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ABSTRACT: The development of high-voltage Mg metal
batteries is hampered by the incompatibility between a Mg metal
anode and conventional electrolyte, leading to a high overpotential
for Mg plating/stripping processes. In this work, we tailored a
hybrid functional layer consisting of Bi/MgCl,/polytetrahydrofur-
an (PTHF) by an in situ THF polyreaction during the reaction of
the Mg anode with BiCl; solution. The introduction of PTHF
inhibits the growth of Bi particles and fills the layer interstice with
MgCl,-containing PTHF, improving the structural integrity of the
functional layer and insulation between the electrolyte and Mg
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anode. As a result, compared to a simply modified Bi/MgCl, layer, the Bi/MgCL,/PTHF functional layer exhibits a lower
polarization voltage of 0.25 V and longer cycling life of more than 2000 h at 0.1 mA cm ™2 Mechanism analysis shows that Mg is
plated on the surface of Bi particles within the layer. The MosSg/Mg full battery with the hybrid functional layer achieved a low
voltage hysteresis of ~0.25 V and long cycling life over 500 cycles at SO mA g~'. This work provides a facile and effective hybrid
functional layer strategy to realize Mg metal batteries in conventional electrolytes.
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1. INTRODUCTION

Mg metal batteries, as one of the most promising post-lithium
batteries,' > have attracted increasing attention owing to their
high safety and low cost. For example, Mg is more abundant
and cheaper compared to Li, which is helpful for large-scale
applications. More importantly, a Mg metal anode possesses a
low potential of —2.37 V vs standard hydrogen electrode
(SHE) as well as a high specific mass capacity (2205 mAh g~")
and volume capacity (3833 mAh cm™), showing great
potential to achieve high-voltage Mg metal batteries with
high energy density."”” However, Mg metal batteries still have
a long way to achieve commercial application, and one of the
major sticking points is the lack of an appropriate electrolyte
system compatible with both the anode and cathode
simultaneously.'*™'* The current developed electrolytes that
are compatible with Mg metal still show several limitations in
Mg metal batteries. For instance, the most studied nonaqueous
halo-aluminate electrolytes, such as all-phenyl complex or
dichloro complex solutions, are not suitable for a high-voltage
cathode due to the low oxidation potential,m’14 high
disassociation energy of Mg—Cl bond,">'® and CI~ corro-
sion.””'® As for the electrolytes such as Mg(CB,Hy,),/
tetraglyme, their complex and high cost synthesis process need
to be considered for commercialization.'””° Conventional
electrolytes that are similar to the electrolyte for Li-ion
batteries, such as Mg(PF,), or Mg(TFSI), dissolved in ether,
ester, or nitrile solvents, possess relatively high oxidation
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potential and good compatibility with a high-voltage cathode,
and their production process can also refer to the existing Li-
ion battery electrolyte, making it a promising electrolyte for
high-voltage Mg metal batteries.”' ~>" With these electrolytes,
however, Mg metal tends to exhibit side reactions with anions
or solvents and to form a passivation film on the surface of the
Mg anode.””~*” Unlike the Li* conductive solid electrolyte
interphase (SEI) formed on Li metal, the passivation film on
Mg metal conducts neither electrons nor Mg2+ ions, resulting
in irreversible plating/stripping of Mg and failure of Mg metal
batteries."”***” Therefore, it is an important task for Mg metal
batteries to realize reversible Mg plating/stripping in conven-
tional electrolytes through novel strategies.

To date, researchers have made much progress in realizing
reversible Mg plating/stripping in conventional electrolytes.
One of the major research directions is modifying the solvation
shell structure of Mg** through altering the electrolyte
composition, such as MgCl,”® Mg(BH,),,”' methoxyethyl-
amine chelants,” trimethyl phosphate® as an additive, or
Mg(TFSA),*" as an electrolyte salt, which has been proven to
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Figure 1. Preparation and Mg plating process of Mg-Bi and Mg-Bi@PTHF electrodes.

have a tremendous effect on realizing reversible Mg plating/
stripping. Tailoring the functional layer on the Mg anode
surface is also an effective way to address the anode/electrolyte
incompatibility and high-voltage cathode limitation simulta-
neously.35’36 For example, Chunmei et al. creatively engineered
an artificial interphase interfacial film, which consisted of PAN
and Mg(CF;S0;), on the surface of Mg powder, achieving
highly reversible Mg chemistry in conventional electrolytes for
the first time;”” Zuo et al. immersed Mg metal in LiTFSI
+AICl;/tetraglyme solution, and a Mg®" conductive SEI
containing a large amount of MgCl,, MgF,, and MgS was
formed on the Mg surface eventually;”® Johnson et al.
suggested a route to a low overpotential and stable interphase
formed on Mg metal during cycling in Mg(TFSI),-tetraglyme
electrolytes;*” Xiaowei et al. tailored a metal—organic frame-
work (MOF) membrane on the Mg surface and the as-
constructed MOF membrane realized selective Mg’* trans-
port.”” Nonetheless, the synthesis methods of the functional
layers mentioned above are complex and costly. The functional
layer of metal(M)/MgCl, by simple displacement reactions of
Mg with MCl,/ether (M = Sn, Bj, etc.) is also a promising way
to protect the Mg anode, such as Bi/MgCl, and Sn/
MgCL.*'=* Although a much better Mg plating/stripping
performance can be achieved, the overpotential for Mg
plating/stripping is affected by the residual pores formed
during the preparation of the functional layer. More
importantly, the long-term cycling stability is severely
hampered by the frangibility of the functional layer since the
M/MgCl, layer tends to be pulverized and invalidated during
the charge—discharge process, and even during the preparation
process, causing the failure of the protection. Although the
addition of self-repair additives, such as GeCl,, can repair the
broken functional layer, the added CI™ will change the
electrolyte compositions, resulting in cathode kinetics limi-
tation brought about by the Mg—Cl bond and CI corrosion
problem.*® Therefore, the structure of these functional layers
needs to be reconsidered to improve the Mg plating/stripping
behavior.

Herein, polytetrahydrofuran (PTHF) is introduced by an in
situ THF polyreaction to strengthen the functional layer of Bi/
MgCl, during the displacement reaction. The introduction of
PTHEF plays multifunctional roles in the functional layer. First,
it binds the hybrid functional layer to the Mg substrate and
maintains their structural integrity, which is beneficial to buffer
the volume change effect caused by the Mg plating/stripping
process. Second, the PTHF formed by the in situ THF
polyreaction not only inhibits the uncontrollable growths of Bi

and MgCl, particles but also fills the pores formed during the
reaction of Mg with BiCl;, making the functional layer more
effective. As a result, compared to the simply modified Bi/
MgCl, functional layer, the Bi/MgCl,/PTHF hybrid functional
layer shows a lower polarization voltage and a much longer
lifespan in Mg symmetrical cells using the conventional
Mg(TFSI),/DME electrolyte. A steady cycling performance
is also achieved in MosSg/Mg full batteries with the designed
hybrid functional layer. Furthermore, it is worth noting that the
functional layer can still work in the electrolyte with the
addition of 2500 ppm H,O, proving its extraordinary moisture
resistance property.

2. RESULTS AND DISCUSSION

To solve the fragile problem of the functional layer,
introducing a polymer into the functional layer is an effective
strategy to enhance the structure stability. It is worth noting
that the polymers cannot contain any hydroxyl, carbonyl, or
other groups that can react with Mg metal, and thus PTHF was
chosen as the studied polymer in this work. The PTHF in the
hybrid functional layer is in situ polymerized from the THF
solvent and initiated by MgCl, or BiCl; during the reaction
between Mg and BiCl;. To accelerate the polyreaction of THF,
a small amount of epichlorohydrin (ECH) is necessary to be
added into the BiCl;/THEF solution. As illustrated in Figure 1,
the Mg-Bi@PTHF electrodes were obtained by dropping
BiCl;/THF solution containing a small amount of ECH on
polished Mg while the blank Mg-Bi electrode samples were
obtained by dropping an equivalent amount of BiCl;/THF
solution without ECH. During the Mg plating/stripping
process, the functional layer on Mg-Bi@PTHF electrodes is
expected to maintain its own structural stability due to the
presence of PTHF polymers, while that on the Mg-Bi
electrodes is easy to be pulverized and invalidated. The
possible reaction mechanism of the formation of the hybrid
functional layer is illustrated in Figure S1. In reaction 1, BiCly
is reduced by Mg to produce Bi and MgCl,. Meanwhile, in
reactions 2 and 3, MgCl, acts as a nucleophile and BiCl; acts as
a Lewis acid, respectively, that can initiate the ring-opening of
ECH. The intermediate formed by ring-opening continues to
initiate the ring-opening of THF and produce PTHF
eventually. The introduction of PTHF by an in situ THF
polyreaction during the displacement reaction is beneficial to
the formation of homogeneous polymers, leading to a better
mechanical stability and improved electrochemical perform-
ance.
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Figure 2. (a) Optical images of Mg-Bi and Mg-Bi@PTHF electrodes. (b) Optical images of Mg-Bi and Mg-Bi@PTHF electrodes’ cut pieces.
Surface SEM images of the (c) Mg-Bi electrode and (d) Mg-Bi@PTHEF electrode. (e) Cross-sectional SEM image and (f) EDS mapping of the Mg-
Bi electrode. (g) Cross-sectional SEM image and (h) EDS mapping of the Mg-Bi@PTHF electrode.

Figure 2a shows the optical images of Mg-Bi and Mg-Bi@
PTHEF electrodes. The functional layer on the Mg-Bi electrode
surface is distributed unevenly because the reaction between
BiCl; and Mg is rapid and uncontrollable. MgCl, is
precipitated as macrocrystals, reducing the uniformity of the
functional layer. By contrast, the hybrid functional layer on the
Mg-Bi@PTHF electrode is more homogeneously distributed
without MgCl, macrocrystals. The uniform distribution of
MgCl, is favorable to the plating/stripping of Mg since CI~ can
inhibit passivation through adsorbing on the electrochemical
surface and shielding the attack of H,0O contaminants.*” To
illustrate the mechanical strength of the functional layer with
and without PTHF, the Mg-Bi and Mg-Bi@PTHF electrodes
were cut into two pieces and the optical images are shown in
Figure 2b. The functional layer near the incision of the Mg-Bi
electrode pulverizes and falls off while that of the Mg-Bi@
PTHF electrode is still attached to the Mg substrate firmly,
which is attributed to the binding effect of PTHF polymers.
The good mechanical strength of the functional layer is
conducive to its structural stability and adhesion to the Mg
substrate during the charge—discharge process. Figure 2c,e
shows the surface and cross-sectional SEM images of Mg-Bi
electrodes, respectively. The functional layer on the Mg-Bi
surface appears as a stack of 10 micron-sized Bi secondary
particles with a lot of interstices within the layer. The existence

of the plentiful interstices is unfavorable to the combination of
the functional layer with Mg metal and the electron insulation
between the electrolyte and anode. In addition, it can be clearly
seen in Figure S3 that macro MgCl, crystals aggravate the
uneven nature of the functional layer. Figure 2d shows the
surface SEM image of Mg-Bi@PTHEF electrodes. The polymers
wrap the Bi particles and fills up the interstice within the layer,
so their functional layers are less likely to be pulverized or fall
off. It can be seen from Figure 2g that the thickness of the
functional layer on the Mg-Bi@PTHEF surface is thinner than
that on Mg-Bi, mainly due to the presence of PTHF polymers
limiting the natural expansion of the functional layer.
According to the EDS mapping in Figure 2fh, Bi and CI
elements are more uniformly distributed within the hybrid
functional layer of Mg-Bi@PTHEF.

Figure 3a shows the X-ray diffraction (XRD) patterns of Mg-
Bi and Mg-Bi@PTHF electrodes. Bi,Mg; and Bi are present in
both Mg-Bi and Mg-Bi@PTHEF electrodes. According to Table
S1, the full-width at half of maximum (FWHM) values of the
XRD pattern of Bi on Mg-Bi@PTHF electrodes are generally
larger, indicating a decrease in the crystallinity and particle size
of Bi. The main reason for such phenomenon is that Bi
particles grow too rapidly to produce new crystal nuclei when
Mg reacts with BiCl;/THF solution without ECH. After
adding ECH into BiCl;/THF solution, THF polymerizes
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Figure 3. (a) XRD patterns of Mg-Bi and Mg-Bi@PTHF electrodes. (b) ATR-FTIR spectra of Mg-Bi and Mg-Bi@PTHF electrodes. High-

resolution XPS (c) C 1s and (d) Bi 4f spectra of Mg-Bi@PTHF electrodes.
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Figure 4. (a) EIS spectra of bare Mg, Mg-Bi, and Mg-Bi@PTHF symmetric cells (0.5 M Mg(TFSI),/DME). (b) Arrhenius plot of 1/interfacial
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rapidly and hinders the further growth of Bi particles during a
single displacement reaction. When the growth of Bi particles
is limited, Bi tends to produce new crystal nuclei, thus reducing
the size of Bi particles. Smaller particles bring a larger specific
surface area and more depositional active sites, accelerating the
kinetics of the electrochemical reaction. Figure 3b shows the
attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectra of Mg-Bi and Mg-Bi@PTHF electrodes. Mg-
Bi@PTHF has obvious IR absorption peaks compared with
Mg-Bi due to the existence of PTHF. The strong peaks at 1108
and 957 cm™' are the C—O asymmetric and symmetric
stretching vibration peaks of C-O-C, respectively, which are
the characteristic peaks of chain ether. The existence of the C—
O stretching vibration characteristic peak of chain ether proves
the existence of PTHF polymers. Figure 3c,d shows the high-
resolution X-ray photoelectron spectroscopy (XPS) spectra of
Mg-Bi@PTHEF. In Figure 3d, the XPS peaks at 286.41 and
284.80 eV represent C—O and -CH,-, respectively. In
agreement with previous test results, a large amount of
PTHF exists on the Mg-Bi@PTHF surface. In Figure 3d,
massive Bi is detected according to the XPS peaks at 157.37
and 162.67 eV. The small amount of Bi,O; mainly comes from
oxidation during sample transfer.

To evaluate the electrochemical performance of modified
electrodes in conventional electrolytes, bare Mg, Mg-Bi, and
Mg-Bi@PTHF symmetrical cells were assembled with the 0.5
M Mg(TFSI),/DME electrolyte. The electrochemical impe-
dance spectra (EIS) of the three symmetric cells are shown in
Figure 4a. The charge transfer resistance of the bare Mg cell
reaches 148 k€, while that of the Mg-Bi cell decreases to 16
kQ due to the presence of a simple functional layer. In
contrast, Mg-Bi@PTHEF reduced the charge transfer resistance
to 1 kQ. Compared with Mg-Bi@PTHF, the larger charge
transfer resistance of Mg-Bi symmetric cells implies that the
functional layer is not bound firmly with the Mg substrate. One
“small semicircle”, representing the resistance of charge carrier
transport through the interphase, can be seen in the high
frequency region of Nyquist plots for Mg-Bi and Mg-Bi@
PTHE. It implies that both Mg-Bi and Mg-Bi@PTHF form a
stable and efficient interface between the functional layer and
electrolyte. As the temperature increases, the R, decreases, as
shown in Figure S4ab. The equivalent circuit and fitting
parameters of R, are presented in Figure S4c and Table S2.
According to Arrhenius’ formula, the energy barrier for the
charge transport of the functional layer can be calculated from
the trends of interfacial resistance with temperature. After
PTHEF polymers were introduced into the functional layer, the
charge transfer activation energy of Mg-Bi@PTHF dropped
significantly from 0.45 to 0.26 eV (Figure 4b). The lower
charge transfer energy barrier for Mg®* indicates that Mg** has
a more favorable charge transfer process in this functional layer
containing PTHF, which is favorable to the improvement of
the electrochemical performance of batteries.

Figure 4c exhibits the electrochemical performance of bare
Mg, Mg-Bi, and Mg-Bi@PTHEF electrodes in symmetric cells at
a constant current density of 0.1 mA cm™> For the bare Mg
symmetric cell, a large voltage polarization above 2 V is
observed, which is responsible for the failure of the Mg metal
batteries. In addition, the polarization voltage decreases during
the first several cycles, implying the instability of the interphase
on bare Mg. After cycling for 300 h, the polarization voltage of
the bare Mg symmetric cell drops sharply to almost 0 V,
indicating that a short circuit occurs inside the battery. For the

Mg-Bi electrodes that were prepared with 50 4L 0.3 M BiCl;/
THEF solution, the presence of functional layer decreases its
polarization voltage to about 0.4 V. However, the cycling life of
the Mg-Bi symmetric cell is not improved, and a short circuit
occurs at about 70 h. The reason for the short circuits may be
that the functional layer is partially shed from the Mg substrate
due to expansion/shrinkage during the Mg plating/stripping
process, and Mg can only be plated on certain areas where the
hybrid functional layer is attached to the substrate. The uneven
distribution of current density accelerates the short circuit,
which even causes a shorter lifespan than pure Mg. The
polarization voltage of the Mg-Bi electrodes is related to the
concentration of BiCl;. As shown in Figure SS, the polarization
voltage of Mg-Bi electrodes prepared by 50 uL of 0.1 M BiCl,/
THE is 0.5 V, and short circuits occurred after 20 h cycling. As
for Mg-Bi electrodes prepared by 50 uL of 0.2 M BiCl;/THF,
the polarization voltage slightly decreased to 0.45 V and the
lifespan increased to 30 h. Therefore, Mg-Bi electrodes that
were prepared with 50 yL of 0.3 M BiCl;/THF solution were
chosen in the following study.

The PTHF polymer formed by the addition of ECH has a
significant effect on the improvement of electrochemical
performance. When 3 vt % ECH was added to 50 uL of 0.3
M BiCl;/THF solution, the polarization voltage of the Mg-
Bi@PTHF symmetric cell decreases to about 0.25 V and the
cycling life increased to more than 2000 h at 0.1 mA
cm~2(Figure 4c). Although the Mg plating potential increased
slightly, the overpotential remained below 0.3 V. In the charge
and discharge conditions of 0.1 mA cm ™2 and 3 mAh cm™?, as
shown in Figure 4d, the Mg-Bi@PTHF symmetric cells still
have a low polarization voltage of 0.2 V and a long lifespan of
2000 h. The decrease in polarization voltage is mainly linked to
the introduction of PTHF. PTHF not only binds the functional
layer to the Mg substrate more extensively but also makes Bi
particles have a larger specific surface area and fill the
functional layer with MgCl,-containing polymers. As shown
in Figure SS, Mg-Bi@PTHEF electrodes prepared by a lower Bi
content solution (0.1 M and 0.2 M BiCl;/THF + 3 vt % ECH)
have a lower polarization voltage and a longer lifespan than
Mg-Bi electrodes prepared by equivalent Bi content solution. It
also can be seen that varying the Bi content has a great
influence on the electrochemical performance of Mg-Bi and
Mg-Bi@PTHF electrodes. When the amount of BiCl; is
reduced, the cycling life of the symmetric cells is shortened,
and the polarization voltage is slightly increased. The increase
in polarization voltage is caused by the decrease in surface area.
As for the shortening of cycling life, we speculate that the
increase in Bi content can make the functional layer store more
Mg in the form of Bi,Mg; or Mg. However, some of the
Bi,Mg; and Mg species become irreversible and accumulate
during cycling. A thicker functional layer buffers more “dead
Mg” within the layer and prevents them from piercing the
separator.

To verify the mechanism of Mg plating, first, we tried to
investigate whether the hybrid functional layer stores Mg in the
form of Bi,Mg; or Mg. An alloying plateau at about 0.2 V vs
Mg**/Mg would be seen as previously reported if Bi is alloyed
to Bi,Mg;. However, no obvious capacity is shown at this
potential in our galvanostatic voltage profile, indicating that the
alloy process is negligible. The plating form of Mg can also be
speculated from the plating/stripping capacity. For the Mg-
Bi@PTHEF electrodes prepared by 50 uL of 0.3 M BiCl;/THF
+ 3 vt % ECH solution, the theoretical capacity is 1.2 mAh
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Figure S. (a) XRD patterns of Mg-Bi@PTHF electrodes at different Mg plating/stripping stages. High-resolution XPS (b) Bi 4f and (c) Mg 2p
spectra of Mg-Bi@PTHEF electrodes at different Mg plating/stripping stages. (d) Surface and (e) cross-sectional SEM images of Mg-Bi@PTHF at S
mAh cm™ Mg plating. (f) Surface and (g) cross-sectional SEM images of Mg-Bi@PTHF at S mAh cm™ Mg further stripping after S mAh cm™

plating.

cm™? if all the Bi reduced from BiCl;/THF solution stores Mg
in the form of Bi,Mg;. The galvanostatic voltage profile in
Figure 4d exhibits that the Mg-Bi@PTHF electrodes can
achieve a low overpotential and long cycling life with a higher
capacity (0.1 mA cm™% 3 mAh cm™?), implying the higher
probability of Mg being stored in the interstice of Bi layers in
the form of Mg metal. To further verify this assumption, the
Mg-Bi@PTHEF electrodes after Mg plating of S mAh cm™ and
further stripping of equivalent capacity were characterized by
XRD (Figure Sa). The characteristic peaks of Bi have no
significant change during Mg plating/stripping, implying that
most of the Bi species in the hybrid functional layer would not
transform into Bi,Mg; during cycling. Meanwhile, the XRD
characteristic peaks of Mg and Bi,Mg; increased after the
plating of Mg. According to the galvanostatic voltage profile,
Bi,Mgj; is probably formed by a chemical reaction between Mg
and Bi on the surface of Bi particles rather than an
electrochemical reaction. The characteristic peaks of Mg
decreases after Mg stripping, but Bi,Mg; is basically
unchanged, suggesting that there is still an amount of

irreversible Bi,Mg; within the hybrid functional layer that
would not transform back to Bi. A high potential of >0.3 V vs
Mg2+/Mg is needed to realize the de-alloying reaction, but
when the potential that we obtained in cells does not reach
this, a de-alloying reaction will not happen. XPS is a powerful
characterization technique for surface analysis with an analysis
depth of about 10 nm. Figure 5b,c, respectively, shows the XPS
Bi 4f and Mg 2p spectra of Mg-Bi@PTHF electrodes at
different Mg plating/stripping stages. After Mg plating, the
characteristic peaks of Bi and Mg shifted to a lower binding
energy, and no obvious shift back was observed after stripping,
also indicating that some alloyed Bi and plated Mg on the
surface were irreversible. Figure 5d—g shows the SEM images
of Mg-Bi@PTHF at different Mg plating/stripping stages. As
shown in Figure 5d, Mg plating leads to an increase in Mg
content in the hybrid functional layer. Meanwhile, in Figure 5f,
after the stripping of Mg, the Mg content in the hybrid
functional layer decreased and the Mg substrate was partially
dissolved to compensate for the irreversible Bi,Mgs, which is
consistent with the XRD and XPS results.
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Plating of Mg was initially considered to be dendrite-free.
Nevertheless, in recent years, more and more research studies
have pointed out that the morphology of deposited Mg is
influenced by electrolyte properties and current density.***” In
the Mg(TFSI),/DME electrolyte, the 3D growth of plated Mg
can still cause a short circuit within a battery.”® To investigate
the Mg plating behavior of Mg electrodes before and after
modification, the Mg plating process on bare Mg, Mg-Bi, and
Mg-Bi@PTHF was observed by an optical microscope at a
current density of 1.0 mA cm™* (Figure 6a). The surface of
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Figure 6. (a) Optical microscopy photographs taken with the
increasing electroplating time of the bare Mg, Mg-Bi, and Mg-Bi@
PTHEF at 1 mA cm™ (b) Illustration of bare Mg, Mg-Bi, and Mg-Bi@
PTHF deposition behavior. (c) Voltage profiles of bare Mg, Mg-Bi,
and Mg-Bi@PTHF galvanostatic deposition at a current density of 1.0
mA cm™2

bare Mg is passivated mostly, and Mg nucleates on certain
points where the passivation film is thinner. Eventually, as
illustrated in Figure 6b, most Mg plated on the nucleation sites
and formed spherical morphology growing along 3D, causing a
short circuit. For the Mg-Bi electrode, the functional layer
sheds and falls with the gradually increasing magnesium plating
amount. On the contrary, no obvious uneven plating
morphology or functional layer shedding was observed during
the galvanostatic deposition process for Mg-Bi@PTHEFE. The
lifetime of cells (Figure 6¢) confirms the Mg plating behavior
above. The bare Mg cell will short circuit after galvanostatic
deposit for 7 h. For the Mg-Bi electrodes, the lifespan is
extended to 15 h. As for Mg-Bi@PTHEF, Mg can plate without
short circuit for more than 30 h.

To evaluate the practicability of Mg-Bi@PTHEF electrodes in
Mg metal batteries, Mo4Sg/Mg full batteries were assembled.
When the MogSg electrode was matched with bare Mg
electrodes, the battery exhibited a large overpotential of 0.81 V
and a short lifespan of 24 cycles due to severe passivation and
uneven deposition of the Mg anode (Figure 7a and Figure
S7a). After replacing the anode with Mg-Bi electrodes, as
shown in Figure 7b and Figure S7b, the overpotential of the

cell is reduced to 0.50 V. However, in the 33rd cycle, a short
circuit still occurred inside the cell due to uneven deposition
on the Mg-Bi electrode. When the Mg-Bi@PTHEF electrode is
used as the anode, as shown in Figure 7c, the cell presented a
steady capacity and a reduced overpotential of 0.24 V. In
addition, the performance of the Mg-Bi@PTHF/Mo¢Sg cell
remains good within 500 cycles and it shows a capacity
retention of 76% after S00 cycles (Figure 7d), verifying the
practicability of Mg-Bi@PTHF electrodes in full batteries.

To prove the effectiveness of the hybrid functional layer on
Mg-Bi@PTHEF in a more rigid test, a little amount of water was
added into the 0.5 M Mg(TFSI),/DME electrolyte. The water
content of the electrolyte is 2500 ppm according to Karl-
Fischer titration. The addition of water to the electrolyte
significantly influenced the performance of the Mg metal, as
shown in Figure 7e, resulting in the voltage polarization
increase to above 6 V with a short lifespan of 1.3 h due to
severe side reactions. For the symmetric cell of the Mg-Bi
electrode, the water in the electrolyte also caused a higher
polarization voltage (about 0.5 V) and shorter lifespan (25 h)
due to irreversible Mg plating and side reactions (Figure 7f).
As a comparison, Mg-Bi@PTHF exhibits an outstanding
performance with a low polarization voltage of 0.2—0.3 V and a
long lifespan of 265 h due to the introduction of PTHF, which
is an effective barrier between Mg and water. As shown in
Figure S8, the electrolyte and water wettability of Mg-Bi and
Mg-Bi@PTHF electrodes was investigated by contact angle
measurements to explain this phenomenon. Apparently, the
Mg-Bi@PTHF electrodes have a smaller contact angle (9.7°)
with the electrolyte and a larger contact angle (33.5°) with
water, suggesting that Mg-Bi@PTHF has a better electrolyte
wettability and hydrophobicity.

Based on the experimental results above, first, we speculate
the mechanism of Mg plating on the Mg-Bi@PTHF electrode.
Due to the poor diffusion kinetics of Mg**, Bi cannot store
most Mg in alloy form. Most Mg is plated on the surface of Bi
particles, and only negligible amount of plated Mg can form
the Bi,Mg; alloy phase on the surface of Bi particles and
become irreversible. Because of the high specific surface area of
the Bi particles in the hybrid functional layer, the overpotential
and short circuit possibility of the Mg-Bi@PTHEF electrode are
lower than those of bare Mg. Then, the function of PTHF is
discussed from two aspects mainly. On the one hand, during
the formation process of the hybrid functional layer, PTHF
hinders the growth of Bi particles to obtain a higher
electrochemically active specific surface area and makes
MgCl, distribute uniformly within the polymers rather than
be crystallized. On the other hand, PTHF binds Bi particles
together and buffers the expansion/shrinkage of the hybrid
functional layer, preserving its structural integrity during the
charging—discharging process. PTHF even has a certain
hydrophobic effect to protect Mg from the attack of H,O,
ensuring the normal cycling of batteries in a humid
environment.

3. CONCLUSIONS

In summary, by introducing the in situ THF polyreaction to
the functional layer of Bi/MgCl, during the displacement
reaction, a hybrid functional layer containing Bi, PTHF
polymers, and MgCl, is tailored on the surface of Mg.
Compared with the modified Mg electrodes prepared by a
simple reaction with BiCl;/THF solution, the hybrid func-
tional layer made by this method exhibits less possibility to be
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Figure 7. Charge/discharge profiles of the Mg/Mo,S; full batteries with (a) bare Mg, (b) Mg-Bi, and (c) Mg-Bi@PTHF electrodes at 50 mA g™".
(d) Cycling performance of the MogSs/Mg full batteries with Mg-Bi@PTHF electrodes at 50 mA g~ (using the maximum capacity as 100%).
Galvanostatic voltage profiles of Mg symmetric cells of (e) bare Mg, (f) Mg-Bi, and Mg-Bi@PTHF electrodes (0.5 M Mg(TFSI),/DME+2500

ppm H,0, 0.1 mA cm™2 0.05 mAh cm™).

pulverized or invalidated and possesses a higher electrochemi-
cally active specific surface area. Therefore, the polarization
voltage of symmetric cells decreases to about 0.25 V and the
cycling life reaches more than 2000 h at a current density of 0.1
mA cm > The improved electrochemical performance was
attributed to the introduction of PTHF, and the roles of PTHF
are as follows: (1) During the BiCly reduction reaction, the
existence of PTHF polymers made the Bi particles smaller and
have a higher specific surface area, reducing the overpotential
of Mg plating and alleviating the phenomenon of uneven
deposition morphology during Mg plating. (2) The PTHF
polymers bind the hybrid functional layer and Mg substrate
firmly so the hybrid functional layer does not easy fall off
partially. The current density distribution on Mg-Bi@PTHEF is
more uniform compared with bare Mg or Mg-Bi. (3) The CI~
ions that distributed uniformly within the hybrid functional
layer can inhibit passivation through adsorbing to the surface
and shielding the attack of H,O contaminants, which is
beneficial for the low overpotential and long-term Mg plating/
stripping in the functional layer. This study shows promising
applications for the development of Mg metal batteries,
providing a facile and effective method to prepare a practical
Mg metal anode that can enhance the performance of Mg
batteries with conventional electrolytes.

4. EXPERIMENTAL SECTION

4.1. Fabrication of the Functional Layer. Mg foils were
polished with 2000 mesh sandpaper to remove the oxides on the
surface. Then, the polished Mg foils were punched into small disks
with a diameter of 12 mm. A 50 uL 0.3 M BiCl;/THF + 3 vt % ECH
solution was dropped onto the surface of Mg disks. After several
hours, a black coating was obtained on the Mg surface. Residual BiCl;
on the surface of the Mg electrodes was washed by immersing them in
DME solvent. After drying overnight, Mg-Bi@PTHF electrodes were
obtained. The Mg-Bi electrodes were prepared by the same way
except adding ECH to BiCl;/THF solution. These above processes
were carried out in an Ar-filled glove box with both water and oxygen
levels below 0.5 ppm.

4.2. Preparation of the 0.5 M Mg(TFSI),/DME Electrolyte. In
Ar-filled glove box with both water and oxygen levels below 0.5 ppm,
magnesium bis(trifluoromethanesulfonyl)imide (Mg(TFSI),, 99.5%,
DoDoChem) was dissolved in 1,2-dimethoxyethane (DME, 99%,
H,O < 50 ppm, Energy) in proportion. The electrolyte was dried by 4
A molecular sieve (beads, Aladdin) to keep the water level of the
electrolyte below S0 ppm (detected by Karl-Fischer titration).

4.3. Preparation of Mo¢Sg Electrodes. The Mo4S; cathode
material was synthesized by using a previously reported method.>!
The MogSg cathode paste was prepared by mixing 80 wt % Mo,Sg
powders, 10 wt % Super P, and 10 wt % poly(1,1-difluoroethylene)
(PVDF) evenly. Then, the cathode paste was cast on small stainless-
steel mesh (500 mesh) electrodes with a diameter of 12 mm. The

mass loadings of the active MosS were within 1.0—1.5 mg cm™
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4.4. Material Characterization. Scanning electron microscopy
(SEM) and electron energy spectroscopy (EDS) were employed to
characterize the morphology and elementary composition of electro-
des by a Zeiss GeminiSEM 500 and OXFORD Ultim Extreme. X-ray
diffraction (XRD) was conducted by a Rigaku MiniFlex600 (CuKa X-
ray). An attenuated total reflectance (ATR) method was carried out
in measuring the FTIR spectra with a ThermoFisher ISS infrared
spectrometer. X-ray photoelectron spectroscopy (XPS) was per-
formed by a Thermo Scientific ESCALAB Xi+.

4.5. Electrochemical Performance Test. All cells were
assembled in an Ar-filled glove box with both water and oxygen
levels less than 0.5 ppm. Symmetrical Mg cells (2032-type coin cells)
were assembled by bare Mg or modified Mg electrodes with glass
microfiber filter (Whatman GF/D 1823-047) as a separator and 0.5 M
Mg(TFSI),/DME as an electrolyte. A galvanostatic test was
performed on a Neware CT-3008 at a current density of 0.1 mA
cm™ at room temperature (25 °C) (30 min charging and 30 min
discharging). A Solarton 1260/1287A was applied to characterize the
electrochemical impedance spectrum of Mg symmetric cells. The data
were measured at a frequency range from 1 MHz to 0.01 Hz by
applying a sine wave with an amplitude of 10.0 mV. The in situ
observation cell was assembled with pure Mg plates or modified Mg
plates. The plating behavior on the Mg plates was observed and
photographed by an Olympus BXS3M system microscope system at a
current density of 1 mA cm™2 The modified Mg electrodes were used
as the anode, and the MogS; electrodes prepared above were used as
the cathode to assemble the 2032-type coin cells. The galvanostatic
test was performed at a voltage range from 0.2 to 2.0 V, and the
current density was 50 mA g~
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