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Magnesium-ion battery has been regarded as a promising
alternative to the lithium-ion battery due to its high theoretical
capacity, relatively high potential, and magnesium abundance.
However, the contradiction between the plating/stripping of Mg2*
and the electrolytes’ oxidative stability has hampered the Mg-ion
battery’s development for energy storage applications. Here, we
designed an amorphous MgO-wrapped Zn-skeleton as a unique
current collector for an anode-free Mg battery to allow reversible
Mg?* plating/stripping in oxidatively stable electrolytes. The
significant lattice mismatch between hexagonal Zn and MgO
induces dislocations, leading to a highly defective interphase. Such
layer behaves as a mixed ionic-electronic conductor, rendering Mg
nanoparticles upon electroplating. Combined with a large surface
area, the proposed current collector considerably improved charge
transfer kinetics and lowered the cell impedance for Mg?
plating/stripping by 1/20 of the typical Mg metal. Moreover, Mg?*
interphase conduction was facilitated by two orders of magnitude
higher (~10-11 S cm!) than the widely known passivating layer (< 10
13 S cm). This special design enables Mg-Li hybrid batteries with
non-corrosive electrolytes to exhibit a high-operating-voltage of
2.82 V vs. Mg/Mg?* and an energy density of 412.5 Wh kg1,

'Beyond lithium (Li)-ion batteries' has been a major research
direction in recent years due to the physicochemical limit of Li-
ion chemistry!-2 and the various issues such as safety problem,
high-cost and scarcity of the core elements.3 These limitations
of Li-ion batteries have required the battery society to explore
alternative materials and chemistry, including solid-state
electrolytes,* Li-metal batteries,® liquid-metal batteries,®
conversion-based electrodes’, and multivalent-ion batteries.811
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Broader context

Next-generation batteries have been explored for their unique merits
including safe operation, non-toxicity, environmental-friendly materials,
and earth-abundance. Solid-state electrolyte, Li-metal anode,
conversion-based electrodes, and multivalent-ion batteries are the
promising next-generation batteries. Among them, multivalent-ions,
such as Al3*, Zn2*, Ca?* and Mg?*, are one of the widely studied chemistry
as an alternative to Li-ion chemistry. However, the different valence state
and ionic radius have caused unexpected problems such as slow diffusion
in solid-state electrode or high desolvation energy in electrolyte. In
addition, the different standard reduction potential of those multivalent-
ions often limit the cell operating voltage, and thus lowering
energy/power density of batteries. In this study, Mg-ion batteries have
been investigated, particularly to solve the dilemma of electrolytes (i.e.,
difficulty to satisfy electrochemical compatibilities at both anode and
cathode). We have employed interfacial chemistry and engineering at the
anode current collector that enables high-voltage operation of Mg-ion

batteries.

Among many candidates, magnesium (Mg) metal has attracted
great attention due to the high theoretical capacity (3,833 mAh
cm3 and 2,205 mAh g?) and the low standard reduction
potential (Mg/Mg2* = -2.37 V vs. the standard hydrogen
electrode (SHE)).82 Mg is the 7th most abundant element in the
earth's crust, which contains about 1,000 times more Mg
(23,300 ppm) than Li (20 ppm) and is the 374 most-used metal in
the industry, which makes Mg a practically affordable element.
Mg-metal is thermally stable (e.g., auto-ignition temperature is
473 °C for bulk Mg and 179 °C for Li) and chemically reliable in
the air and water as a consequence of the self-passivating
behavior forming MgO, Mg(OH), or Mg(OH),COs films.12
Nevertheless, the electrolyte dilemma between reversible
Mg2* plating/stripping and a high-voltage operation has been a
major concern for Mg-ion batteries.!3 The ethereal
organometallic Mg-ion electrolytes demonstrate a strong
capability for the reversible Mgt plating/stripping (i.e.,
coulombic efficiency ~100%) owing to the absence of the
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Fig. 1 (a) Schematic illustrations of Zn-skeleton preparation and following magnesiation. SEM images of (b) the cross-sectional and (c) the top surface of the as-prepared Zn-skeleton.
SEM images of (d) the cross-sectional and (e) the top surface of the magnesiated Zn-skeleton. FIB-SEM images of (f) the beamed area and (g) the cross-sectional area of the Zn-
skeleton after magnesiation. (h) STEM image and (i) EDX line profile of the cross-sectional magnesiated Zn-skeleton. The red arrow in (h) indicates the line scan area.

interphase between the electrode and the electrolyte.}*
However, these electrolytes are barely operable at a high-
voltage (> 3 V vs. Mg/Mg?*) originating from the oxidation
vulnerability and the corrosive nature to the common cell
components (e.g., layered stainless-steel or
aluminum).?> To address such an issue, various strategies have
been developed. A recent study reported a method to resolve
the passivating issue that an artificial protecting layer on Mg-
metal may effectively enable Mg?* plating/stripping in
carbonate electrolytes.1® A weakly coordinating electrolyte has
also been developed in another work, which shows fast Mg2*
plating/stripping under a high current density.”

Despite all, non-corrosive conventional electrolytes have
been considered the most attractive electrolyte due to the high
oxidative stability and facile synthesis (a simple mixture of
carbonate solvents (e.g., cyclic- or linear-carbonates) and
common salts (e.g., Mg(ClO4); or Mg(TFSIl);)), satisfy the
requirements for the high-voltage cathode materials.1®
Unfortunately, the Mg-metal anode passivates itself in such
electrolytes by forming a poorly conductive interphase and thus
shutting down the electroplating. The ionic conductivity (e.g.,
~1015S cm-! for MgO) of such interphase is several orders lower
than that of Li-ion battery (e.g., 107 ~ 10-1° S cm), which
drastically increases the cell impedance and hinders metal
plating/stripping.19. 20

oxides,
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Besides, achieving high energy densities is still a challenging
task for Mg-ion batteries as a consequence of the narrow cell
voltages derived from the low redox potential of the Mg-based
cathode?! 22 and the intrinsically higher potential of the Mg-
metal anode (Mg/Mg?* is 0.67 V higher than Li/Li*).2> For
instance, the operating voltage of Mg-metal | MogSs is only 1.0
V, while that of Li-metal | MogSs is as high as 2.1 V.24 25
Considering that the energy density (Wh kg) is closely related
to the capacity (Ah), the operating voltage (V) and the total
weight of the battery (kg), developing a light-weight Mg-ion
battery that stably operates at a high-voltage is important for
practical applications.26

To overcome such limitations, we have designed an
amorphous MgO wrapped Zn-skeleton as a unique current
collector for an anode-free Mg-ion battery to enable MgZ*
plating/stripping in conventional electrolytes. The key approach
of this study originates from a highly defective MgO layer on the
Zn-skeleton. First, the Zn-skeleton exhibits a large surface area,
offering abundant reaction sites for Mg?* to deposit. Second,
the significant lattice mismatch between hexagonal Zn and
Mg/MgO induces a highly defective interphase with relatively
faster charge transport. The spectroscopic studies confirmed
abundant defects in the interphase, which showed a high
conductivity and a low overpotential during the cycling process.
Lastly, the Mg2* ions are plated in the defective MgO interphase

This journal is © The Royal Society of Chemistry 20xx
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due to the mixed ionic electronic conduction, rendering
particle-like Mg morphology. Therefore, we could switch the
widely known 'passivation film' into a 'solid electrolyte
interphase (SEl) layer' in non-corrosive carbonate electrolytes
by a facile control of the interfacial chemistry. Besides, the
anode-free structure with a high-voltage operation can be a
potential strategy to improve the energy density of Mg-ion
batteries significantly. As a proof of concept, we have
successfully demonstrated Mg-Li hybrid batteries with
oxidatively-stable carbonate electrolytes, demonstrating a
record high operating voltage 2.82 V vs. Mg/Mg?2* and an energy
density of 412.5 Wh kg! based on the cathode weight. We
believe that a high operating voltage with an anode-free
interface may open the future direction of next-generation
rechargeable Mg-ion batteries.

Magnesium plating on Zn-skeleton

An amorphous MgO wrapped Zn-skeleton was prepared on
the Mg current collector to enable Mg2* plating/stripping in
non-corrosive carbonate electrolytes (Fig. 1a). To be specific, a
surface-scratched Mg current collector was immersed in 1 M
ZnCl, in tetrahydrofuran (THF) solution to coat a Zn-skeleton
layer via a chemical conversion reaction that deposits Zn while
dissolves Mg?* into the solution.?? It is believed that a significant
amount of dissolved Mg?* ions are precipitated to MgCl, due to
the limited solubility of MgCl, in THF. During the reaction, an
ultra-thin layer of amorphous MgO covers the Zn-skeleton. In
the wake of the Mg?* plating, the partial decomposition of
electrolytes will lead to an organic SEI layer. Importantly, the
amorphous and defective MgO layer will be placed between the
organic SEl layer and Zn-skeleton. This defective MgO allows
Mg2+ ions and electrons to conduct, and thus Mg may be
deposited in this interphase.

Zn-skeleton

Zn-skeleton

The evolution of morphology during the magnesiation was
investigated by scanning electron microscopy (SEM) (Fig. 1b-e).
The as-prepared Zn-skeleton shows a thin and homogeneous
porous Zn coated on the Mg current collector (Fig. 1b). It is also
observed that the Zn-skeleton reveals a high-surface-area (Fig.
1c). The cross-sectional image confirms that the thickness is
around 5 pum (Fig. S1, ESIt), and a well-attached Zn-skeleton on
the Mg current collector was observed (Fig. S2, ESIt). The Zn-
skeleton was magnesiated in 0.5 M magnesium perchlorate
(Mg(ClO4)32) in propylene carbonate (PC) under 0.01 mA cm-2 for
35.6 hrs (0.356 mAh cm2). The magnesiated Zn-skeleton surface
became corrugated as a consequence of the Mg electroplating
(Fig. 1d). The deposited Mg on Zn-skeleton also renders
dendrite-free morphology but smooth chunks with a size of 3 ~
6 um (Fig. 1le). The morphology and elemental distribution
during the magnesiation can also be found from SEM images
along with energy-dispersive X-ray spectroscopy (EDX) (Fig. S3,
ESIT). The inner morphology was further investigated by a cross-
sectional cutting with a focused ion beam (FIB) and SEM. In Fig.
1f, the beamed area displays the boundary between the Zn-
skeleton and the Mg current collector. The enlarged cross-
sectional view in Fig. 1g demonstrates that Zn-skeleton is highly
porous but partially filled with plated Mg.

The compositional distribution has been analyzed by
scanning transmission electron microscopy (STEM) with EDX.
Fig. 1h demonstrates a cross-sectional STEM image of Zn-
skeleton with plated Mg. The atomic percentages (atomic %) of
0, Mg, and Zn were plotted from the outer surface to the inner
side in Fig. 1i. Importantly, a high O atomic % was observed at
the outer surface, which may indicate the organic SEl and MgO
layer. As the scan comes into the inner side, the Mg content has
been increased, followed by increasing Zn, implying that Mg has
been successfully plated on the Zn-skeleton (The STEM-EDX
elemental mapping can be found in Fig. S4, ESIt).

Initial plating Magnesiation

Zn (‘1 00)

"MgO (100)

Fig. 2 (a,b) STEM and (c) HR-STEM images and (d) corresponding FFT pattern of the as-prepared Zn-skeleton. (e) HR-STEM image and (f) corresponding FFT pattern of the Zn-skeleton

after initial plating. (g,h) TEM images of the magnesiated Zn-skeleton.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (a) HR-STEM images of the interphase on the Zn-skeleton and (b) enlarged image. (c) The crystal structure of hexagonal Zn (P63/mmc) and MgO (P63mc). (d) STEM image and
EELS spectra for (e) O K edge and (f) Mg L23 edge. (g) The area fitting of O K and Mg L23 edges with the distance.

Interphase on Zn- skeleton

A detailed analysis has been carried out to investigate the
interphase layer's chemistry and composition during the initial
Mg?* plating process. STEM has been conducted on the as-
prepared Zn-skeleton, as shown in Fig. 2a-d. First of all, it was
interesting to see that Zn-skeleton has been covered by an
ultra-thin (~¥2 nm) layer of amorphous MgO (Fig. 2a and b). Such
an MgO layer is uniform throughout the whole Zn-skeleton (Fig.
S5, ESIT). It is speculated that the amorphous MgO has been
formed during the chemical conversion reaction by replacing
ZnZ* with Mg?* in the surface ZnO, forming amorphous MgO
(The HR-STEM image and corresponding spectroscopic
evidence of Zn and MgO layer can be found in Fig. S6, ESIT). The
Zn-skeleton is highly crystalline hexagonal Zn metal, confirmed
by the clear crystal structure in high-resolution (HR) STEM (Fig.
2c¢) and its fast Fourier transform (FFT) (Fig. 2d).

During the magnesiation, epitaxial MgO may form on the Zn-
skeleton surface (Fig. 2e). Both Zn metal and MgO have a
hexagonal crystal structure with a little twist angle that
demonstrates a clear epitaxy in the FFT pattern (Fig. 2f).
Nevertheless, the size of this epitaxial growth of MgO is very
limited,
Further magnesiation clearly renders a mixture of deposited Mg
and MgO on the Zn-skeleton with a uniform thickness (Fig. 2g).

leading to defective nanocrystalline MgO layers.

4 | Energy Environ. Sci.

The enlarged STEM image in Fig. 2h depicts the contrast
variation for a mixture of MgO + Mg with a thickness of
approximately 15 nm. It should be noted that the sample was
washed by ethanol prior to the STEM analysis to remove the
organic component for a clear display of the MgO + Mg
interphase.

HR-STEM on the interphase has been conducted to see the
interphase composition, as shown in Fig. 3a. The interphase is
mainly composed of small nanocrystalline and amorphous MgO
+ Mg.Oy + Mg showing a defective structure (Fig. 3b). These
different phases are mixed in the interphase, and therefore the
boundaries among them are overlapped. It also is inferred from
the crystal structure of MgO and Zn in Fig. 3c that the huge
lattice mismatch (i.e., |dwmgo(o10) - dZn(OlO)l/ dzno10) = 31.4 %)
between MgO (dmgo(o10) = 2.97 A) and Zn (dzn(o10) = 2.26 A) causes
severe dislocations to accommodate the strain induced by the
large mismatch, leading to a highly defective structure.

Fig. 3d exhibits a STEM image where the interphase covers
the Zn-skeleton surface. Along with the red arrow in Fig. 3d, the
electron energy loss spectroscopy (EELS) has been conducted to
investigate the different phases in the interphase. It should be
noted that the line scan passes through the defective
interphase, including epitaxial area (orange dotted line) and
amorphous area (below the epitaxial area), as well as the

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Hergy &-Envirc

Energy & Environmental Science

ntalScienc

COMMUNICATION

a b c 6 -
90] Mg|Mg Zn-skeleton | Zn-skeleton : ;:f:kz‘lg‘m = gﬁf:kﬂgg'ﬁ“{%%gng)
4l
< I £,=024 eV
S 60 y
a 5 O\'\‘\w
- ;
3 % -10-|
F 301 -o-24°C ¥
y —0-30°C 5 £,=042ev
—A—40°C
- 50°C 12
04 —-0—60°C
0 30 60 90 120 150 0 2 6 3 10 20 30 31 32 33 34
2, (x10° Qe Z, (x10° Qo) 1000/T (K)
d e WE Mg metal
0.01 mA cm? Ma/Mo / Zn-skeleton
& 0
2
= M
E 2 Mg?* plating
s 3] <> vs. Bare Mg
% ) O vs. Zn-skeleton
s,
0.5 M Mg(CIO,), in PC Mg metal
-5 T T T T T T ¥ RE/CE
0 5 10 15 20 25 30 35
Time (hour)
Fos 9 h Zn foil
~—— vs.Znfoll i —— vs. Zn foll WE | Zn-skeleton
~ o8 0.001 mA cm = o8
t o
s s
5 06 5> 08 I dee
j 04 EQ 0.4 Mg
= = ~06V plating/stripping
% 029 ys. Zn-skeleton §? 0.2 _ vs. Zn-skeleton
£ o0 (e ( 2 oo | 1 [
i, ” Mg metal
024 B01mACmE[0AmACM® g 5y prvgCI in THE -0.2{ 0.5 M PhMgC! in THF
| v T | - - - RE/CE
0 20 40 80 55 6.0 65
Time (hour)

Fig. 4 EIS spectra of symmetric (a) bare Mg and (b) Zn-skeleton cells at different temperatures. (c) Arrhenius plot of 1/interfacial resistance (1/RInter) versus 1000/T. The inset values
are the activation energies calculated from the Arrhenius relation. (d) The voltage profile and (e) schematic illustration of the Mg?* plating on Mg metal or Zn-skeleton in 0.5 M
Mg(ClO,), in PC electrolyte. (f) The cycling stability, (g) enlarged voltage profiles and h) schematic illustration of Mg?* plating/stripping on Zn foil or Zn-skeleton in 0.5 M PhMgCl in

THF electrolyte.

boundary between Zn and the interphase (yellow dotted line).
It was shown in the O K edge (Fig. 3e) and Mg L,3 edge (Fig. 3f)
that the peaks are sharp on the epitaxial area while weak out of
the crystal. The strong oxygen peaks indicate a crystalline
structure without defects, while weaker peaks may imply the
amorphous Mg or Mg,0y. To quantitatively compare, the O K
edge and Mg L3 edge areas were measured and plotted in
terms of the distance (Fig. 3g). The area ratios between the O K
edge and Mg L,3 edge are similar in the Zn area (< 6 nm),
indicating there is not much difference in composition in the Zn
area. However, in the interphase (0 ~ 6 nm), different
compositions between O and Mg were observed. To be specific,
the Mg L,3 edge in epitaxial area (3 ~ 6 nm) exhibits a relatively
smaller compared to that in the outer interphase (0 ~ 3 nm).
Such a difference in terms of the area of EELS spectra may imply
abundant defects (either Mg or O vacancy) in the interphase
layer. It is believed that the defective and heterogeneous
interphase generated during the initial magnesiation leads to
the nanoparticle-like Mg morphology (Fig. S7, ESIT).

The chemical composition of the interphase was also
investigated by X-ray photoelectron spectroscopy (XPS) after

the symmetric cell cycling test in 0.5 M magnesium

This journal is © The Royal Society of Chemistry 20xx

bis(trifluoromethanesulfonimide) (MgTFSI;) in PC electrolyte
for 10 cycles under 0.01 mA cm2 for 30 min for each step (Fig.
S8, ESIT). In the Cl1s spectrum of the bare Mg, typical organic or
inorganic components were observed, such as COs; (291 eV),
C=0 (288 eV) and C-O (286.5 eV) (Fig. S8a, ESIT).28:29 A notable
peak at 284 eV is C sp% mainly from the reduced organic species
due to the electrolyte decomposition.3% 31 A strong MgO peak
(531 eV) from the O1s spectrum of bare Mg indicates the
passivation layer's formation on the bare Mg (Fig. S8b, ESIT).2%
29 |n the case of C1s and O1s XPS spectra of Zn-skeleton, similar
peaks were observed, but with significantly weaker C sp? peak
(284 eV in Fig. S8c, ESIt) and MgO peak (531 eV in Fig. S8d,
ESIT). Therefore, it can be inferred that Zn-skeleton effectively
mitigated electrolyte decomposition and formed a compact
interphase.

Electrochemical performance of symmetric
Zn-skeleton cells

For the electrochemical cell test, an Mg powder electrode
has been used. The morphology can be found in Fig. S9, ESIt.
The symmetric cell impedances were investigated by

Energy Environ. Sci. | 5
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electrochemical impedance spectroscopy (EIS), as shown in Fig.
4a and b. Interestingly, the Zn-skeleton symmetric cell has
much-reduced impedance compared to the Mg cell. Both bare
Mg and the Zn-skeleton cells have comparable ohmic
resistances (Rguik = 6.2 Q cm? for bare Mg while 4.4 Q cm? for Zn-
skeleton at 24 °C), confirming that the notably reduced
impedance of the Zn-skeleton cell is not from the conductivity
difference of the electrolytes. On the contrary, the apparent
difference was observed in the interfacial resistances where the
bare Mg cell has an extremely large impedance of Rinter = 167 kQ
cm? at 24 °C (Fig. 4a), whereas the Zn-skeleton cell shows Rjnter
= 8 kQ cm? at 24 °C (Fig. 4b), which is only ~1/20 of that of the
bare Mg cell.

The reciprocal of interfacial resistance (1/Rinter) wWas also
investigated in the Arrhenius plot with increasing temperatures
(Fig. 4c). It should be noted that the interfacial resistance (Rinter)
used in this study is attributed to both the charge carrier
transport through the interphase (either passivation or SEl
layer) and the charge transfer reaction. The Zn-skeleton
demonstrated 3~4 orders higher 1/Rinter value than bare Mg,
confirming facile interfacial reactions. A notable difference was
found not only from the magnitudes but also from the
activation energies (Ei) of 1/Rinter based on the Arrhenius
relation, where a much lower value for Zn-skeleton (E, = 0.24
eV) was observed compared to the bare Mg (E; = 0.42 eV). The
low activation energy implies the favorable ion transport and
charge transfer of Mg2* at the interphase. Based on the EIS
fitting results, we have also estimated the interphase
conductivities and thicknesses by the method using relaxation
time associated with ion hopping (Fig. S10, ESIT). The details can
be found in previous studies.32 33 The passivating interphase on
bare Mg shows a very low conductivity of 2 x 1013 S cm with a
thickness of 46 nm, which are expected due to the abundant
passivating components on bare Mg, such as crystalline MgO?°.
By contrast, the Zn-skeleton cell demonstrates two orders of
magnitude higher conductivity 2 x 1011 S cm and a very small
thickness of 3.2 nm, implying the electrochemically favorable
interphase. It is speculated that the abundant defects in the
interphase of the Zn-skeleton may enhance the mixed ionic and
electronic conductivity of MgO and thus facilitates charge
carrier transport. A previous study showed an unexpectedly
high electrical conductivity of MgO at room temperature due to
“frozen-in“ defects in oxides (i.e., non-equilibrium).34

The electrochemical behavior of Mg2* plating/stripping has
been investigated with symmetric Mg | Mg cells. The voltage
profile was obtained from symmetric bare Mg and magnesiated
Zn-skeleton cells with 0.5 M Mg(ClO4), in PC electrolytes (Fig.
S11a, ESItT). As predicted, the bare Mg shows a rapidly
increasing overpotential over 1 V due to the passivation layer's
formation on the Mg-metal's bare surface. On the other hand,
the symmetric Zn-skeleton cell demonstrates a very stable
cycling performance with a much smaller overpotential (~30
mV). The overpotentials of the long-term cycling also confirm
that the bare Mg cell is suffered from poor kinetics indicated by
increasing overpotential over 4 V after 1000 hours of cycling
(Fig. S11b, ESIT). On the contrary, the Zn-skeleton cell exhibits
excellent long-term cycling stability with a considerably smaller

6 | Energy Environ. Sci.

overpotential (~70 mV after 1000 cycles). The Zn-skeleton cell
can also be capable of Mg?* plating/stripping at higher current
densities up to 50 uA cm2 for a longer plating time (Fig. S12,
ESIT). The morphology change of the Zn-skeleton coated Mg
powder electrode before/after magnesiation can be found in
Fig. 513, ESIt.

To confirm the effectiveness of the facile Mg plating on the
Zn-skeleton, we have also conducted a long-time magnesiation
test (Fig. 4d). As shown in the schematic in Fig. 4e, Mg metal
was used as reference/counter electrodes (RE/CE) while Mg-
metal (red) or Zn-skeleton (blue) was used as a working
electrode (WE). As expected, the bare Mg-metal shows a rapid
increase in overpotential due to the passivation, which leads to
5Vin 3 hrs (vs. Bare Mg in Fig. 4d). Interestingly, the Zn-skeleton
cell shows prolonged magnesiation over 35.6 hrs, proving the
capability of a substantial amount of Mg2* plating (vs. Zn-
skeleton in Fig. 4d). The Zn-skeleton's wavy voltage profiles may
stem from RE/CE (i.e., bare Mg metal), whose stripping process
may cause unstable overpotentials in carbonate electrolytes.

In Fig. 4f-h, an additional experiment was also conducted in
an asymmetric cell to see the role of amorphous MgO on Zn-
skeleton, whose morphology was confirmed by STEM images
(Fig. 2a and b). This time, Mg-metal foil was used as a RE/CE
while a Zn foil or a Zn-skeleton as WE (Fig. 4h). 0.5 M phenyl
magnesium chloride (PhMgCl) in THF was used as an electrolyte
to enable Mg?* plating/stripping at the RE/CE. First, it was noted
that a long-term cycling test exhibited an increasing
overpotential with the Mg | Zn cell even under a very low
current density of 1 pA cm2 (vs. Zn foil in Fig. 4f). Besides the
large overpotential, a higher plating/stripping mid-voltage
around 0.6 V vs. Mg/Mg?* was observed, which is assumed to
be an Mg-Zn alloying reaction (vs. Zn foil in Fig. 4g). In contrast,
the Mg | Zn-skeleton cell shows a stable plating/stripping
voltage profile under 10 pA cm2 and 20 pA cm2 for 70 hours
(vs. Zn-skeleton in Fig. 4f). More importantly, the
plating/stripping mid-voltage around O V vs. Mg/MgZ* was
observed, indicating that Mg?2* plating/stripping occurs on the
Zn-skeleton surface instead of alloying reaction (vs. Zn-skeleton
in Fig. 4g). The SEM image clearly shows the Mg deposition on
top of the Zn-skeleton, where a distinct Mg layer was coated on
the Zn-skeleton (Fig. S14, ESIT). Therefore, the Zn-skeleton on
top of the Zn-skeleton may not work as a Zn2* source nor Mg-Zn
alloying host but only helps reversible Mg?* plating/stripping. It
is also important to mention that the pre-coated amorphous
MgO on the Zn-skeleton plays a crucial role in the selective
reaction of Mg-metal plating. The plating/stripping efficiency of
Zn-skeleton in 0.5 M PhMgCI-THF electrolyte can be found in
Fig. S15, ESIt.

A high-voltage magnesium-lithium hybrid battery

In order to verify the feasibility of our design, an Mg-Li
hybrid battery has been investigated as a representative with
0.5 M MgTFSI; + 3 M lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) in PC as an electrolyte. Due to the difficulty of finding a
suitable high-voltage Mg cathode, LiNii/3C01/3Mn1/302 (NCM)
was used as a cathode, which stably operates under a cut-off

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 (a) Schematic illustration of the Mg-Li hybrid battery. (b,d) Charge/discharge voltage profiles and (c,e) cycling performances of Mg-Li hybrid batteries with a Zn-skeleton anode
and an NCM cathode at 0.1 C (b,c) and 0.5 C (d,e). Charge/discharge mid-voltage plot of Zn-skeleton | NCM batteries at (f) 0.1 C and (g) 0.5 C. (h) Energy densities calculated based
on the weight of the cathode active materials.

voltage of 4.25 V vs. Li/Li*. In this configuration, Mg2* ions will
be plated/stripped at the Zn-skeleton, while Li* ions will
intercalate/deintercalate at the NCM cathode (Fig. 5a).
Importantly, commercial aluminum (Al) foil was used as a
current collector. It should be noted that Al could not be used
in the conventional Mg electrolytes because of their corrosive
nature (i.e., dissolution of AI3* during the charging process)®.
Fig. 5b shows charge-discharge voltage profiles of the Zn-
skeleton | NCM battery with a cut-off voltage of 3.5 V vs.
Mg/Mg?* (4.17 V vs. Li/Li*). A comparable specific capacity to Li-
ion battery (Li | NCM ~150 mAh g!) was obtained with a stable
cycling performance over 30 cycles at 0.1 C (Fig. 5¢). The Zn-
skeleton | NCM battery also showed the capability of a higher
C-rate at 0.5 C (Fig. 5d) with excellent long-term cycling stability
(Fig. 5e) over 250 cycles, implying the Zn-skeleton anode's
reliability in practical applications. A high coulombic efficiency
of 95 % was obtained for Zn-skeleton | NCM battery at the end
of the cycling test. The carbonate electrolytes are more stable
against oxidation, but still may cause corrosion at high voltage
(>3 V), lowering efficiency (Fig. 516, ESIt). In addition, It should
be noted that our cell is an anode-free structure, where the
efficiency is generally lower than a full cell. For instance,

This journal is © The Royal Society of Chemistry 20xx

conventional Li-ion electrolyte shows lower than 90%
Coulombic efficiency with an anode-free design.3®> After
discharge (i.e., magnesiated cathode), the NCM cathode was
investigated by SEM-EDX, which confirmed Li* intercalation at
the cathode (Fig. S17, ESIT).

The charge-/discharge-mid voltages at 0.1 C were plotted in
Fig. 5f, which shows stable values over 30 cycles with a low
overpotential of ¥100 mV. During the initial cycling, Mg?* may
prefer Mg-Zn alloying reaction to Mg-metal plating, which
results in lower charge-/discharge-mid voltages (1st to 5th
cycles). However, after the 5th cycle, the voltages increased to
2.82V vs. Mg/Mg?* indicating a stable interphase layer formed,
enabling reversible Mg?* plating/stripping. The low redox
potentials (< 0.4 V vs. Li/Li*) of different alloying reactions also
prove Mg/Mg?* chemistry at the anode (Fig. 518, ESIt). To the
best of our knowledge, this is the highest discharge-mid-voltage
among the previously reported Mg-ion batteries. The charge-
/discharge-mid-voltage of 0.5 C was plotted in Fig. 5g,
demonstrating a stable and high discharge-mid voltage close to
2.8 V vs. Mg/Mg?* with an overpotential of 200 mV. A control
cell with Li-metal as anode and NCM cathode (Li | NCM battery)
was also tested in the hybrid electrolyte. The Li | NCM battery

Energy Environ. Sci. | 7
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densities were calculated based on the total weight of a battery, including current collector, active materials, and electrolyte with separator.

showed poor cycling stability (Fig. S19, ESIT) and increasing
overpotentials over cycling (Fig. S20, ESIT), which emphasizes
the superior role of Zn-skeleton in Mg-Li hybrid batteries.

Additinal investigation on the Zn-skeleton in different
electrolytes (i.e., Mg-Li hybrid electrolyte or Li ion electrolyte)
has been conducted (Fig. S21, ESIt). The interphase of Zn-
skeleton in the hybrid electrolyte clearly showed
carboneceous/organic outer layer, Mg/MgO layer and Zn-
skeleton, which is well agreed with our expectation in Fig. 1a.
We also confirmed Mg nanocrystals in the interphase,
confirming the role of mixed ionic/electronic conductor of the
amorphous/defective MgO layer (Fig. S22, ESIT).

Based on the discharge-mid-voltage and the cathode's
active material, the energy densities were calculated and
compared with various Mg-ion and Mg-Li hybrid batteries (Fig.
5h). Due to the higher potential of Mg/Mg?2* (0.67 V higher than
that of Li/Li*) and sluggish Mg?* diffusion in cathodes, most of
the Mg-ion cathodes operable in traditional ethereal Mg
electrolytes (oxidative stability < 3 V vs. Mg/Mg?*) result in low
energy densities: 172.5 Wh kg (V,0s)16, 160 Wh kg (MoS;),3¢
93.5 Wh kg1t (TiO3),3” and 82.5 Wh kg?! (Mo0gSs).3® In the
previously reported Mg-Li hybrid battery studies, larger energy
densities could be achieved due to the higher operating voltage
of Li-ion cathodes: 275 Wh kg (LiMn;04)3° and 257.3 Wh kg
(LiFeP0O4).%° Compared to the previous reports, our Zn-skeleton
| NCM battery at 0.1 C demonstrated a remarkably higher
energy density of 412.5 Wh kg% which is more than doubled the
energy density (< 172.5 Wh kg) of the reported Mg batteries
and even comparable to the energy density (~¥550 Wh kg1) of Li-
ion battery (graphite | NCM).

The Mg-ion battery's lower operating voltage has been a
major drawback to achieve a high energy density. Here, we
propose a high-voltage Mg-ion battery with an anode-free

8 | Energy Environ. Sci.

design that can significantly increase the energy density. Unlike
the Li-metal batteries, where severe electrolyte decomposition
and dendritic/dead lithium growth at the anode lower the
battery efficiency,3> Mg-metal enables more stable and
reversible metal plating/stripping owing to the low diffusion
barrier of Mg2?* ions on the Mg-metal surface rendering
dendrite-free morphology.*!

The exemplary battery structure and their theoretical
energy densities are demonstrated in Fig. 6a-c. Conventional Li-
ion batteries with NCM cathode (e.g., 20 mg cm2) need to be
inevitably combined with graphite anode (e.g., 1/2 weight of
cathode), which yields the energy density of 259 Wh kg (Fig.
6a). In the Zn-skeleton | NCM battery, the lower operating
voltage (2.82 V) than the Li-ion battery (3.7 V) as well as the
hybrid electrolyte results in a smaller energy density (Fig. 6b). It
should be noted that the Zn-skeleton | NCM battery requires an
Mg-Li hybrid electrolyte, which is proportional to the weight of
the cathode. Therefore, if a high-voltage Mg-based cathode is
assumed, the energy density could be boosted to 294 Wh kg1,
beyond Li-ion batteries (Fig. 6¢). We believe that pursuing the
light-weight (e.g., anode-free) and the high-voltage and -
capacity cathodes could be a promising direction for future
research of Mg-ion batteries.*?

Conclusions

A dilemma between Mg?* plating/stripping at the anode and
oxidative stability at the cathode has hampered Mg-ion
batteries in achieving high energy density for practical
applications. This study has shown an amorphous MgO-
wrapped Zn-skeleton as a unique current collector for anode-
free Mg battery to allow reversible Mg?* plating/stripping. The
lattice mismatch between Zn-skeleton and MgO induces a

This journal is © The Royal Society of Chemistry 20xx
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highly defective MgO layer. Such a layer exhibits a fast charge
carrier transport and facilitates Mg2* ion plating due to the
interphase layer's abundant defects. Owing to the anode
interphase's fast kinetics and superior stability, we could
construct Mg-Li hybrid batteries with oxidation-resistant
electrolytes, enabling a high-voltage operation. The Mg-Li
hybrid battery demonstrated excellent electrochemical
performance with a record-high operating voltage of 2.82 V vs.
Mg/Mg?* and an energy density of 412.5 Wh kg?! by the
cathode. It is believed that this strategy can be generalized to
broader applications, including metal-based batteries, by
manipulating the interfacial chemistry between the host
materials and the electroplating of metal ions.
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