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Abstract: Mg-air batteries are explored as the next-generation
power systems for wearable and implantable electronics as they
could work stably in neutral electrolytes and are also
biocompatible. However, high corrosion rate and low utiliza-
tion of Mg anode largely impair the performance of Mg-air
battery with low discharge voltage, poor specific capacity and
low energy density. Here, to the best of our knowledge, we first
report a dual-layer gel electrolyte to simultaneously solve the
above two problems by preventing the corrosion of Mg anode
and the production of dense passive layer, respectively. The
resulting Mg-air batteries produced an average specific
capacity of 2190 mAhg™' based on the total Mg anode
(99.3 % utilization rate of Mg anode) and energy density of
2282 Whkg™ based on the total anode and air electrode, both
of which are the highest among the reported Mg-air batteries.
Besides, our Mg-air batteries could be made into a fiber shape,
and they were flexible to work stably under various deforma-
tions such as bending and twisting.

Wearable and implantable electronic devices represent the
next-generation electronics and are booming rapidly in the
recent decade.'™ To stably and long-termly power these
electronic devices, it is critical to make matchable and safe
energy storage devices.*”) To this end, metal-air batteries
with high energy densities have attracted increasing inter-
ests.**) Among them, Mg-air batteries work stably in neutral
electrolytes and are also biocompatible as Mg”" ions are
harmless to the human body."*'? Therefore, Mg-air batteries
are explored as promising candidates on the skin and inside
the body.
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However, the high corrosion rate and low utilization of
Mg anode largely impair the performance of Mg-air batteries
(Figure 1a).1% After the active Mg anode contacted the
aqueous electrolyte, the following side reaction occurs: Mg +
H,0—Mg(OH), +H,.™ The electrons are directly trans-
ferred to the H in the electrolyte without passing through the
external circuit, leading to a colossal capacity loss. Besides,
a dense and insoluble passive layer formed on the surface of
Mg anode during both discharge and corrosion processes
prevents Mg anode and electrolyte from contacting each
other, resulting in low Mg utilization."! As a result, the
current Mg-air batteries typically show low discharge voltage,
poor specific capacity and low energy density.

Mg alloying and corrosion-inhibiting electrolytes have
been most investigated to improve the electrochemical
properties of Mg-air batteries.'*? The incorporation of Al
and Zn into Mg improved its corrosion resistance to a certain
extent, but it led to a lower discharge voltage because of the
passive layer attached to the surface of Mg anode.!'*!72!l
Although adding the other metals of Pb, Hg and Ga into
Mg improved the discharge voltage, they were harmful to
human health and the environment.’>? Besides, the added
metal elements cannot be discharged in the neutral electro-
lyte, which reduced the capacity of Mg-air batteries. Corro-
sion-inhibiting electrolytes decreased the Mg corrosion by
forming a protective layer on the surface of Mg anode, but the
discharge produced passive layer that was still firmly attached
to the Mg anode, inhibiting the full utilization of Mg anode."”)

Herein, we have first presented a dual-layer gel electro-
lyte to simultaneously solve these problems of Mg-air
batteries (Figure 1b). The dual-layer gel electrolyte pre-
vented the corrosion of Mg anode and the production of
dense passive layer, which avoided the consumption of Mg
anode due to the side reaction and increased the utilization of
Mg in the discharge process, thus improving the capacity and
energy density of the battery. As a result, our Mg-air batteries
produced an average specific capacity of 2190 mAhg™' based
on the total weight of Mg anode and an energy density of
2282 Whkg ™! based on the weight of anode and air electrode,
which both far exceed the available Mg-air batteries. Besides,
the Mg-air battery had been made into a fiber shape with high
flexibility, and it could accommodate various deformations
with stable power output.

Pure Mg was polished and used as the anode (Figure S1),
and the dual-layer gel electrolyte consisting of organic gel and
hydrogel was evenly coated on the surface of Mg anode
subsequently. MnO,/carbon nanotube (CNT) sheets were
wrapped outside to work as air electrode. Aligned CNT sheets
were chosen as current collectors due to their lightweight,
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Figure 1. Discharge process of the Mg-air batteries in the different electrolytes. a) In conventional aqueous electrolytes, the H, evolution side

reaction occurs at the anode-electrolyte interface. The side reaction and discharge process both produce a dense Mg(OH), passive layer, which
separates the anode and electrolyte, leading to battery failure. b) The proposed dual-layer gel electrolyte efficiently protects the Mg anode from
corrosion and endows a loose needle-like discharge product, which keeps the discharge process active until the Mg anode was fully consumed.

porous, conductive, and flexible features (Figure S2).?* The
MnO, nanowires were uniformly dispersed on the CNT sheets
(Figure S3), and the formed nano-sized voids among the
hybrid MnO,/CNT sheets favored a highly efficient diffusion
of air.

The dual-layer gel electrolyte was composed of poly(eth-
ylene oxide) (PEO) organic gel and crosslinked polyacryl-
amide (PAM) hydrogel (Figure 2a). The PEO organic gel and
PAM hydrogel were selected because of their high ionic
conductivity and formation of good interface. The PEO gel
exhibited a smooth, uniform and dense surface (Figure 2b).
Besides, due to the low crystallinity of the organic gel, the
high ionic conductivity of 4.32 mScm™' was obtained (Fig-
ure S4). The PAM hydrogel exhibited a porous network
structure with ionic conductivity of 52.61 mScm ! (Figure 2¢
and Figure S5). This dual-layer gel electrolyte showed a stable
interface. As revealed by confocal laser scanning microscopy
(Figure 2d) and scanning electron microscopy (SEM) in
Figure S6, the two gel electrolytes closely contacted each
other without obvious gaps at the interface. Besides, the dual-
layer gel electrolyte exhibited shear stress of 2.8 kPa,
manifesting the strong adhesion between PAM and PEO
gel. Moreover, after bending the dual-layer gel electrolyte at
90° for 5000 cycles, we found the shear stress slightly
increased to 4.5 kPa, and the ionic conductivities remained
almost unchanged (Figure 2 e and f). Therefore, the dual-layer
gel electrolyte owned a stable interface, which was essential
for flexible batteries. The high compatibility between the two
gels and impressive interface stability might result from the
hydrogen bonds formed through the functional groups in
PAM and PEO.?! As a result, benefitted from the high ionic
conductivity of the organic gel and the hydrogel and their
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stable interface, the dual-layer gel electrolyte delivered
a relatively high ionic conductivity of 6.52mScm™ (Fig-
ure S7).

More importantly, the organic PEO gel can efficiently
prevent the corrosion of Mg metal. Here, another two kinds of
commonly used polymer gels, i.e., poly(vinylidene fluoride-
co-hexafluoropropylene) (PVDF) and thermoplastic polyur-
ethane (TPU), were also studied as a comparison. As shown
in Figure 2 g, after placed in PAM hydrogel for 6 h, the Mg foil
without organic gel suffered serious corrosions. The Mg foil
lost its bright metallic luster and turned gray, producing
a large number of bubbles. In contrast, the Mg foils protected
with the organic gel underwent minor corrosions. A small
number of bubbles can still be observed for the PVDF and
TPU, and the PEO-protected Mg foil remained unchanged
and no bubbles appeared, proving the effective protection of
Mg anode. On the other hand, the produced hydrogen
concentration was monitored by gas chromatography. Con-
sistent with the photograph in Figure 2 g, the Mg foil without
protective organic gel emitted the highest hydrogen concen-
tration, and the PEO-protected Mg foil showed the lowest
hydrogen emission among the three organic gels (Figure 2h).
The protection of organic gels was also verified in the LiCl
aqueous electrolyte. After being immersed for 6 h, the PEO-
coated Mg foil remained almost unchanged, while visible
Mg(OH), peaks in the X-ray diffraction (XRD) pattern
appeared for bare Mg foil and PVDF and TPU-protected Mg
foils (Figure 2i). These results indicated that the organic PEO
gel most effectively protected the Mg anode from corrosion.
In fact, the corrosion rate of the Mg protected with PEO gel
was weighted to be 0.007 mgem >h~!, which is seventy-six
times lower than that of Mg without protection (Figure S8).

Angew. Chem. Int. Ed. 2021, 60, 1531715322
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Figure 2. Characterization of the dual-layer gel electrolyte. a) Composition of the dual-layer gel electrolyte. b, ¢) SEM images of organic gel and
hydrogel. d) Confocal laser scanning microscopy image showing the well-bonded interface of the dual-layer gel electrolyte. e, f) Shear stress
curves and electrochemical impendence spectrum of the dual-layer gel electrolyte before and after bending at 90° for 5000 cycles, respectively. g,
h) Photographs and hydrogen concentration of the Mg anodes protected by different organic gels after attached with the PAM hydrogel for 6 h.
Scale bar: 5 mm. i) XRD patterns of the PAM hydrogel-coated Mg anode for 6 h and organic gel-protected Mg anode after being immersed in LiCl

solution for 6 h.

Compared with the PVDF and TPU gel, the sticky PEO gel
can firmly bond with Mg anode to avoid detachment of the
protective layer, thus providing more durable protection.
Besides, the PEO gel electrolyte showed a smooth, uniform
and dense surface, which prolonged the permeation pathway
of water molecules and reduced the diffusion rate to enhance
protective effects.

Figure 3a shows the representative discharge curves of
Mg-air batteries using dual-layer gel electrolyte and PAM
hydrogel electrolyte. The Mg-air battery with the dual-layer
gel electrolyte was discharged stably for more than 220 h with
a working voltage above 1 V. In contrast, the Mg-air battery
with a single hydrogel electrolyte was discharged by less than
50 h. To investigate the side reaction during discharging, H,
concentration was also monitored (Figure 3b). The Mg-air
battery using dual-layer gel electrolyte kept H, concentration
as low as ~ 10 ppm during the whole monitoring period,
indicating that the side reaction could be almost ignored. For
the Mg-air battery with hydrogel electrolyte, a significantly
high H, concentration of ~2000 ppm at the beginning of
discharge was recorded, proving the serious side reaction
during discharging. The above results further verified that the
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dual-layer gel electrolyte can efficiently protect Mg anode
from corrosion and thus improve the anode utilization.

The Mg-air batteries with dual-layer gel electrolyte
showed ultrahigh specific capacities of 2190454 mAhg™!
based on the total weight of Mg anode, which almost reached
the theoretical value of Mg anode (Figure 3¢). The utilization
rate of Mg anode reached 99.3 %. In contrast, Mg-air batteries
with hydrogel electrolyte only showed specific capacities of
329+ 67mAhg'. Attributed to the ultrahigh specific
capacity, high discharge voltage and lightweight air electrode,
the Mg-air battery with dual-layer gel electrolyte performed
a high energy density of 2282 Whkg ' and a power density up
to 550 Wkg ™! based on the total weight of anode and air
electrode. The Mg-air battery with PAM hydrogel electrolyte
only exhibited an energy density of 399 Whkg™' due to the
severe corrosion. Compared with the other reported Mg-air
batteries, our Mg-air battery using dual-layer gel electrolyte
showed the highest specific capacity with a much higher open-
circuit voltage (Figure3d with details shown at
Table S1).141524271 Fyrthermore, our Mg-air batteries also
showed both much higher specific capacity and energy density
than the other reported batteries, e.g., the specific capacity is
fifteen times higher than a Zn-ion battery and the energy
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Figure 3. Electrochemical performance of the Mg-air battery. a) Representative discharge curves of the Mg-air battery applying dual-layer gel
electrolyte and hydrogel electrolyte. b) H, concentration of the Mg-air battery after discharged for 6 h using dual-layer gel electrolyte and hydrogel
electrolyte. c) Specific capacity and energy density of the Mg-air battery using dual-layer gel electrolyte and hydrogel electrolyte. d) Specific capacity
and open-circuit voltage of the Mg-air battery with dual-layer gel electrolyte compared with the previously reported strategies. Alloying: Mg-Al-
Zn," Mg-Al-Zn-Sm,["! Mg-Al-La,"® Mg-Al-Mn-Ca,'¥ and Mg-Zn-Y ;" optimized electrolyte: graphene and agar/graphene gel;?¥ catalyst: Fe-Nx-

C," mullite!™ and SmMn,0,.2"

density is about forty-six times of the aqueous lithium-ion
battery (Figure S9).2%3

Besides the high electrochemical performance, the Mg-air
battery could be made into a fiber shape with a coaxial
structure, and it was flexible (Figure S10). The fiber Mg-air
battery performed a stable output voltage after bending to
45°,90° and 135°. A red light-emitting diode (LED) can be
further lighted up and the lighting intensity had been well
maintained even when the fiber Mg-air battery was bent to
various angles. The fiber Mg-air battery was also bent into
a circle to power a clock, and the voltage remained almost
unchanged, proving the high flexibility of the fiber Mg-air
battery (Figure S11). Moreover, the fiber Mg-air battery kept
working for more than 15h even after being immersed in
water (Figure S12). The lighting intensity of the LED kept
almost unchanged before and after being immersed in water,
suggesting high stability of the Mg-air battery. Interestingly,
the Mg-air batteries can use the oxygen dissolved in water to
work, so it is promising for them to be used in implantable
bioelectronics.

The discharge products of the Mg-air battery were
investigated by a combination of SEM and XRD. After
discharging for 48 h, the needle-like products were loosely

© 2021 Wiley-VCH GmbH

and vertically grown on the surface of the Mg anode
(Figure 4a). Lots of voids among the needle-like discharge
products were formed, and the electrolyte can effectively
infiltrate into the Mg anode at the bottom. The energy-
dispersive X-ray spectroscopy (EDS) elemental mapping
suggests that the discharge product mainly consisted of Mg, O,
and Cl elements. After being fully discharged, the discharge
product was characterized by XRD (Figure S13). The result
indicates that the discharge product was Mg,Cl(OH);, which
differed from the commonly reported Mg(OH), (Figure 4b).
The discharge product was further characterized by X-ray
photoelectron spectroscopy (XPS). The peak of Cl 2ps,
located at 197.1eV and single Mg 2p peak located at
48.9 eV were confirmed as ClI~ and Mg*", respectively (Fig-
ure 4c and d).’**! The valency of Cl and Mg ions was
consistent with the results of XRD. For the O 1s, it was
distinguished into three peaks, which are referred to the
adsorbed oxygen species (530.1eV), OH™ (531.5eV) and
crystal water (533.23 V) (Figure 4¢).*%! Therefore, the over-
all discharge reaction is: 8Mg+30,+6H,0+4Cl —
4Mg,CI(OH); +4e". In the discharge process, oxygen was
reduced at the air electrode and the Mg anode was oxidized to
Mg®". Meanwhile, as the PAM hydrogel and PEO gel were

Angew. Chem. Int. Ed. 2021, 60, 1531715322
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Figure 4. Characterization of the discharge products. a) SEM image (left) and EDS elemental mappings (right) of the discharge product using
dual-layer gel electrolyte with LiCl in the hydrogel electrolyte. b) Corresponding XRD pattern of the discharge product (ICDD 00-007-0412). c—

e) Corresponding XPS spectra of Cl 2p, Mg 2p and O 1s. f) SEM image (left) and EDS elemental mappings (right) of the discharge product using
dual-layer gel electrolyte with LiTFSi in the hydrogel electrolyte. g) Corresponding XPS spectrum of Mg 2p of the discharge product.

Cl™ ions conductive,*” the Cl~ ions were migrated through the
dual-layer gel electrolyte to the anode driven by potential
difference. The formed whiskers of Mg,CI(OH); were
extended in a certain orientation during its crystal
growth,* enabling the specific needle-like morphology.

To verify the reason for forming this unique morphology
of the discharge product, the LiCl in the PAM hydrogel was
replaced with NaCl, and the discharge products also showed
the needle-like morphology (Figure S14). Subsequently, the
LiCl in the dual-layer gel electrolyte was replaced by lithium
bis(trifluoromethanesulfonyl)imide (LiTFSi) to fabricate the
Mg-air battery. The resulting Mg-air battery only showed
a discharge specific capacity of 894 mAhg™' (Figure S15),
much lower than that using LiCl in the electrolyte. SEM
image of the Mg anode after discharging is shown in
Figure 4 f. Instead of a loose and needle-like morphology,
a uniform and dense passive layer was observed, and the EDS
elemental mapping revealed that the passive layer mainly
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consisted of O and Mg elements. The discharge product was
also analyzed by XPS. The Mg 2p located at 48.9 eV and O 1s
located at 531.42 eV indicated the existence of Mg(OH),
(Figure 4g and Figure S16).”) Another Mg 2p peak located
at 50.23 eV along with O 1s at 529.7 eV was attributed to the
MgO produced by the oxidation of residual Mg.*”! The above
results showed that the formation of the unique loosely
needle-like discharge product should be related to the
chlorine ion. On the other hand, the capacity of the Mg-air
battery with a dense and uniform passive layer was much
lower than the one with a loose and needle-like discharge
product. Therefore, the unique needle-like discharge product
was helpful to improve the discharge capacity of the Mg-air
battery.

In conclusion, Mg-air batteries with ultrahigh average
specific capacity of 2190 mAhg™" and high energy density of
2282 Whkg ' had been achieved by designing a dual-layer gel
electrolyte strategy. The organic gel protected the Mg anode
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from corrosion and the chlorine ions in the hydrogel helped to
produce unique needle-like discharge products, rather than
a commonly reported dense passive layer. As a result, the
electrolyte well contacted Mg anode and the discharge
process continued until the Mg was almost entirely consumed.
Besides, attributed to the unique coaxial structure of fiber
shape and stable interface of the dual-layer gel electrolyte, the
resulting fiber Mg-air battery not only performed high
electrochemical properties but also exhibited high flexibility
and stable output even after being immersed in water, which
paves the way for powering wearable and implantable
electronic devices in the future.
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