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Solid Electrolyte Interface Regulated by Solvent-in-Water
Electrolyte Enables High-Voltage and Stable Aqueous

Mg-MnO, Batteries

Yan Xu, Zaichun Liu, Xinhua Zheng, Ke Li, Mingming Wang, Wei Yu, Hanlin Hu,*

and Wei Chen*

Mg batteries utilizing divalent Mg?* as charge carriers have been attracting
significant attention for energy storage owing to their uniqueness in terms
of low cost, high safety, and high energy density. However, the short cycling
life arising from the accumulation of a passivation layer on the Mg anode
prohibits their further development. Here, a new strategy to suppress the
accumulation of the passivation layer is presented, thus stabilizing the Mg
anode by constructing a robust interfacial layer using organic solvent-in-
water electrolytes. The organic solvents decompose on the Mg anode to
form a MgO, polyether Mg enriched organic-inorganic hybrid interfacial
layer, preventing free water attack to the Mg anode. In addition, the organic
solvent forms an H-bond with H,O to suppress the water activity and there-
fore protecting the Mg anode. As an illustration to benefits of the solvent-
in-water electrolytes, a Mg-MnO, battery that is coupled by a MnO, cathode
in Mn?*/MnO, chemistry with the Mg anode is developed. The Mg-MnO,
battery exhibits a well-maintained discharge plateau at =2.5 V and a dis-

1. Introduction

Lithium-ion batteries account for a large
global Dbattery market and are widely
applied in portable electronics and electri-
fied vehicles owing to their high energy
density.l However, the growing concerns
about safety issues of non-aqueous elec-
trolytesi?l in Li-ion battery motivated us
to shift from current organic electrolyte-
based batteries to aqueous batteries. The
electrochemical storage of Li*,B] Na*,“
KHB Mg el and Zn?*"! in aqueous
electrolytes have been considered as prom-
ising aqueous battery systems. However,
the metallic Li, Na, and K are incompat-
ible with aqueous electrolytes. Therefore,
insertion-type compound anodes are
applied in Li-, Na-, K-based aqueous bat-

charging capacity of =500 mAh g~' over 1000 cycles. This result highlights
the feasibility to stabilize the Mg anode by interface engineering through the

solvent-in-water electrolyte design.
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teries, which largely limited their energy
densities.®! Aqueous Zn-ion Dbatteries
are particularly attractive owing to the
high water compatibility and stability of
metallic Zn"* as compared to the alkali
metals. Unfortunately, the Zn dendrite
formation as well as limited voltage and
energy density of the aqueous Zn ion batteries have prohibited
their practical applications.'”) Therefore, new battery chemis-
tries with low-cost, environmental benign, high energy density,
and safety are highly desirable.

Magnesium batteries utilizing divalent Mg?* as charge car-
riers offer significant improvements in cost, safety, working
voltage, and volumetric energy density due to the unique nature
of earth-abundance, dendrite-free,™ low reduction potential
(-2.37 V versus SHE), and high-capacity (3832 mAh ¢m™) of
the metallic Mg."”l All of these merits enable the metallic Mg
a promising anode for aqueous and non-aqueous electrolytes
based Dbatteries. Over the past few decades, various cathode
materials, such as MnO,,% air, H,0,, have been coupled
with the metallic Mg to fulfill the requirements of different
battery systems. For example, when the primary Mg-MnO, dry
cell was initially developed in the early 20th century, it has been
successfully applied in military communication equipment and
aircraft emergency transmitters for a long period of time due to
its high theoretical energy density of 759 Wh kg™.1"® Therefore,
aqueous Mg-based batteries showed great promises in some
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high-energy density demanding areas. However, the aqueous
Mg batteries particularly the Mg-MnO, batteries have short life
span due to the deactivation of the metallic Mg caused by the
accumulation of Mg(OH), passivation layer on its surface.

To date, much effort has been devoted to extending the cycle
life of the Mg-MnO, batteries by different approaches, which
are focused on the exploration of different MnO, structures
and electrolytes. However, the reported Mg-MnO, batteries
still suffer from critical issues of high overpotential, sloping
discharge curve, fast capacity decay, low reaction kinetics, and
short cycle life,3®! which could be mainly ascribed to the accu-
mulation of Mg(OH), passivation layer on the Mg anode. The
formation of Mg(OH), passivation layer originates from the
chemical reactions of Mg anode with electrolyte. Mg anode
tends to react chemically with water vigorously in aqueous
electrolyte because the standard potential of Mg?*/Mg is as low
as —2.37 V (versus SHE). Coating Mg surface with an artificial
interface provides a feasible approach to the remission of the
Mg(OH), passivation layer. For example, it was reported that
an artificial interface originating from the decomposition of
fluorinated ether could enable graphite or Li-metal cycling in
aqueous electrolyte.l!

Here we report a strategy to overcome the challenges of
Mg(OH), passivation layer accumulation by using an organic
solvent-in-water (SIW) electrolyte. The water in SIW electrolyte
inherits the merits of aqueous electrolyte, such as the high ionic
conductivity, environmental friendliness, and non-flammability,
as well as the organic solvent that is favorable to absorb on the
metallic Mg and reduce on the surface of Mg anode to form
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an organic-inorganic hybrid protective layer, thereby avoiding
the electrical insulating Mg(OH), accumulation. In addition,
the organic solvent could bind with free water and suppress the
activity of water in the aqueous electrolyte. The versatile effect
of non-aqueous solvents avoids the formation of Mg(OH),
passivation layer. When metallic Mg is coupled with MnO,
cathode in the Mn?*/MnO, chemistry, our Mg-MnO, full
cell shows a pronounced discharge plateau at =2.51 V and a
discharging capacity of =500 mAh g™ for over 1000 cycles.
This study provides insights into addressing the challenges
of aqueous Mg-MnO, batteries for practical energy storage
applications.

2. Results and Discussion

2.1. Charge Storage Mechanism and Properties of the SIW
Electrolytes

As schematically depicted in Figure 1a, the Mg-MnO, full cell
is composed of a cathode-less porous carbon felt, a metallic Mg
anode, and saturated Mg?* and Mn?" in a mixture of organic
solvent with water as the SIW electrolyte. MgCl, is selected
as the soluble salt due to its high solubility in water (=78 M at
room temperature, which can be obtained from the Table of
Solubility). When charging the Mg-MnO, cell, soluble Mn?*
ions in the electrolyte diffuse to the cathode and deposit as
solid MnO, on the carbon felt. During discharge of the bat-
tery, the as-deposited MnO, on the cathode is dissolved back
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Figure 1. Working mechanism of Mg-MnO, battery and properties of the SIW electrolyte. a) A schematic illustration of the Mg-MnO, battery in the
charge and discharge modes. b) Calculations of the absorption energy of PEG and water on Mg(002) surface. c) The double layer capacitance in SIW-2
and Mg/Mn-H,O electrolytes. d) Raman spectra of a O—H stretching vibration of different electrolytes. SIW-2 and Mg/Mn-H,0 stand for saturated
MgCl,-1 M MnCl, in H,O:PEG =1:1 and 1 m MgCl,-1 M MnCl, electrolytes, respectively.
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to soluble Mn?* in electrolyte. The anode is operated by the
deposition/stripping of Mg-Mn alloy, which was verified via
CV in a three-electrode cell as shown in Figure S1, Supporting
Information. X-ray diffraction (XRD) was conducted to show
the Mg-Mn alloy patterns (Figure S2, Supporting Information),
which confirms the formation of the Mg-Mn alloy. Further, the
anode was characterized by SEM after the Mg-Mn alloy depo-
sition. As shown in Figure S3, Supporting Information, the
Mg-Mn alloy was uniformly deposited, which is consistent with
the TEM and EDX mapping tests (Figure S4, Supporting Infor-
mation). For the SIW electrolyte, organic solvents with O, F, Cl
can be chosen, which is able to absorb on the Mg anode and
form H-bond with H atoms in the water. Dissolution of MgCl,
into the mixed solvents to saturated concentrations leads to
further decrease of the activity of water, forming the SIW elec-
trolytes, as shown in Figure 1a. To demonstrate the design prin-
ciple of the electrolytes, polyethylene glycol (PEG) was chosen
as the model solvent to formulate the SIW electrolyte thanks to
its water-miscible, non-toxic, and low-cost features. It is worth
noting that ethylene glycol (EG), polyethylene oxide (PEO), pol-
yvinyl alcohol (PVA), polyacrylonitrile (PAN), tetraglyme as sol-
vents can also potentially be applied to our Mg-MnO, cells. We
use PEG in this work as a demonstration of the battery concept
unless otherwise specified.

To demonstrate the effect of PEG, a series of xPEG-(1-x)
H,0 solvents with saturated MgCl, and 1 m MnCl, were pre-
pared with the PEG content (x) ranging from 0% to 50%.
First, the absorption energy of PEG and water on Mg(002)
surface was evaluated by DFT calculation. As shown in
Figure 1b, the absorption energies of PEG and water on
Mg(002) surface are —0.64 and —0.47 eV, respectively, which
indicates that PEG is more favorable to absorb on the Mg(002)
surface than water. To investigate the change of interfacial
properties by the introduction of PEG, cyclic voltammetry
(CV) under various scan rates (Figure S5, Supporting Infor-
mation) was conducted. As shown in Figure 1c and Figure
S5, Supporting Information, the double layer capacitance in
the SIW-2 (saturated MgCl,-1 m MnCl, in H,0:PEG = 1:1)
electrolyte is negligible (0.09 mF) as compared to that in Mg/
Mn-H,0 (1 m MgCl,-1 m MnCl, in H,0) electrolyte (5.5 mF),
which indicated that a better interface can be constructed due
to the absorption of PEG on the Mg anode. This is helpful to
shield water to attack Mg anode.

To get a better understanding on the electrolyte proper-
ties, the electrolyte structure was analyzed via Raman com-
bined with computation. First, PEG and water interaction was
analyzed by Raman in the solvent of H,0:PEG = 1:1 (vol%). The
O—H stretching vibration of water molecules (3000-3700 cm™)
can be deconvoluted into three components located at =3260,
~3495, and =3702 cm™! (Figure S6, Supporting Information),
which correspond to the water molecules with strong, weak,
and non H-bonds, respectively. As shown in Figure S7, Sup-
porting Information, the strong H-bond decreased after PEG
was added into water, which indicated that PEG could break
the strong H-bond network (O---H—O) in water. The reduced
H bond network of water molecules could decrease the trans-
port of proton” and hydroxide[® ions through the Grotthuss
diffusion mechanism. In addition, the O—H stretching mode
shifts to higher wavenumber upon adding PEG. This blue shift
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can be attributed to the interaction between H of the O—H
bond in water molecules and O of the C—O bond in PEG
(C—=0---H—O0). Further, the solvation structure of MgCl, in
the solvents of H,O and H,O:PEG = 1:1(vol%) have been cal-
culated (Figure S8, Supporting Information). It showed that
Mg(H,0)¢*" and Mg(PEG)(H,0),Cl* cations are the most pos-
sible cations in these two solutions and the binding energies
of Mg(H,0)¢*" and Mg(PEG)(H,0),Cl" cations are —15.15 and
—25.28 eV, respectively, which indicated the preferential solva-
tion of PEG with Mg?*. The altered Mg?* solvation sheath by
O-containing organic solvent is favorable for the suppression of
water decomposition!"”! and the regulating cation concentration
in the vicinity of anode.?%l In addition, improving the salt con-
centration could destruct the strong H-bond further. As shown
in Figure 1d, with the salt concentration increased, the strong
H-bond peak (3260 cm™) in the Raman spectra decreased grad-
ually, indicating that the water activity is highly suppressed and
less free water is existed in the electrolyte with increasing of
the salt concentration. As such, the optimal SIW electrolyte is
expected to improve the electrochemical performance of the
aqueous Mg-MnO, batteries.

The chemical and physical properties of the SIW electrolytes
were further evaluated. The electrochemical stability windows
of the electrolytes, which depend on the hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER), were
determined by linear sweep voltammetry (LSV). As shown in
Figure 2a, the HER and OER stability windows in the electro-
lyte of 1 M MgCl, in H,0 are 1.42 and 2.6 V (versus Mg*"/Mg),
respectively, which can be expanded by the introduction of PEG
into the electrolyte. As the PEG concentration increased to 50%
by the volume, the HER and OER stability windows in the elec-
trolyte of saturated MgCl, in H,O can reach as low as 0.45 V
and as high as 2.8 V (versus Mg?"/Mg), respectively, indicating
the protective effect of SEI on the Mg anode. It was worth to
mention that strong peaks appeared around hydrogen evolu-
tion potentials in the electrolytes of 1 M MgCl, in H,0 and satu-
rated MgCl, in H,O, which can be ascribed to the formation of
Mg(OH), component due to the decomposition of water on the
Mg anode. While no peaks can be observed around hydrogen
evolution potentials with the addition of PEG, suggesting the
suppressed water decomposition on Mg anode with the intro-
duction of PEG. In addition, with the PEG content increased
in the electrolyte of saturated MgCl, in H,0, the OER current
density decreased significantly beyond 2.8 V (versus Mg?*/Mg),
which further suggested that the water activity has been
decreased. The electrolyte stability window test results dem-
onstrate the importance of the electrolyte regulation by the
application of PEG as a solvent-in-water electrolyte to achieve
stable operation of Mg anode. Furthermore, the Mg|Mg sym-
metric cells in Mg/Mn-H,0 and SIW-2 electrolytes were cycled
at the current density of 1 mA cm™ to testify their stabilities.
As shown in Figure 2b, the polarization voltage of the Mg||Mg
cell in the electrolyte of Mg/Mn-H,0 increased gradually
and reached 1.8 V. In contrast, the polarization voltage of the
Mg||Mg cell in the electrolyte of SIW-2 can be stabilized around
0.03 V over 750 min. This result indicated that the Mg(OH),
passivation layer accumulated rapidly in the electrolyte of Mg/
Mn-H,0, while a stabilized interfacial layer formed in the elec-
trolyte of SIW-2. PEIS was conducted to Mg|Mg symmetric
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Figure 2. The physical and chemical properties of different electrolytes. a) Electrochemical stability windows of 1 M MgCl, in H,O, saturated MgCl,
in H,0O, saturated MgCl, in H,O:PEG = 2:1, and saturated MgCl, in H,O:PEG = 1:1 electrolytes determined by LSV tests on Pt foil at a scan rate of
10 mV s7\. b) Cycling stability of Mg||Mg symmetric cell in the electrolytes of Mg/Mn-H,O and SIW-2 at the current density of 1 mA cm™2 ¢) lonic

conductivity of S-Mg/Mn-H,0, SIW-1, and SIW-2 electrolytes.

cells in the electrolytes of Mg/Mn-H,0 and SIW-2. As shown
in Figure S9, Supporting Information, although the interfacial
impedance of Mg||Mg symmetric cells was lower in the electro-
lytes of Mg/Mn-H,O at the first several cycles, it was signifi-
cantly increased to thousands of ohms at the 85th cycle, which
resulted in the failure of the cell. The impedance of Mg||Mg
symmetric cells in the electrolyte of SIW-2 was also increased
with cycle number due to the formation of interfacial layer on
the freshly deposited Mg, while its impedance increase was
much slower, which indicated a relatively stabilized interfacial
layer that has been constructed in the electrolyte of STW-2. The
ionic conductivity of different electrolytes was tested and calcu-
lated by the impedance spectra in stainless steel (SS)||SS sym-
metric cells at ambient temperature (Figure S10, Supporting
Information). It revealed that the ionic conductivities of the
electrolytes ranged from 230 to 21.8 mS cm ™! with PEG content
increased from 0 to 50 vol% (Figure 2c), which is comparable to
that of the water-in-salt electrolytes.?!

2.2. Electrochemical Performance of Mg-MnO, Cell

In light of the proposed energy storage mechanism and the
designed electrolytes, we constructed the Mg-MnO, full cell and
tested its electrochemical performance at room temperature. An
optimal voltage of 2.8 V was applied to charge the cell to avoid
the OER on the cathode, and it was then galvanostatically dis-
charged to 1.4 V. As shown in Figure 3a, the cells in the control
electrolyte of Mg/Mn-H,0 showed a discharge plateau at =2.61 V
with a discharge capacity of =440 mAh g™ (based on the mass of
MnO, on the cathode) at the first cycle. While in the subsequent
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cycles, the discharge plateau became much shorter and the
plateau voltage decayed from =2.61 to =2.48 V at the eighth cycle
and disappeared afterward, resulting in the negligible discharge
capacity from the ninth cycle. In addition, increasing voltage
dips can be observed at the beginning of each discharge process
from the second cycle. In order to figure out origin of the voltage
dip, three-electrode test was conducted by using carbon felt as
working electrode, Mg foil as counter electrode, and Ag/AgCl as
reference electrode. As shown in Figure S11, Supporting Infor-
mation, the cathode displayed an excellently retained plateau
around 1 V, which matches very well with the redox potential
of typical Mn?*/MnO, reactions and confirms good reversibility
of the MnO, cathode. However, intensively increased voltage
dips can be observed within only the first five cycles on the Mg
anode, which indicated that the voltage decay of the Mg-MnO,
cell in Mg/Mn-H,O0 electrolyte is originated from the Mg anode.
Therefore, the battery electrolyte needs to be modified to form a
robust solid electrolyte interface on the Mg anode.

We have conducted systematical experiments on the
tuning of electrolyte in order to improve the electrochemical
performance of the Mg-MnO, cell. First, we increased the
salt concentration to be saturated, and found that the specific
capacity of the Mg-MnO, cell shrunk to 345 mAh g™ and cycle
life was shortened to only 6 cycles, which were triggered off by
the decreased ionic conductivity of the Mg/Mn-H,O electro-
lyte (Figure 3b). When 33 vol% of PEG was further introduced
into the electrolyte of saturated Mg/Mn in water (referred to
as SIW-1 electrolyte), the battery electrochemical performance
was largely improved. Specifically, the discharge plateau was
maintained at 2.5 V, and the specific capacity was increased
to =500 mAh g! (Figure 3c). In addition, the big dip at the

© 2022 Wiley-VCH GmbH
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Figure 3. The electrochemical performance of Mg-MnQ, battery in different electrolytes. a—d) The discharge behavior of Mg-MnO, cell in the electrolyte
of Mg/Mn-H,0, S-Mg/Mn-H,0, SIW-1, and SIW-2 at 5C, respectively. e) Cycling stability of Mg-MnO, cells in different electrolytes at 5C. f) Voltage profile

of Mg-MnO, cells in the SIW-2 electrolyte under current densities from 1to 12.5 mA cm

beginning of discharging process disappeared, which indicated
that a better solid electrolyte interface was formed to allow Mg?*
transfer smoothly. However, the discharge voltage and capacity
still decayed gradually from 2.5 V to 2.16 V within 50 cycles in
the electrolyte of SIW-1, which may be due to the attack of part
of free water to the Mg anode. When the PEG content was fur-
ther increased to 50 vol% in the electrolyte of saturated Mg/Mn
in water (referred to as SIW-2 electrolyte), the battery electro-
chemical performance was significantly improved. The ultra-flat
discharge plateau at a voltage of 2.5 V was maintained very well
within 400 cycles, and the specific capacity was up to 500 mAh g™
(Figure 3d), which is higher than that in the Mg/Mn-H,0,
S-Mg/Mn-H,0, and SIW-1 electrolytes. In addition, stable
cycling at 5 C for over 1000 cycles with around 99% capacity
retention can be achieved in the electrolyte of STW-2 (Figure 3e),
which is among the most stable Mg-based battery (Table S1,
Supporting Information).?2l This improved electrochemical
performance and stability of Mg-MnO, cells were enabled by
the robust solid electrolyte interface on Mg anode. Figure 3f
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2. g) Rate capability of Mg-MnO, cells in the SIW-2 electrolyte.

showed the rate performance of Mg-MnO, cell in the electro-
lyte of SIW-2. We found the overpotential is only 0.20 V at the
current density of 1 mA cm™2. It is worth to mention that even
the discharge current density increased to 12.5 mA cm™, the
discharge plateau still kept at =1.62 V and the discharge capacity
can be well maintained at nearly 500 mAh g™ (Figure 3g),
exhibiting a remarkable rate capability. This result indicates that
the formed solid electrolyte interface in SIW-2 electrolyte ena-
bles the Mg?* ions transfer smoothly even at high current den-
sity. Further increase of PEG content in the electrolyte induced
too low ionic conductivity that caused sluggish reaction kinetics.
Therefore, the SIW-2 electrolyte was explored as optimal in this
study. In order to demonstrate generality of the regulation effect
of the solvent-in-water electrolyte strategy, we also tested the
Mg-MnO, full cell in the solvent of EG. When employing the
electrolyte of saturated Mg/Mn in mixture of H,0 and EG with
volume ratio of 1:1, a maintained discharge plateau at 2.5 V and
long cycling life beyond 350 cycles can be achieved (Figure S12,
Supporting Information), which confirmed that this electrolyte

© 2022 Wiley-VCH GmbH
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regulation approach can be treated as a general method to
different battery chemistries.

2.3. Characterizations of the Interfacial Layer of Mg Anode in SIW-2

To gain a deeper insight into the components of interfacial
layers in different electrolytes, the compositions of the interfa-
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cial layers on the cycled Mg anode were analyzed using Fourier
transform infrared (FTIR), XRD, and X-ray photoelectron spec-
troscopy (XPS). As shown in Figure 4a, a sharp and intense
peak at 3701 cm™ and a broad peak at 3437 cm™ of the cycled
Mg anode in the electrolyte of Mg/Mn-H,0 can be observed,
which are associated with the stretching vibration of —OH
group in Mg(OH),.2¥l The absorption band around 572 cm™
is also characteristic of Mg(OH),. The IR bands of MgCO; and

b
—— Cycled Mg anode in SIW-2
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Figure 4. Characterizations of Mg-MnO, cells. a) FTIR of cycled Mg anode in the electrolytes of Mg/Mn-H,0 and SIW-2. b) XRD patterns of cycled Mg
anode in the electrolytes of Mg/Mn-H,0 and SIW-2. c—f) XPS characterization of the passivation layer formed on the cycled Mg anode in the electrolytes

of Mg/Mn-H,0 and SIW-2. The C 1s and O 1s spectra are displayed.
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MgO are appeared at 3627 cm™ and 1638 cm™, respectively.
Mg(OH), was obtained from the reaction between metallic Mg
and H,0, MgO may come from the reaction between the dis-
solved O, and metallic Mg, and MgCO; was from the reaction
between the chemisorbed CO, and MgO.l?*l In addition, the
IR bands at 1458 and 1403 cm™ can be ascribed to the com-
ponent of Mgs(CO;)4(OH),+4H,0 (Database of ATR-FT-IR).
Therefore, inorganic components of MgO, Mg(OH),, MgCOs,
and Mgs(CO;)4(OH),+4H,0 were the main compositions in the
interfacial layer of the cycled Mg anode in the electrolyte of Mg/
Mn-H,O, which is consistent with previously reported litera-
ture.2 Compared with the cycled Mg anode in the electrolyte
of Mg/Mn-H,0, no Mg(OH), or MgCO; components can be
detected by FTIR on the cycled Mg anode in the electrolyte of
SIW-2. Instead, organic components of -OH (3438 cm™), -CH
group (1264 cm™),®%) and the bond between Mg?* and O atom
(604 cm™) were shown, which may come from the decomposi-
tion reaction between metallic Mg and H{OCH,CH,],OH (PEG
molecules).

Inorganic components, such as MgO and a small amount of
Mgs(CO3)4(OH),+4H,0, can also be observed. The absorption
intensity of MgO was much stronger on the cycled Mg anode
in the electrolyte of SIW-2 than that in the electrolyte of Mg/
Mn-H,0, which indicated decomposition reaction between Mg
and H{OCH,CH,],,OH contributed partially to MgO in addition
to the reaction between the dissolved O, with Mg. It is worth
noting that the absorption intensity of Mgs(CO;),(OH),+4H,0
on the cycled Mg anode in the electrolyte of SIW-2 was lower
than that in the electrolyte of Mg/Mn-H,0, which indicated
the suppressed simultaneous reaction between H,0, CO, and
Mg in the electrolyte of SIW-2. In the interfacial layer of cycled
Mg anode in the electrolyte of SIW-2, organic and inorganic
components were included, in which inorganic components of
Mgs(CO3)4(OH),+4H,0 and MgO, have low solubility in water,
which can form a stable protective layer on Mg anode. In addi-
tion, the organic protective layer of polyether was more intact, ¢!
which can more effectively protect Mg anode. XRD results
demonstrated that in the Mg/Mn-H,0 electrolyte, inorganic
byproducts of Mg(OH),, MgCOs3, and MgO were formed on the
cycled Mg surface due to the reaction of free water with Mg
anode (Figure 4b), which is consistent with the FTIR results.
While in the electrolyte of SIW-2, no Mg(OH), or MgCOj; inor-
ganic byproducts can be detected by XRD, and only MgO can
be detected, which was identical with the FTIR results. XRD
results indicated that the water activity has been suppressed in
the PEG-containing electrolyte, leading to no Mg(OH), byprod-
ucts formed in the interfacial layer. XPS spectra obtained for the
surface components of Mg anode after 2 cycles in the electro-
lytes of SIW-2 and Mg/Mn-H,O0 are shown in Figure 4c—f. The C
1s signal can be deconvoluted into C=0 group (288.8 eV), C—0O
group (286.5 eV), and C-C group (284.8 V)l (Figure 4c,e). The
C=0 and C—O groups can be detected on Mg anode in the
electrolytes of Mg/Mn-H,0, which indicated that carbonate or
carbonyl group was formed on Mg anode. The carbonate group
also could be detectable in O 1s spectra (531.2 eV). In addition,
metal oxide (Mg-O, 530 eV) and hydroxyl (O-H, 532.5 eV) spe-
cies were detectable (Figure 4d), which indicated that inorganic
MgCO;, Mg(OH), and MgO were the main components on Mg
anode in the electrolyte of Mg/Mn-H,0. While in the electrolyte

Adv. Energy Mater. 2022, 2103352

2103352 (7 of 9)

www.advenergymat.de

of STW-2, the components in the interfacial layer showed that
only carbonyl and ether groups (531.2 eV) and organic hydroxyl
group (532.9 eV) can be detected from O 1s spectra, which is
different from that in the Mg/Mn-H,O electrolyte (Figure 4f).
The FTIR, XRD, and XPS results of the Mg anode further indi-
cated that both inorganic components in a composition of MgO
and Mgs(CO;)4(OH),+4H,0 as well as organic component in a
composition of polyether are contained in the interfacial layer
with PEG addition. This hybrid interfacial layer is able to more
effectively block the attack of water to Mg anode, which is ben-
eficial to the stability of Mg-MnO, full cell. We also investigated
the morphology and structural evolution of the Mg anode by
SEM. The pristine Mg anode showed relatively flat surface mor-
phology (Figure S13, Supporting Information), and the cycled
Mg anode in the STW-2 electrolyte showed a dendrite-free mor-
phology, which guaranteed the safety of the Mg-MnO, cells.

Moreover, the morphology and components of the MnO,
cathode were analyzed. SEM images showed that, compared
to the clean surface of pristine carbon felt (Figure S14a, Sup-
porting Information), the carbon felt (CF) cathode after the first
charge to 5 mAh was covered with a discrete layer of MnO,
nanoparticles (Figure S14b, Supporting Information). To figure
out the compositions of deposited products on CF, XRD was
first conducted. As shown in Figure Sl4c, Supporting Infor-
mation, weak MnO, peak positioned at 36.7° can be observed,
suggesting that the deposited MnO, has poor crystalline struc-
ture. The polycrystalline nature of the deposited MnO, is more
favorable for its completely dissolution during cell discharge.
Therefore, we further conducted FTIR and XPS to confirm the
deposited MnO,. As shown in Figure S14d, Supporting Infor-
mation, the peaks appeared around 3430 and 1640 cm™ can be
ascribed to the stretching and bending vibration of the hydroxyl
group of Mn—OH and H—O—H, respectively. The peaks posi-
tioned at 1407 and 572 cm™ are attributed to the vibrations of
the O—Mn—0O and O—Mn bonds of MnO,, respectively. To
evaluate the oxidation state of the deposited MnO,, we have
performed XPS measurements on the cathode at the charged
and discharged states. After charging to 5 mAh, the cathode
shows a pronounced MnO, peak located at 641.8 eV in Mn 2p
spectroscopy, which is completely disappeared at the fully dis-
charged state (Figure Sl4e, Supporting Information). The core-
level spectra of Mn 3s were utilized to determine the manga-
nese oxidation states as suggested previously.?®! In the case of
the cathode at its charged state, the average oxidation state of
MnO, was calculated to be 3.64 on the basis of the Mn 3s peak
splitting energy of 4.7 eV (Figure S14f, Supporting Informa-
tion). Therefore, the actual electron charge transfer number in
the Mn?"/MnO, cell is 1.64, corresponding to a specific capacity
of 505 mAh g!. The actual reaction on the cathode is Mn?" +
1.82 H,0 = MnO, g, + 3.64 H* + 1.64 &~.

2.4. Scale-Up of Mg-MnO, Cell

To increase the cell capacity for large-scale energy storage
applications, we have scaled up the energy storage capacity
of the Mg-MnO, cell by amplifying the surface area of CF
cathode and Mg anode area (6 x 9 cm?). When charging
the battery to 50 mAh, the large Mg-MnO, cells delivered
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Figure 5. Scale-up of the Mg-MnO, battery and its electrochemical per-
formance. a) Voltage profile of the scaled-up Mg-MnO, cell by charging
to 50 mAh. b) Cycle stability and Coulombic efficiency of the scaled-up
Mg-MnO, battery by charging to 50 mAh. c) Digital photograph of the
LED lighting by the scaled-up Mg-MnO, battery.

42 mAh discharge capacity and the corresponding CE was
up to =84%. The scaled-up Mg-MnO, battery showed a dis-
charge plateau of 2.39 V (Figure 5a) together with a relatively
stable cycle life of more than 100 cycles (Figure 5b), which
is reasonable for practical application. The discharge pla-
teau and Coulombic efficiency of the scaled-up Mg-MnO,
cell decreased slightly compared to small size Mg-MnO, cell,
which can be ascribed to the insufficient surface utilization of
carbon felt in a static condition, and simple magnetic stirring
or an electrolytic flow-through cell design could be employed
to improve the electrochemical performance. The Mg-MnO,
batteries were capable of lighting a blue light-emitting diode
display panel when they were quickly charged at 2.8 V for
only 5 min (Figure 5c). The electrochemical performance of
the scaled-up Mg-MnO, battery reflects its huge potential for
the large-scale energy storage application.

3. Conclusion

In conclusion, we have proposed and demonstrated a strategy
to build up a stable solid electrolyte interface by using a sol-
vent-in-water electrolyte for aqueous Mg-MnO, battery. In the
solvent-in-water electrolyte, the accumulation of inorganic pas-
sivation layer on Mg anode can be greatly suppressed. Instead,
a robust solid electrolyte interface composed of hybrid organic-
inorganic components was formed, which was critical to sta-
bilize the Mg anode. In addition, PEG suppressed the water
activity by forming H-bond with free water, which further inhib-
ited the decomposition of water on Mg anode. The synergistic
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contributions of solvent and water in the SIW electrolyte enable
the Mg anode function well for aqueous Mg-MnO, battery.
When metallic Mg anode was coupled with MnO, cathode in
the Mn?*/MnO, chemistry in the optimal SIW electrolyte, the
fabricated Mg-MnO, battery achieved a high discharge voltage
of =2.5'V, a greatly improved specific capacity of =500 mAh g7},
and a long cycling life of over 1000 cycles. Moreover, the
Mg-MnO, battery was demonstrated to be facilely scaled up for
practical large-scale energy storage applications. The present
design strategy therefore provides a promising pathway toward
developing high performance aqueous Mg ion batteries with a
long cycling life.

4. Experimental Section

Materials: All reagents and materials in this work were commercially
available and were used without further purification. Magnesium
chloride hexahydrate (MgCl,-6H,0, >98.0%), manganese chloride
tetrahydrate (MnCl,-4H,0, > 99.0%), sulfuric acid (H,SO,, 95.0-98.0%),
poly(ethylene glycol) 400 (PEG 400, 299.9%) were purchased from
Guoyao Corporation.

Mg-MnO, Cell Assembly: The aqueous Mg-MnO, battery was
assembled using carbon felt (1.2 x 1.5 cm?) as the cathode-less current
collector and Mg foil as the anode. 1 m MgCl, + 1 M MnCl, in H,0O,
saturated MgCl, + 1 M MnCl, in H,O, saturated MgCl, + 1 m MnCl,
in H,O:PEG = 2:1 and saturated MgCl, + 1 M MnCl, in H,O:PEG = 1:1
solutions with 0.0018 m H,SO, were used as the electrolytes for the
Mg-MnO, batteries. The addition of acid was favorable for the complete
dissolution of MnO,. The carbon felt was treated in air at 400 °C for
2 h before acting as a current collector. For the scaled-up Mg-MnO,
battery, the cathode and anode of the stacked cells were separated by a
plastic grid. Ti foil was used as a part of current collector to ensure good
electrical conductivity for the carbon felts.

Characterizations: Powder diffraction X-ray (PXRD) patterns were
collected on a Philips X’Pert PRO SUPER Xray diffractometer equipped
with graphite monochromatized Cu K, radiation. Scanning electron
microscope (SEM, JEOL-6700F) was carried out to characterize the
morphologies, sizes, and structures of the Mg and MnO,. Valence state
measurements were carried out by X-ray photoelectron spectroscopy (XPS)
using a monochromatic Al K,; source (1486.6 eV). For the XRD, SEM, and
XPS measurements, the carbon felt cathodes were washed with deionized
water for at least three times and dried overnight in a vacuum oven.

Electrochemical Tests: The cycling performance and rate capability of
the cells were tested on a battery testing system (Landt, Wuhan, China).
In the charge-discharge measurements, a constant potential 2.7 or 2.8 V
with cut-off capacity was applied to the charge process of the cells, and a
technique of constant current with 1.4 V cut-off potential was used in the
discharge process. The CV and electrochemical impedance spectra with
a frequency range of 100 kHz to 1 Hz were collected using a Biologic
electrochemical workstation (VMP3, France). All electrochemical tests
were conducted at room temperature.

Theoretical Calculations: First-principles calculations were performed
with the CASTEP package within the generalized gradient approximation
(GGA) as formulated by the Perdew—Burke-Ernzerhof (PBE)
functional .[223% The final set of energies for all calculations was computed
with an energy cut-off of 571.4 eV. A five atomic layer of Mg(002)
surface was modeled with 20 A vacuum space to avoid the interaction
from the nearby layers. A cell with dimension of 20 A x 20 A x 20 A
was used for the calculation of the solvated magnesium ions. The
convergence criteria for energy were set to be 10~ eV, and the residual
forces on each atom became smaller than 0.03 eV A~'. The Brillouin
zone integration was performed with 2 x 2 x 1 and 1 x 1 x 1 I'-centred
Monkhorst-Pack k-point meshes in geometry optimization calculations.
The solvent molecules adsorption energy was defined as: E,y =

Emolecule/substrate - Esubstrate - Emolecu|e~
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