film ruptures abruptly (Fig. 1c). Furthermore, a
steady cycling performance is illustrated in both MgjTiS2 and MgjTi3C2
full cells with GeCl4-containing ether electrolyte.

Theoretically, Ge4þ in modified electrolyte can automatically replace
the surface atoms of metallic Mg via a facile galvanic replacement reac-
tion because Ge has a more positive equilibrium potential than Mg (EGe4þ/

Ge¼ 0.124 V versus SHE, EMg
2þ

/Mg¼ �2.37 V versus SHE).

Ge4þþMg→Ge þ Mg2þ (1)

The relative Gibbs free energy (ΔG ¼�nFE) indicates a spontaneous
formation of Ge on Mg metal surface. DFT calculations show that Ge
metal provides a quite low migration for Mg2þ diffusion, thus the as-
prepared Ge-based protection layer favors the transport of Mg2þ in the
bulk phase [12]. To substantiate the hypothesis, symmetric Mg cells in
Fig. 1. Schematic diagrams showing the (a) passivation layer in blank electrolyte, (b)
in vivo-formed protection layer during Mg plating/stripping in conventional organic
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GeCl4-containing electrolytes were assembled and rested for 48 h, after
which the cells were disassembled to analyze the nature of the Mg anode
surface. Obviously, optical photos indicate that a dark grey layer is
generated in vivo on the Mgmetal surface using the electrolyte with 0.4M
GeCl4, while the electrode in blank electrolyte is almost unchanged
(Fig. S1). For Mg anodes exposed to the electrolyte containing GeCl4,
Raman spectra show two obvious peaks centered at 200 and 300 cm�1,
assigned to Ge, GeOx peaks, respectively. However, no sharp
Raman-active peaks appear in the frequency range of 100–1400 cm�1 for
electrode in blank electrolyte (Fig. S2). As can be seen from the energy
dispersive X-ray spectroscopy (EDX) mapping, Mg, Ge and few Cl ele-
ments are distributed uniformly on the surface layer (Fig. 2a–d). The
consistency of above observations reveals that Ge-rich artificial layer can
be formed in vivo on Mg metal surface by direct immersing the electrode
in GeCl4-containing ether electrolyte.

SEM and X-ray photoelectron spectroscopy (XPS) characterization
were performed to acquire the composition of the Ge-based protection
layer and further investigate the stability upon cycling. Top-view SEM
images show that an uneven surface layer is formed onMg anode in 0.4M
GeCl4-containing electrolyte after resting for 48 h, while the surface
pattern layer maintains largely unchanged after 30 cycles (Fig. 2e, f). As
exhibited in Fig. 2g, high-resolution XPS spectra of Ge 3d showed that the
major Ge-containing components on the surface are Ge, GeO and GeO2
[13]. The XPS spectra of Mg 1s can be fitted into three Gauss peaks
centered at 1303.3, 1304.2, and 1305.1 eV, which are assigned to Mg,
MgO, andMgCl2, respectively [14]. The C 1s spectrum shows several split
peaks centered at 284.8, 286.2 287.7, and 289.4 eV, respectively, cor-
responding to C–C, C–O, C––O, and CO3

2� functional groups [15].
Notably, the composition of electrode surface layer after 30 cycles is
quite similar with that in the fresh cell (Fig. 2h, Fig. S3), indicating the
Ge-based protection layer maintains compositionally stable over cycling
and no passivation layer is formed during repeated plating/stripping
process.

Galvanostatic charge/discharge measurement was carried out in
symmetric Mg cells to validate the Mg2þ transport property of the Ge-
based protection layer on Mg anodes. A capacity of 0.005 mAh cm�2 at
current density of 0.01mA cm�2 was continuously cycling in each
charge/discharge cycle. As displayed in Fig. 3a, the symmetric cells with
modified electrolyte show an exceptionally stable voltage profile with a
quite low overpotential (~250mV) over 1000 h at current density of
0.02mA cm�2, possibly attributed to unhindered ionic diffusion in the in-
vivo formed Mg2þ-conducting film. On the contrary, the Mg anode in
blank electrolyte exhibits a high overpotential with reduced lifetime,
indicating that the anode undergoes severe passivation during cycling.
The passivation layer quickly shuts off the pathway of Mg2þ, leading to
an irreversible plating/stripping behavior. Similar galvanostatic plating/
breaking process for protection layer and (c) breaking and self-repair process for
electrolyte.



Fig. 2. Characterization of the Ge-based protection layer. (a) Cross-section SEM image (b–d) the corresponding EDX mapping analysis of the Ge-based protection
layer. Top-view SEM image of Mg metal electrode (e) in fresh cell and (f) after 30 cycles. XPS of Mg metal electrode (g) in fresh cell and (h) after 30 cycles using 0.4M
GeCl4 in 0.5MMg(TFSI)2/DME electrolyte.
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stripping experiments in Mg symmetric cells were performed under
extremely high current density of 10mA cm�2 and capacity of 5 mAh
cm�2. Fig. 3b showed that the cells in GeCl4-containing electrolyte
exhibit remarkable reversibility without pronounced voltage fluctuation
over 350 h. As a comparison, symmetric Mg cells with the electrolyte
containing various different concentrations of GeCl4 were also examined
(Fig. S5).

XPS analysis is conducted to further acquire the stability of the anode
surface upon cycling (Fig. 3c). After cycling, the ratios of C 1s to Mg 1s
(RC:Mg¼0.36) and F 1s to Mg 1s (RF:Mg¼0.31) of the anode surface in
GeCl4-containing electrolyte are far less than that in blank electrolyte
(RC:Mg¼0.80 and RF:Mg¼0.54). Note that the Mg anode surface in GeCl4-
containing electrolyte is enriched with Ge. The actual C/Mg and F/Mg
ratio disparity should be much larger. This demonstrates that the para-
sitic reactions between TFSI- and Mg anode and the decomposition of
electrolytes have been restricted substantially due to in-vivo formed Ge-
based protection layer. It is reported that the addition of MgCl2 can
effectively improve the reversibility of Mg deposition and stripping [9b,
9d,16]. To further exclude the effect of Cl- in electrolyte, an electrolyte
containing MgCl2 with equivalent amount of Cl- in GeCl4-containing
electrolyte was formulated. As depicted in Fig. S6, a more stable voltage
profile with dramatic lowering of overpotential is attained in GeCl4--
containing electrolyte, implying that the Ge-based artificial protection
layer formed onMg surface plays a significant role in enhancing the cycle
life of the symmetric cells.

Furthermore, engraving-reassembling experiment was carried out to
verify the self-repair property of Ge-based protection film. After 30 cycles
at 2 mA cm�2, the symmetric cell with modified electrolyte was dis-
assembled. Then a Z-shaped scar was engraved on the surface of the
electrode and SEM images clearly reveal the boundary lines of the gap
(Fig. 4b). These gaps were ~1.5mm in width and ~4mm in length
following the model (Fig. S7). EDX mapping further confirms the com-
ponents of the exposed gap are almost Mg (Fig. S8). Then the engraved
electrode was reassembled under the same assembly condition (using
3

previous electrolyte). As shown in Fig. 4a, the reassembled cell un-
dergoes a temporary fluctuation during the initial cycles and exhibits
reasonably stable voltage profile once the protection film re-formed. The
result suggests that an in-vivo self-repair process would occur when the
protection film cracks unexpectedly or fails at the strains encountered
upon cycling [17], benefitted from the excess additive in electrolytes and
fast galvanic replacement reaction between GeCl4 and metallic Mg. After
a few cycles, the Z-shaped scar disappears and the engraved anode sur-
face turns to grey tarnish (Fig. 4c). SEM images and EDXmapping further
demonstrate that a new Ge-rich artificial layer forms on the fresh Mg
surface, which is consistent with the expectation of self-repair nature and
the electrochemical results.

To assess the location of plated Mg, the symmetric Mg cell with
modified electrolyte was disassembled after plating 3 mAh cm�2 of Mg.
Fig. 5a, b shows cross-section view of the protected anode after deposi-
tion in secondary electron detection mode and backscattered mode,
respectively. The deposited Mg layer appears bright in secondary elec-
tron detection mode, but dark in backscattered mode, which verifies that
metallic Mg plates underneath the protection film. Similar to ion con-
ducting artificial layer for Li metal anode [18], the insulating compo-
nents (such as Mg–Cl and Ge-Cl) in the artificial layer inhibit the
deposition of Mg on the surface and generate a potential gradient to drive
Mg2þ flow through the layer. As a proof of concept, full cells were
assembled to prove the efficacy of the Ge-based artificial Mg2þ-con-
ducting layer. TiS2, a well-established intercalation cathode [19] was
coupled with Mg metal anode in modified electrolyte or blank electro-
lyte. As displayed in Fig. 5c, owing to the Ge-based protection layer
formed in vivo, the cell delivers significantly enhanced reversibility and
cycling stability in modified electrolyte, with a reversible capacity of 87.8
mAh g�1 over 30 cycles at a rate of 10mA g�1 (Fig. S11). As a compar-
ison, rapid capacity fading is observed in blank ether electrolyte system
and the capacity drops to zero only after 5 cycles (Fig. 5c, Fig. S12). The
severe capacity decay is mainly attributed to the formation of passivation
film from the decomposition of TFSI-, which impedes Mg2þ diffusion.



Fig. 3. Symmetric cell performance. Voltage responses of symmetric Mg cells under repeated polarization from (a) 1/4 h charge/discharge cycling at 0.02mA cm�2,
(b) 1/2 h charge/discharge cycling at 10mA cm�2. (c) The XPS survey of surface layer for symmetric Mg cells under 1/4 h discharge and 1/4 h charge cycles at
0.2 mA cm�2 in different electrolytes.
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Further interrogation of the artificial protection film was carried out in
full cells with an optimized cathode Ti3C2 MXene material (Figs. S9 and
10) [20]. It has been reported that preintercalating cationic surfactant
CTAC into MXene membrane can significantly accelerate multivalent
Mg2þ insertion kinetics [21]. Predictably, with self-standing Ti3C2@C-
TAC cathode, the cells in modified electrolyte deliver excellent stability
with a high discharge capacity of ~100 mAh g�1 even at 50mA g�1

(Fig. 5d, Fig. S13). Nevertheless, the discharge capacity of cells in blank
ether electrolyte drops rapidly to zero with an increased overpotential
value (Fig. 5d, Fig. S14). Furthermore, the full cells with electrolyte only
containing 0.4M GeCl4 were performed (Fig. S15). The contribution of
specific capacity is almost negligible compared to those cells using
0.5MMg(TFSI)2-0.4M GeCl4 electrolyte, especially with Ti3C2 cathode.
Dozens of compounds are expected to react with metallic Mg, yielding an
artificial film composed of Mg2þ-conducting metals or alloys. We also
4

prove that SbCl3 additive in Mg(TFSI)2/DME electrolyte is effective to
prevent the Mg anode from passivation and enhance diffusion kinetics at
the surface (Fig. S16).

In summary, we have proposed a Ge-based protection layer formed in
vivo on Mg metal anode via a simple galvanic replacement reaction,
providing a Mg2þ-conducting passage for Mg electroplating. The pro-
tection film not only prevents the formation of Mg2þ-blocking layers, but
maintains compositionally invariable during long-term cycling. Mean-
while, the Ge-based artificial layer can effectively promote Mg2þ diffu-
sion and the insulating components prevent Mg deposition on the
surface. Notably, a self-repair behavior of the protection layer is observed
when the film undergoes an unexpected break or uneven strain distri-
bution upon cycling. Thus our strategy paves a new way towards rational
surface modification of monovalent or multivalent metal anode in
simple-salt-based organic electrolytes for rechargeable metal batteries.



Fig. 4. Self-repair of Ge-based protection film. (a) Voltage response of symmetric Mg cells from 1/4 h charge/discharge cycling at current density of 2mA cm�2 using
0.4M GeCl4 in 0.5MMg(TFSI)2/DME. Optical and SEM images of (b) engraved “Z” on the protected anode surface at 30 cycles and (c) self-repair of the protected
anode after 50 cycles.

Fig. 5. Full cell performance. Cross–section SEM images of protected anode after 3 mAh cm�2 Mg plating using 0.4M GeCl4 in 0.5MMg(TFSI)2/DME electrolyte in
symmetric Mg cell in (a) secondary electron mode and (b) backscattered mode. Cycling performance of (c) Mg/TiS2 and (d) Mg/Ti3C2 full cell.
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