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Magnesium batteries have emerged as one of the considerable choices for next-generation batteries. Oxide
compounds have attracted great attention as cathodes for magnesium batteries because of their high
output voltages and ease of synthesis. However, a majority of the reported results are based on
metastable nanoscale oxide materials. This study puts forward a thermodynamically stable layer-

structured oxide KosMnO, with an enlarged lattice spacing as a model cathode material employing
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Introduction

Magnesium batteries are considered as a promising next-
generation electrochemical energy storage technology because
of the high volumetric capacity (Mg: 3833 mA h cm?), abun-
dance of Mg resources, and lower tendency of forming
dendrites.® However, the high charge density of Mg** leads to
strong coulombic interactions with the host framework, making
Mg>" intercalation into many host materials difficult. The first
magnesium battery prototype was achieved using a Chevrel-
phase MogSg as the cathode, in which Mg>* could be interca-
lated reversibly with relatively fast kinetics in the three-
dimensional channels.® This prototype promoted the research
on magnesium batteries. However, this MogSg cathode dis-
played low discharge voltage (about 1 V) with a low capacity of
75 mA h g, and the synthesis method was also time-consuming
and complicated.'**>

Oxide compounds have attracted great attention because of
their high output voltages and ease of synthesis.” The voltage
profile and mobility of Mg®* intercalation in a chromium oxide
spinel (Mg,Cr,0,) as a cathode for magnesium batteries were
studied by first-principles calculations; the results indicated
that the stable Mg-vacancy orderings for the cathode composi-
tions of Mgy 33Cr,0,4 and Mg, sCr,0, can severely limit Mg (de)
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the way to understanding the fundamental intercalation behavior of Mg?* in magnesium batteries.

intercalation.”*> Kown et al. pointed out that spinels with
a single redox metal, such as MgCr,O0, or MgMn,0,, were not
found to demonstrate sufficiently reversible Mg”* intercalation
at high redox potentials when coupled with nonaqueous Mg
electrolytes.'*®

Novak et al. reported that Mg?" can be reversibly intercalated
into a-V,0s, displaying a capacity of ~170 mA h g~ " using an
acetonitrile electrolyte containing water." Yu et al. also showed
improvements in the capacity using a Mg(ClO,),/polycarbonate
(PC) system with water.?® First-principles calculations showed
the scenario of Mg>" and H,O co-intercalation in nanocrystal-
line Xerogel-V,Os; the remarkable Mg mobility was ascribed to
the electrostatic shielding of divalent Mg”** by the water mole-
cules contained in the crystal structure.”* Meanwhile, the real-
ization of Mg2+ co-intercalation with H,O into V,Os5 using an
electrolyte containing water was done in a three-electrode or
two-electrode system with active carbon anode.”>** The pres-
ence of H,O in the electrolyte or that coordinated with the Mg>*
caused passivation at the Mg anode. Son et al. built an artificial
Mg>"-conductive interphase on the Mg anode surface, enabling
the reversible cycling of a Mg|[V,Os full-cell in the water-
containing carbonate-based electrolyte.** However, the Mg
powder used in this work is difficult to handle and the proce-
dure is complicated. Chromium oxides and vanadium oxides
are toxic; thus, it is necessary to use environmentally-friendly
oxides.

Manganese-based oxide is also a kind of promising cathode
candidate for magnesium batteries because of the abundance of
Mn resources and its environmental friendliness. Nam et al.
reported that nanoscale layer-structured Birnessite-MnO, with
crystal water can effectively screen the electrostatic interactions
between Mg>* and the host anions.?** Wang et al

© 2024 The Author(s). Published by the Royal Society of Chemistry
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demonstrated similar results that crystal water in layer-
structured Birnessite-MnO, with enlarged interlayer spacing
could facilitate Mg”" migration.?” Unfortunately, they used Ag/
AgCl as the reference electrode instead of Mg foil anode,
which was not a real magnesium battery. Miralles et al. proved
the insertion of Mg>" in Mn,O; electrodes through a spec-
troelectrochemical study using aqueous media with Ag/AgCl
reference electrode.”® Shimokawa et al. studied Mg-ion storage
materials based on MnO, frameworks, while the MnO, poly-
morphs were metastable or nanoscale.*

To date, although several oxide systems have been investi-
gated as cathode materials for magnesium batteries, the
majority of the reported results are based on metastable nano-
scale materials, H,O or other molecules-inserted materials
using a three-electrode system or active carbon anode (Table
S1t). To demonstrate Mg** intercalation into a host and study
the fundamental principles of Mg>" intercalation, the model
materials should satisfy the following conditions: (1) the host
compound should be thermodynamically stable; (2) Mg foil can
be directly used as the anode; (3) there exist vacancies in its
crystal structure that permit Mg”* intercalation. Herein, we
utilized thermodynamically stable K, sMnO, as the cathode in
optimized electrolytes, realizing Mg”" intercalation into the
Ko.sMnO, framework in a real magnesium battery directly using
Mg foil as the anode, where a high specific capacity of 99 mA h
g’ was obtained at the first discharge at 10 mA g". This work can
pave the way to understanding the fundamental intercalation
behaviors of Mg®" in magnesium batteries.

Results and discussion

Layer-structured transition metal oxides are not only suitable
cathodes for commercial batteries but also an excellent plat-
form to study various fundamental scientific issues.**** Typi-
cally, it is reported that the first-cycle voltage hysteresis is
determined by the superstructure in the cathode, specifically
the local ordering of lithium and transition metal ions in the
transition metal layers by comparing two closely related layer-
structured transition metal oxide intercalation cathodes,
namely, Nag,s[Lip25sMng;5]0, and Nage[Lip,Mngg]O,.*
Inspired by this work, we selected thermodynamically stable
A,MnO, (A = alkali, such as Li, Na, and K) as model materials,
which have similar layered structure with different interlayer
spacing due to the different radius of A (Li* 0.76 A, Na* 1.02 A, K*
1.38 A). Because layered Li,MnO, is meta-stable and the value of
x in Li,MnO, is close to 1.0, there is no vacancy to accommodate
Mg>" ions.* There exist A-site vacancies in thermodynamically
stable Na and K-containing layer-structured manganese oxide,
which can be used to insert Mg>* directly. Typical Na-deficient
Nay 6;MnO, (abbreviated as NMO in the following part)* and
K-deficient K,sMnO, (abbreviated as KMO in the following
part)®’” were selected as the host framework to investigate the
intercalation behaviors of Mg** ion.

Fig. 1 shows the characterization results of the as-prepared
NMO and KMO. The XRD pattern of the as-synthesized KMO
and NMO can be well indexed with PDF card no. 16-0205 and
no. 27-0751. However, the crystallographic parameters of PDF
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Fig. 1 Characterization of the as-prepared NMO and KMO. (a) XRD
patterns of NMO and KMO, (b) HRTEM image of KMO, and (c) EDS
mapping of KMO.

card no. 16-0205 are not included in the Inorganic Crystal
Structure Database (ICSD) yet. According to the literature,***
the crystallographic parameters of KMO***® and NMO* are lis-
ted in Table S2 and S3,} respectively. The XRD pattern shows
sharp peaks and a good match between the sample and the PDF
card with almost no presence of spurious peaks, which not only
indicates the good crystallinity of KMO and NMO but also the
high purity of the sample. The first reflection peak in the X-ray
diffraction (XRD) patterns represent the layer-spacing of
layered-structure oxide,**** according to the Bragg equation
2d-sin(d) = A, where a lower 26 means larger layer spacing. As
shown in Fig. 1a, the first reflection peak of KMO in the XRD
patterns is located at lower 26 than that of NMO; thus, KMO has
a larger layer spacing distance. Calculated from the XRD
patterns, the d-spacing of NMO (dnmo) is 5.42 A, and the d-
spacing of KMO (diyo) is 6.46 A. Fig. 1b shows the high-
resolution transmission electron microscopy (HRTEM) result
of KMO, showing the clear lattice strips with d-spacing of 6.48 A,
which is consistent with the XRD result. The larger d-spacing
can weaken the interactions between Mg”* and the MnO, host
framework, facilitating Mg>* migration; thus, Mg>* can be
intercalated into KMO. Fig. 1c shows the high-angle annular
dark field (HAADF) energy dispersive spectrometry (EDS)
mapping of KMO, indicating the homogeneous elemental
distribution of K, Mn, and O. Fig. S1a and bf show the scanning
electron microscopy (SEM) images of the as-synthesized NMO
and KMO, respectively. Both materials show a distinct lamellar
structure and have particle sizes ranging from about 1 to 3 um.
It implies that particle size is not the main factor affecting the
electrochemical performances.

Density functional theory (DFT) calculations were applied to
understand the migration energy barriers of Mg®" in the alkali
layers of NMO and KMO. The migration path of Mg>" in NMO
and KMO obtained by DFT-based climbing nudged elastic band
(CI-NEB) method is shown in Fig. 2a and b. The interlayer
distance of “O-Na-0O” is 3.44 A, and for “O-K-0O”, it is 4.43 A.
Fig. 2c shows the migration energy barriers of Mg>" in the alkali
layers of NMO and KMO calculated by the CI-NEB method. It is
obvious that the migration energy barriers of Mg>" in KMO is
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Fig. 2 Schematic diagrams of crystal structures of (a) NMO, (b) KMO;
(c) the migration energy of Mg?* in NMO and KMO.

lower than that in NMO, suggesting that increasing the layer
spacing can promote Mg”" migration.

In a previous report in the area of magnesium batteries,
activated carbon was used as the anode, and the electrode
potential of activated carbon will change, more like an asym-
metric electrochemical capacitor.? In this work, NMO and KMO
were tested in all-phenyl complex electrolyte (APC) and MgCl,/
AlICl3/Mg(TFSI), in dimethyl ether (DME) electrolyte (MACT)
with magnesium foil as real magnesium batteries. Fig. S2t
shows the linear sweep voltammetry curves of the APC and
MACT electrolytes using the Mo electrode; the electrochemical
stability window of APC and MACT are both more than 3.5 Vvs.
Mg>*/Mg. Fig. 3 shows the electrochemical performances of
NMO and KMO in real magnesium batteries at a current density
of 10 mA g" between 1.0 and 3.1 V. The open circuit potential
(OCP) of NMO in APC is 2.1 V, and the first discharge capacity of
NMO in APC is only ~12 mA h g'; there is still about 122 mAh g~ *
capacity in the following cycles (Fig. 3a). The OCP of NMO in
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Fig. 3 Electrochemical performances of NMO and KMO in magne-
sium batteries. The galvanostatic charge/discharge curves of NMO in
(a) APC and (b) MACT electrolytes. The galvanostatic charge/discharge
curves of KMO in (c) APC and (d) MACT electrolytes.
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MACT is 1.99 V; the first discharge capacity of NMO in MACT is
only ~7.6 mA h ¢!, which decays to ~3 mA h g' at the 15th
cycle. Although the capacities in the two electrolytes are slightly
different, they both display little capacity decay. These results
mean that Mg”>* can hardly intercalate into NMO (Fig. 3b). As
shown in Fig. 3c, the OCP of KMO in APC is 2.07 V; the first
discharge curve of KMO in APC displays two plateaus: the first
one is located from 1.82 to 1.36 V with a capacity of 12 mA h g',
following a discharge plateau from 1.35 to 1.0 V with a capacity
of 74.2 mA h g', thus with a total capacity of 86.2 mA h g'. The
first charge capacity is 71 mA h g'. The second discharge curve
shows a voltage plateau from 1.5 to 1.0 V; the capacity of the
second cycle is 41 mA h g', which decays to about 20 mA h g" in
the 15th cycle. Fig. 3d shows the charge-discharge curves of
KMO in MACT. The OCP of KMnO in MACT is 2.08 V, and the
first discharge curve of KMO in MACT displays two plateaus as
well. The first one is located from 1.85 to 1.33 V with a capacity
of 22.87 mA h g, following a discharge plateau from 1.33 to
1.0 V with a capacity of 76.13 mA h g', with a total capacity of
99.0 mA h g'. The capacity decays to about 36.8 mA h g~ " in the
15th cycle. Fig. S41 shows the cycle performance of KMO in
MACT at 10 mA g'; the capacity reaches 10.2 mA h g' in the 60th
cycle. Though Mg?" can be intercalated into KMO, it suffers
from quick capacity fading, which needs to be improved by
doping, coating and additives in electrolytes. Fig. S5 shows the
cyclic voltammetry (CV) curve of KMO in MACT in the potential
range of 1.0-3.1 V vs. Mg>*/Mg at the scan rate of 0.1 mV s*. The
OCP is 2.03 V, which is close to the value in the galvanostatic
charge/discharge curve. There is a hump from 1.8 to 1.1 V and
a peak at about 1.5 V. These electrochemical curves imply that
Mg”" can be intercalated into KMO. Galvanostatic intermittent
titration technique (GITT) test was performed to estimate the
Mg*" diffusion coefficient (Dyg’"), as shown in Fig. S6.} The
values of Dng calculated at each interval were determined in
the order of magnitudes ranging from 10~** to 10" cm® s
The Nyquist plots obtained using electrochemical impedance
spectroscopy (EIS) at the OCP for KMO are shown in Fig. S7;+
the order of magnitude of Dy,”" deduced from EIS is 10'' cm?
s', which is in the range calculated from GITT.

—
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Fig. 4 (a) HAADF image and (b—e) EDS mapping of KMO after first
discharge; (f) the Mg 1s core level XPS of KMO and KMO after first
discharge.
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Fig. 4a-e show the HAADF images and the corresponding
EDS mapping of KMO in the completed state of the first
discharge, from which we can clearly see the presence of Mg and
the uniform distribution of the four elements K, Mn, Mg, and O.
In addition, Fig. 4f displays the XPS spectra of the pristine KMO
electrode and the state of first discharge in the binding energy
range from 1296 eV to 1316 eV. It clearly shows a featured peak
of the Mg 1s core level, which can be fitted into two peaks
centred at 1306.01 and 1304.63 eV. The peak at 1306.01 eV could
be dominated by MgF,/MgCO; in the cathode electrolyte
interface, which originated from the decomposition of the
electrolyte.”* The peak at 1304.63 eV could be characteristic of
intercalated Mg”* species in the discharge state. Fig. S31 shows
the XRD patterns of the fully discharged and re-charged KMO
electrodes; there exists obvious shifts in the first reflection peak
for the discharged and re-charged states, implying the interca-
lation reaction mechanism. A new reflection peak emerges at
28.9°, which could be ascribed to MnO, (PDF. 72-1982),
implying that part of KMO is degraded. Doping in the transition
metal layer could improve the stability of KMO and mitigate
capacity degradation. The above results show that Mg>" can be
successfully embedded into the KMO material during the
discharge process, which is in good agreement with the
previous charge-discharge curve.

Conclusions

In summary, we proposed a thermodynamically stable layer-
structured oxide K, sMnO, as the cathode using the solid-state
reaction method for magnesium-ion battery. The Mg-ion
storage performance was then evaluated using it as the
cathode for rechargeable magnesium-ion batteries, with a high
specific capacity of 99 mA h g' at the first discharge state at 10
mA g'. This work demonstrated that the layer-structured oxide
KosMnO, as the cathode with larger lattice spacing enables
reversible Mg”" intercalation/deintercalation. Based on the
above results, we believe that through reasonable optimization
strategy, layer-structured oxides also have great development
potential in real rechargeable magnesium-ion batteries while
also providing new insights for exploring new and efficient
cathode materials for magnesium-ion batteries.
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