Open Access Article. Published on 15 March 2024. Downloaded on 3/18/2026 5:57:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of

Materials Chemistry A

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: J. Mater. Chem. A, 2024, 12,
9088

Received 22nd December 2023
Accepted 15th February 2024

DOI: 10.1039/d3ta07942b

Securing cation vacancies to enable reversible Mg
insertion/extraction in rocksalt oxides¥
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Oxide cathode materials have promising applications in rechargeable magnesium batteries (RMBs) due to
their high redox potential, which allows the exploitation of the low potential of Mg metal anodes and the
eventual realization of RMBs with high energy densities. However, the capacity and cyclability of oxide
cathodes, such as spinel oxides, are frequently limited by the irreversible formation of rocksalt oxides
during discharging because the rocksalt structure with densely packed cations hinders subsequent facile
Mg extraction by charging, eventually leading to electrode deterioration. It is, therefore, of great
importance to reveal a mechanism that realizes reversible Mg extraction/intercalation in rocksalt oxides
to enhance the conventional oxide cathodes and exploit the rocksalt oxides as novel cathode materials
for RMBs. Herein, we show an activation mechanism of rocksalt oxides as a cathode material for RMBs
defect
Mgo.35Li0 3Cro.1Mng.osFeq.05ZNg.05M0g 1O, which is capable of reversible Mg insertion/extraction.
Extracting the Li cations in the first charging leads to a substantial amount of cation vacancies in the
rocksalt structure, facilitating Mg diffusion in subsequent cycles. This vacancy is secured even after fully
discharging the material by inserting Mg into the structure because of the lowest possible valence states
of the constituent transition metal cations, contributing to the reversible charging/discharging of this

by exemplifying Li-extracted disordered rocksalt oxide obtained from

rsc.li/materials-a material.

Introduction

Rechargeable magnesium batteries (RMBs) have been of great
interest as next-generation energy storage devices beyond Li-ion
batteries (LIBs) due to their potentially high energy density and
the abundance of elemental Mg in the earth's crust.”” The high
energy density of RMBs derives from the availability of Mg metal
anodes that have a high specific capacity of 2205 mA h g,
a relatively low redox potential of —2.38 V vs. SHE, and prefer-
able plating morphology in contrast to alkaline-metal anodes,
which are prone to formation of unfavorable dendrites. RMBs,
therefore, have the potential to become an alternative option for
safe and economical rechargeable batteries in a variety of
applications, including electric vehicles. However, it has also
been challenging to realize practical RMBs that are superior to
LIBs since the RMB prototype was first proposed in 2000,*
mainly because of the lack of appropriate cathode materials. On
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the basis of a systematic study of chalcogenide cathode mate-
rials,® such as oxides, sulfides, and selenide, several sulfide
cathode materials have been proposed,®® including a Chevrel
phase compound employed in the first RMB prototype,* because
Mg diffusion is relatively fast due to weaker coulombic inter-
actions between guest Mg cations and anion lattices compared
to that in oxides. However, sulfides inherently tend to yield low
redox potentials of 1-2 V vs. Mg®"/Mg due to the low electro-
negativity of sulfur. Oxide materials are therefore generally
advantageous for achieving high energy density due to their
intrinsically high redox potential (2-3 V vs. Mg>*/Mg), which
enables the exploitation of the low potential of Mg.

The first challenge in developing oxide cathode materials is
to overcome the inherently sluggish Mg diffusion, which is
attributed to the stronger affinity between the guest cations of
divalent Mg and the oxygen lattice, compared to that in alkaline-
metal oxides, such as Li and Na diffusion. This was partially
resolved by employing an appropriate structure, such as spinel
structures,”** in which the energy barrier of Mg hopping is
relatively low (400-800 meV)."”** Moderately elevated tempera-
tures of 150 °C can sufficiently activate substantial Mg-cation
migration in these materials. Consequently, spinel oxides can
accommodate Mg ions at vacant octahedral sites, accompanied
by a phase transition into a rocksalt structure (spinel-rocksalt

This journal is © The Royal Society of Chemistry 2024
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transition).® Another solution was to employ layered oxides such
as V,0s5 (ref. 16-18) and 3-MnO, (ref. 19) due to the inherent
interlayer space, which can accommodate Mg cations. In -
MnO,,”” Mg cations chelated by amines, which screen the
strong coulombic interactions between Mg and the oxygen
lattice by coinsertion, enable reversible Mg insertion/extraction.
However, compositional flexibility is usually limited in these
structural frameworks because the unique properties of the
elements V and Mn yield various polymorphs including layered
oxides. Furthermore, it was also demonstrated that oxides, such
as spinel oxides and polymorphs of MnO, (a-,*° v-, 8-, and A-
MnO,), became intrinsically metastable after fully inserting Mg
into the structures, i.e., Mg oxide itself preferred to form the
rocksalt structure as a stable phase, so that they eventually
transformed into the rocksalt structure by cycling,” which posed
the second challenge for RMB oxide cathodes.

Rocksalt structure formation generally deteriorates battery
cyclability due to the sluggish Mg diffusion that occurs in the
densely packed cations of the rocksalt structure. For instance, the
energy barrier of Mg hopping in pure MgO was reported to be as
high as 1900-2400 meV,* at which Mg diffusion hardly occurs
under ordinary battery operating conditions. Thus, oxide cathode
materials have been developed by improving the reversibility of
the spinel-rocksalt transition or by suppressing the transition
itself by utilizing defect structures. The former was achieved by
adding Zn to the spinel structure,”” which improved the revers-
ibility of the rocksalt-to-spinel transition because Zn prefers the
tetrahedral oxygen coordination that exists only in the spinel
structure. The latter was realized by precisely introducing cation
defects into the spinel structure,” which yielded Mg insertion
sites and eventually suppressed the phase transition into the
rocksalt structure within a limited Mg composition. A similar
approach was also employed for rutile structures, in which Mg
was inserted into preliminarily formed defects. However, excessive
Mg insertion still induced the rocksalt transition in various oxide
materials, in which the number of defect or Mg accommodation
sites in the initial structures limited the reversible capacity.
Elucidating a mechanism to achieve reversible Mg extraction/
insertion in rocksalt oxides is, therefore, a method for improving
the oxide cathodes, whose capabilities are limited by the irre-
versible rocksalt transition. Moreover, the remarkable composi-
tional flexibility of the rocksalt framework will expand the frontier
of candidate cathode materials since various 3d and 4d transition
metals form rocksalt or its derivative structures, such as layered
rocksalt and spinel structures.

In this study, we reveal a mechanism to activate reversible
Mg extraction/insertion in rocksalt oxides by exemplifying
a novel high-entropy (HE) defect rocksalt oxide*™” of Mgy s5-
Lig.3Cro.1Mny osF€q.05ZN¢ 0sM0g 1O (M70). To the best of our
knowledge, this is the first HE disordered rocksalt (DRX) oxide
cathode material for RMBs showing substantial Mg extraction/
insertion at 90 °C, which is fairly lower than the operating
temperature of 150 °C for the previously reported spinel
oxides.”'* Heating the cell is, however, still required to facilitate
inherently sluggish Mg diffusion in the oxide cathode for the
RMBSs, which are currently under development in contrast to
well-established  lithium-ion batteries. The theoretical
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reversible capacity, potential, and energy density of M7O are
240.4mAhg !, ~2.3 Vvs. Mg”'/Mg (Fig. S1 in the ESI), and 553
W h kg™ ', respectively.

The composition of the present material is designed based
on the following principles. The initial composition contains Li
to form cation vacancies (Vac in Fig. 1a) after the first charging
cycle, which can expectedly facilitate Mg diffusion in subse-
quent cycles, as well as induce concerted interactions of coex-
isting Mg and Li that reduce the energy barrier of Mg hopping.>®
The formed vacancy is preserved even after inserting Mg into
the structure as much as possible because the lowest average
valence state of the constituent transition metals, M, is +2.86
(Fig. 1b), while the average valence state of the cations in stoi-
chiometric rocksalt oxide must be +2. Namely, a vacancy frac-
tion of 0.15 at the cation site is conserved even at the fully
discharged state so that the average valence state of the cations
is maintained at +2 (Fig. 1a, bottom right). This vacancy secured
at the discharged state is expected to yield diffusion paths for
Mg in the subsequent charging process and eventually facilitate
reversible cycling. A theoretical capacity of 240.4 mA h g~ was
therefore derived from the amount of vacancies formed by Li
extraction, which can accommodate Mg, as well as the initial
Mg composition, ie., the composition change between
Mg 275Mop 350 to Mg, sM, 350 (Fig. 1a), where M refers to other
constituent transition metals.

The amount of vacancies that enables Mg diffusion in the
whole particles is discussed based on the percolation theory. A
high-entropy strategy**>°*-** is also employed to finely tune the
redox range of the transition metals and obtain a homogeneous
DRX structure with multiple guest cations and transition
metals, some of which do not solely form rocksalt oxide as
a stable phase. Additionally, the high configurational entropy of
the present material is expected to ensure the solid-solution
reaction after Mg/Li extraction because of its stabilization
effect. In contrast, low-entropy materials are prone to trans-
formation into a different structure by the insertion/extraction
of guest cations.

Results and discussion

The single-phase M70 material with a rocksalt structure was
successfully synthesized by the modified Pechini method, fol-
lowed by ball milling and carbon coating. All the diffraction peaks
in the X-ray powder diffraction (XRPD) pattern of the as-
synthesized material were successfully indexed with the single-
phase rocksalt structure (Fig. 1c). Atomic-resolution scanning
transmission electron microscopy (STEM)-observations with
a high-angle annular dark-field (HAADF) detector confirmed the
rocksalt structure in real space, in which each cation column
showed quite a similar brightness (Fig. 1e). This manifested that
the constituent cations occupied virtually the same crystalline
cation site and the occupying cations were disordered in the single
cation site. The structure was further confirmed by the selected-
area electron diffraction pattern, Fourier transform of the
HAADF-STEM image (Fig. S2t), and extended X-ray absorption
fine structure (EXAFS) spectra, which were successfully fitted by
using a model structure of the disordered rocksalt oxide (Fig. S3
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Fig. 1 Design strategy and characterization of Mgg 3sLig 3Cro1Mng osFeq.0sZng.0sMog 1O (M70). (a) Charge/discharge process of disordered
rocksalt oxide cathodes for RMBs. (b) Composition of constituent transition metals, M, and expected valence changes during charging and
discharging. (c) XRPD profiles for the as-synthesized M70O. (d) Perspective view of the rocksalt oxide structure along the [110] direction. (e)
HAADF-STEM image along the [110] direction of a typical particle with a diameter of tens of nm. A superimposed atomic illustration showing the
positions of the atomic columns. (f) Bright-field TEM image of a particle surface. The white arrows indicate the carbon coating on the particle. (g)
STEM-EDS element mapping of primary particles. The scale bars in (e-g) are 1 nm, 5 nm, and 10 nm, respectively.

and Table S1 in the ESIt) while very weak peaks in the XRPD and
STEM observations of a small particle implied the formation of
a slight middle-range order of the cations (Fig. S4 and S5%). A
carbon coating was employed to ensure sufficient electrical
conductivity and suppress the dissolution of the constituent
elements,* as confirmed by transmission electron microscopy
(TEM, Fig. 1f). Energy-dispersive spectroscopy (EDS) images taken
from the STEM (Fig. 1g) and scanning electron microscopy (SEM,
Fig. S61) images indicated that the constituent elements were
homogenously distributed in different spatial scales of nm to um,
i.e., inside and among the particles. Inductively-coupled plasma
optical emission spectroscopy (ICP-OES) analyses showed that the
composition of the synthesized material was in good agreement
with that of the target material (Table S2t), which was further
confirmed by the quantitative EDS analyses (Table S37) of the SEM
image shown in Fig. S6.1

The electrode properties were evaluated by several electro-
chemical techniques, for which a well-established three-electrode
beaker cell**** was employed and operated in an Ar-filled glove
box. The cell was homogenously heated to 90 °C to facilitate Mg

9090 | J Mater. Chem. A, 2024, 12, 9088-9101

diffusion within the cathode material. We chose an electrolyte of
Mg(TFSA),/G3 with a 1:2 mol ratio (TFSA: bis(tri-
fluoromethanesulfonyl)amide; G3 (triglyme): triethyleneglycol
dimethyl ether) because its high salt concentration, ie., low
amount of free solvent, reportedly improved the electrolyte
stability sufficiently for cathode evaluation in the present
temperature and electrochemical window.**®* The reference
electrode (RE) was Li foil immersed in 0.5 M LiTFSA/DEME-TFSA
electrolyte  (DEME:  N,N-diethyl-N-methyl-N-(2-methoxyethyl)
ammonium) separated from the main bath by a ceramic filter
rather than Mg metal, which hardly works as a reference electrode
because of the passivation in the present electrolyte (Fig. S71).*°
The counter electrode (CE) was a Mg ribbon. The working-
electrode (WE) potential, which was converted to V vs. Mg>*/Mg
as shown in Fig. 2 by using the experimentally determined
potential difference of 0.7 V between Li‘/Li and Mg>*/Mg in the
present system, was therefore monitored and controlled based on
the Li RE (Fig. S71).*® A large anodic current was observed in
a cyclic voltammogram (CV, Fig. 2a) on sweeping toward a high
potential in the first cycle, indicating mainly Li extraction because

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Electrochemical analyses and charge/discharge capabilities. (a) CV of the M70 cathode material between 2.0 and 4.5 V vs. Li*/Li with
ascanning speed of 1 mV s~ *at 90 °C. (b) Charge and discharge profiles of M70 at 90 °C with a current density of 10.4 mA g~* within the potential
window of 4.2 and 1.5V for charging and discharging, respectively. See Fig. S8+ for the charging/discharging test by replacing the electrolyte with
a virgin one after the 1st charging. (c) Capacity retention corresponding to (b). (d) Rate capability from 5.2 mA g~ to 41.5 mA g~ evaluated after
two conditioning cycles at 10.4 mA g™ (e) Potential profiles from the GITT obtained by charging (blue lines) and discharging (green lines) at
10.4 mA g *for 0.5 h followed by 3 h of rest. The GITT measurement was conducted during the 2nd cycle of the pristine electrode. The solid and
dotted lines represent the experimentally measured potential and the potential achieved after 3 h of rest at each step, respectively. (f) Mg and Li
composition changes analyzed by ICP-OES after charging/discharging cycles at 10.4 mA g, The scale break lines (\\) indicate a large gap in the

cycle number.

neither the corresponding cathodic current in the low potential
region in the 1st cycle nor a comparable anodic current in
subsequent cycles was observed. It should be noted that Li was
hardly reinserted into the cathode material after the first charging
cycle because the electrolyte initially contained no Li cations, and
the Li cations extracted from the cathode material were immedi-
ately diffused and diluted in the electrolyte bulk such that the Li/
Mg molar ratio of the electrolyte was typically <0.003. Indeed,
replacing the electrolyte with a pristine one that contained no Li
cations after the first charging hardly affected the charge/
discharge curves (Fig. S871), indicating that Li reinsertion after
the first charging was negligibly small in the present cell config-
uration. The almost identical CV profiles from the 2nd to 30th
cycles indicated that there was virtually no degradation in the
electrode material during these cycles, implying a superior cycla-
bility compared to that of conventional spinel oxide materials,
such as MgCo0,0,4.*** On the other hand, the current observed in
the Cv (Fig. 2a) was substantially attributed to the diffusion-
limited redox reaction rather than the electrochemical capacitor
reaction, as revealed by the scan-rate dependence of the CV
profiles (Fig. S9%).

Charge/discharge tests were conducted using a constant
current density of 10.4 mA g~ at 90 °C with cutoff potentials of

This journal is © The Royal Society of Chemistry 2024

1.5 and 4.2 V vs. Li RE (Fig. 2b). The upper potential limit was
decreased from 4.5 V during CV to 4.2 V for the charge/
discharge tests to reduce excessive electrolyte decomposition
above 4.2 V, as seen in the CV, while the lower potential limit
was expanded to 1.5 V to clarify the Mg insertion reaction. A
reversible discharge capacity of >~80 mA h g~' was constantly
observed (Fig. 2¢), which is comparable to that of the state-of-
the-art defect spinel oxide cathode material for RMBs,** while
the reversible capacity suddenly decreased after 20 cycles
(Fig. S10t), which will be discussed in the subsequent section in
detail. A charge capacity larger than the discharge capacity
would partially be attributed to the oxidation decomposition of
the electrolyte, which became prominent in the high potential
region of ~4 V (Fig. S7t). The change in this capacity discrep-
ancy, ie., coulombic efficiency, with the cycle number would
reflect the evolution of the active material surface condition and
area. Still, these details are beyond the scope of this article. The
average charge and discharge potentials were in good agree-
ment with those predicted by the ab initio calculations
(Fig. S1t). The reversible discharge capacity even increased to as
high as 150 mA h g~ ' (Fig. 2d) on halving the current density,
which strongly indicated that the present material potentially
has a large capacity, whereas the available capacity was limited

J. Mater. Chem. A, 2024, 12, 9088-9101 | 9091
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by the slow kinetics, mainly by the inherently sluggish Mg
diffusion in the oxide material. Indeed, an overpotential as high
as ~0.5 V was observed during both charging and discharging
by the galvanostatic intermittent titration technique (GITT) at
a current density of 10.4 mA g~ * (Fig. 2e). The discharge capacity
inevitably decreased with increasing current density. Never-
theless, a capacity of >60 mA h g~ was retained at a current
density of 41.5 mA g~ ', which was four times larger than that
used in the cycle tests.

The origin of the electrochemical capacities observed in
the beaker cell at 90 °C was carefully studied through ICP-OES
analyses and further electrochemical tests. The ICP-OES
analyses (Fig. 2f and S11%) strongly indicated that the Mg
composition substantially changed after the 1st discharge
and subsequent cycles, whereas the Li composition hardly
changed, which demonstrates that the observed electrode
capacity in the cycle test (Fig. 2b) was predominantly attrib-
uted to Mg extraction/insertion rather than Li extraction/
insertion. The substantial capacity of >~80 mA h g~' rigor-
ously verified as due to Mg extraction/insertion by the
composition analyses stands out from the previously reported
DRXs for RMBs, Mg-Ni-O* and Mg-Ni-Co-O* systems,
which showed limited capacity without composition confir-
mation. Mg extraction/insertion in the present material was
also demonstrated by an additional experiment, in which
almost identical charge/discharge behavior was observed
even on replacing the electrolyte with a pristine one and
washing the composite electrode after the 1st charging cycle
to eliminate the contribution from the extracted Li cations in
the electrolyte (Fig. S87). On the other hand, a charge capacity
of 80 mA h g ' in the 1st cycle (Fig. 2b) was predominantly
attributed to Li extraction from M70 according to the ICP-
OES analyses (Fig. 2f), which is quantitatively in excellent
agreement with the Li and Mg composition changes. The
decrease in 0.18 Li and increase in 0.01 Mg during the 1st
charging cycle yielded a charge capacity of 85 mA h g~* by
considering that one electron transfer is equivalent to
534 mA h g~* per unit Mg 35Lis Mg 350. The slight increase
in Mg after the 1st charging cycle was ascribed to the
competition between the electrochemical Mg extraction and
spontaneous ion exchange from constituent Li to Mg in the
electrolyte, where the latter does not accompany current flow
in an outer electric circuit. The ion-exchange reaction was
separately confirmed to occur by simply immersing the elec-
trode in the electrolyte without any electrochemical operation
followed by ICP-OES analysis (Fig. S127).

The crystalline and electronic structures of M70 after cycling
were analyzed by XRPD and X-ray absorption spectroscopy
(XAS), respectively. All profiles of M70 before and after cycling
were successfully indexed with the rocksalt oxide structure with
neither a phase transition nor the formation of a new phase
during cycling (Fig. 3a), while a peak shift was clearly observed
depending on the charge/discharge states (inset of Fig. 3a). This
result demonstrates that the Mg insertion/extraction in the
present system proceeded in a topotactic manner rather than by
a two-phase reaction or conversion reaction. The superlattice
peaks observed in the as-synthesized state became weaker after

9092 | J Mater. Chem. A, 2024, 12, 9088-9101
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cycling (Fig. S131), which implies that repetitive Mg extraction/
insertion disordered the cations, including the transition
metals.

The magnitude of the peak shifts was further quantitatively
evaluated by the Rietveld method (Fig. 3b, S14, and Table S47),
indicating that the lattice shrunk and expanded on charging
and discharging, respectively, whose magnitude was as small as
0.43%. The volume change during charging and discharging is
rationalized by a general trend where charging oxide cathodes
decreases the M-O distances as a result of the smaller ionic
radii of M at their higher valence states,** which is attained by
the charge compensation that coincides with Mg/Li extraction.
It was also demonstrated by the Rietveld method that the
occupancy of Mg at the various charge/discharge states
(Fig. S15at) was in excellent agreement with that estimated
from the ICP-OES results (Fig. 2f). Furthermore, a substantial
amount of vacancies was formed in the first charging and
retained in the structure in the subsequent Mg insertion to the
structure (Fig. S15b¥).

This valence change was also evidenced in the X-ray
absorption near edge structure (XANES) spectra of each
constituent transition metal ion (Fig. 3c-g), and their local
structures at the initial state were analyzed by fitting the EXAFS
spectra (Table S1T). Mn, Fe, and Mo exhibited an absorption-
edge shift in XANES by charging and discharging, while Cr
and Zn did not, indicating that the former elements were redox
active in M70 under the present charge/discharge conditions.
The valence states of Mn and Fe were close to 2.5+ in the as-
synthesized state according to the edge and white line ener-
gies, shifting toward 3+ and 2+ on charging and discharging,
respectively. The initial valence state of Mo was 4+, shifting
between 4+ and 6+ on charging/discharging. Cr is generally
known as a “redox active” element in cathode materials.*>**
However, its absorption-edge energy hardly changed in the
present study, which indicated that the potential region was too
low to activate the redox reaction between Cr’*/Cr**. Zn is
intrinsically redox inactive such that only its divalent state is
generally observed in oxides. Indeed, little valence change of Zn
was observed judging from the absorption-edge shift.

The discrepancy between the theoretical (240.4 mA h g™*)
and observed (~150 mA h g ' at 5 mA g~ ' in Fig. 2d) capacities
can be explained by the practically available valence changes of
the constituent transition metals. For instance, the redox pairs
of Cr***" and Mn*"*" were expected to be active when esti-
mating the theoretical capacity of M70, whereas the XANES
observation revealed that these redox pairs were not activated
within the potential range we examined in the present study,
which could yield the discrepancy between the theoretical and
experimental capacities. The potential range for the charge/
discharge test was limited by the electrochemical window of
the electrolyte as well as the large overpotential on the electrode,
which is mainly due to the sluggish Mg diffusion. The experi-
mental capacity is expected to approach the theoretical capacity
by improving these factors.

The electrode capacity seemed to suddenly decrease after 20
cycles (Fig. S107) in the present system. Note that the CV
measurements, which showed little degradation within 30

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Structure change and redox mechanism of M70. (a) XRPD profiles of the as-synthesized and cycled M70 materials. The peak indicated by
an asterisk is from the Al current collector. The inset shows the magnified 220 peak profiles of the first two cycles. The black circles and solid lines
indicate the data and best-fit curves of the peaks, respectively. (b) Change in the lattice constant a of the rocksalt oxide structure during cycles.
The scale break lines (\\) indicate a large gap in the cycle number. (c—g), XANES spectra at the K-edge of (c) Cr, (d) Mn, (e) Fe, (f) Zn, and (g) Mo.
The purple solid, blue dashed, green dotted, yellow dash-dot, and red dash-dot-dot lines indicate the as-synthesized, 1st charged, 1st dis-
charged, 2nd charged, and 2nd discharged states, respectively, as denoted in the legend in (c).

cycles, do not necessarily ensure equivalent cyclability in the
charge/discharge tests. The duration time for 30 cycles of CV
was significantly shorter than that of 20 cycles of the charge/
discharge test (42 h and 400 h for CV and the charge/
discharge test, respectively). Namely, the shorter duration
time of CV decreased the amount of adverse side reactions. The
ICP-OES analyses indicate that the Mg compositions of the
34th-cycle samples were similar to that at the 2nd discharge
(Fig. 2f). Also, the crystalline structure after 34 cycles remained
the disordered rocksalt structure, whose lattice constant was
close to that of the 2nd discharge judging from the XRPD profile
(Fig. 3a and b). However, the Debye-Waller (DW) factor of the
transition metals (TMs) increased from 1.68 A at the 2nd
discharge to ~2.05 A? after 34 cycles, indicating that the
dynamic and/or static disorder of the TMs from the ideal cation

This journal is © The Royal Society of Chemistry 2024

position increased as a consequence of the structural relaxation
accompanied by the Mg insertion/extraction cycles. On the
other hand, the XANES spectra (Fig. S16 and S177) indicate that
the absorption edges of Cr, Mn, and Zn after 34 cycles were
almost identical to those at the 2nd discharged state, whereas
the absorption edges of Fe and Mo slightly shifted toward
a higher energy after 34 cycles. This indicates that the Fe-O and
Mo-O distances decreased after cycling, presumably because of
the structural relaxation observed on the increase in the DW
factor rather than their ordinal oxidation judging from the
other observations of the lattice constants and ICP-OES results.
The charge/discharge cycles induced slight changes in the
internal structure. However, it was still unclear if such struc-
tural changes directly account for the substantial degradation of
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the cyclability in light of the bulk-sensitive analyses of XRPD,
XAS, and ICP-OES.

Other reasons for the degradation of the cyclability of the
present M70 would be attributed to changes at the particle
surface: the loss of electric and ionic contact of the electrode
material. These can be further ascribed to the irreversible
crystalline structure change near the particle surface and/or
accumulation of the electrolyte-decomposition products on
the particle surface. The former was frequently observed in the
conventional layered rocksalt cathodes for LIBs, in which the
inactive rocksalt structure is formed near the particle surface,*
eventually impeding the facile insertion/extraction of guest
ions. The latter would also be critical in the present system. For
instance, G3 (solvent) and Mg(TFSA), (salt) in the present elec-
trolyte could slightly decompose on the electrode in high (>4 V)
and low (<2 V) potential regions.***® Indeed, the SEM observa-
tion after cycling confirmed that the decomposition products
covered the surface of the electrode material (Fig. S187).
Besides, electron-induced soft X-ray emission spectroscopy
(EXES) indicated that the decomposition products contained
sulfur, the only constituent element from the electrolyte. The
thickness of the decomposition products was roughly estimated
to be less than a few hundred nm, judging from the penetration
depth of the 15 kV electron beam, which excited the X-ray
fluorescence of sulfur derived from the decomposed electro-
lyte. Such decomposition products would impede electro-
chemical reactions on the electrode surface, resulting in
capacity decay after cycling.

The decomposition of the electrolyte would also affect the
electrochemical capacities. The capacity difference between
charging and discharging increased in the first 15 cycles, while
it decreased in subsequent cycles (Fig. 2c). The excessive
charging capacity could be attributed to the electrolyte decom-
position, which increased due to the increase in the active
surface of the cathode material due to electrolyte infiltration
and/or cracks of the particles. Then, the excessive charging
capacity decreased after the electrode surface was covered with
the decomposition products of the electrolytes. However, note
that the plateau-like potential profiles were not necessarily
derived from the electrolyte decomposition judging from the
consistently observed capacities in the cycle tests and ICP-OES,
and the potential profile of the GITT (Fig. 2e). Developing
durable electrolytes should, therefore, be one of the challenges
to solve in order to harness the potential capabilities of the
present material and ultimately realize practical RMBs.
However, detailed electrode-degradation mechanisms are
beyond the scope of this article.

The constituent transition metals of M70 were chosen
according to the following principles. We chose the early tran-
sition metals in their lowest valence state (Cr(m), Mn(u), Fe(r),
and Mo(wv)) except for Zn, because of their relatively low redox
potentials, which is advantageous for demonstrating the
reversible Mg insertion/extraction in the limited electro-
chemical window of the currently available electrolyte even with
the large overpotential. Cr(m) and Mo(wv) also contribute to
incorporating Li(1) into DRX, whose average valence state of the
constituent cations should be divalent. The function and
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behavior of Mn(u) and Fe(n) were expected to be similar.
However, it was divided into two different elements for the sake
of configurational entropy. For instance, the valence states of
both Mn and Fe changed between 2+ and 3+ during charging
and discharging, contributing to the electrochemical capacity of
the electrode (Fig. 3d and e). Likewise, Cr(m) and Mo(v) were
simultaneously incorporated as the higher valence state
cations, originally expected to contribute to the charge
compensation in charging and discharging like Mn and Fe.
However, it was experimentally demonstrated that Cr(u) was
not further oxidized at the present low cut-off potential for
charging (Fig. 3c). On the other hand, the valence state of Mo
changed between 4+ and 6+ during charging and discharging,
contributing to the electrochemical capacity (Fig. 3g). In
contrast to the other transition metal cations, Zn(u) is an
inherently redox-inactive element. However, it can be used as
a “spectator cation” in an HE DRX material because Zn strongly
prefers tetrahedral coordinates in oxides,"” as seen for ZnO,
which has a wurtzite structure and consequently does not solely
form a rocksalt oxide structure, and whose local structure
consists entirely of octahedral coordinates. Therefore, Zn(1) was
a good indicator that M70 was stable enough to incorporate Zn
in the DRX structure at its octahedral site, in addition to the
contribution to the configurational entropy. Indeed, the
distinctively different XANES spectrum shapes of M70 and
a ZnO reference sample (Fig. 3g) indicated that even Zn was
incorporated into the rocksalt oxide partially due to the high
configurational entropy in the present material. All TM cations
hardly migrated to another site, e.g., a tetrahedral site, on
charging and discharging judging from the STEM (Fig. S19%)
and XANES spectra (Fig. 3c-g), which indicate that TM supports
the structural framework of the rocksalt oxide, enabling Mg/Li
insertion/extraction in a topotactical manner.

The present study employed the high-entropy strategy®®>*-*
to synthesize a DRX cathode for RMBs containing Li cations
that yield vacancies after the first charging and eventually
facilitate Mg diffusion. Generally, Li-containing transition
metal oxides tend to form cation-ordered structures such as
a layered rocksalt structure and a spinel structure.* In addition
to these Li-containing ordered structures, combinations of the
other elements potentially form a number of cation-ordered
structures such as FeCr,0, (spinel structure). It is, therefore,
not trivial whether it is possible to synthesize pristine DRX
materials containing essential elements such as Mg, Li, and
transition metals with the target composition. The present
result implies that the large configurational entropy obtained by
mixing multiple cations in the present composition thermody-
namically contributes to stabilizing the single phase® of DRX
M70 over the numerous competing phases mentioned above.
The coexistence of the many elements would also ensure the
solid-solution reaction after Mg/Li extraction, as shown in the
XRD measurements after cycling (Fig. 3a), whereas extraction of
the guest cations potentially induces the phase transition to
other structures in the other low entropy materials. For
instance, it was demonstrated that Mg extraction from the
disordered rocksalt oxide of (Mg, Co)O yields the spinel struc-
ture of MgCo,0,.° However, quantitative evaluations of the

This journal is © The Royal Society of Chemistry 2024
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entropy-stabilization effect are still challenging even in the
relatively simple composition and structure.*** On the other
hand, the high entropy composition might facilitate Mg
migration in the material.®> The Debye-Waller factor of the
transition metal cations in M70 determined by the Rietveld
analyses (Fig. S15b and Table S41) was significantly large in
comparison with that of the rocksalt monoxides. This indicated
that the cations were loosely bonded in the oxygen sublattice
because of the shallow interatomic potential and/or static
displacements from the ideal cation sublattice, both of which
can be ascribed to the coexistence of the various elements with
different ionic radii. Such a lattice is expected to decrease the
activation energy of Mg migration because the energy increase
for locally distorting the lattice for Mg hopping would be
smaller in a loosely bonded “flexible” lattice than that in a rigid
lattice.

It is of great importance to alleviate the energy barrier of Mg
diffusion in order to realize reversible Mg insertion/extraction
in rocksalt oxides. To this end, the diffusion mechanism of
the present DRX is further discussed from a theoretical
perspective. An elementary process of bulk diffusion of guest
cations, such as Li/Mg, in the rocksalt structure is hopping from
the initial octahedral site (Oct. ini. in Fig. 4a) to an adjacent
vacant octahedral site (Oct. fin.) via either one of two tetrahedral
sites (Tet. 1 and Tet. 2), each of which has four face-sharing
octahedral sites. Two octahedral sites out of four (e.g., Oct. 1
and 2 for Tet.1.) do not directly relate to Mg hopping but
possibly affect the corresponding energy barrier. Hereafter, we
therefore regard Oct. 1-4 as interfering octahedral sites. The
other two octahedral sites are trivial such that each of them is
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regarded as the guest cation (Oct. ini.) and vacancy (Oct. fin).
The distances between the centers of an intermediate tetrahe-
dral site (e.g., Tet. 1) and its face-shared interfering octahedral
sites (e.g, Oct. 1 and 2) are so close (v/3a/4 with a lattice
constant of a., e.g., 1.82 A in MgO) that the occupancy state of
the interfering octahedral sites significantly affects the energy
barrier of ion hopping.

A pioneering study on DRX for LIBs*® revealed that the “0-TM
diffusion channel”, in which no TM occupies the interfering
octahedral sites, has an adequately small energy barrier for Li
migration. The DRX materials for LIBs are therefore available
when the Li fraction in the cation site is high enough to
percolate only through 0-TM diffusion channels. Similarly,
other previous studies®™* using a layered rocksalt structure
revealed that the transition metal vacancy, i.e., the absence of
TM at the interfering octahedral sites, facilitates Li/Na diffusion
in LIBs and Na-ion batteries (NIBs). In these previous studies,
the effect of Li occupation on the energy barrier at the inter-
fering octahedral sites was ignored, presumably due to the
intrinsically small interactions between the Li cations in Li-
containing compounds. For instance, the Li diffusion barriers
in Li,O, Li,CO3, and LiF were reported to be as low as 220, 120,
and 40 meV, respectively.*® However, this is not the case for Mg
in DRX because the diffusion barrier of Mg hopping in the
simplest MgO was reported to be as high as 1900-2400 meV.*
Furthermore, though the TM vacancy effects studied in the
layered rocksalt structure potentially provide essential clues for
understanding the diffusion mechanism in the present system,
the significant differences regarding the interactions between
guest cations themselves and the structural frameworks
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Fig. 4 Energy barriers at the one-vacancy path and percolation probability. (a) Diffusion path via a tetrahedral site facing one vacancy (Oct. 1) at
interfering octahedral sites (Oct. 1-4) in the rocksalt structure (one-vacancy path). (b) Probability of the one-vacancy path as a function of
composition. (c) Energy barriers of Mg hopping at the different paths in MgO predicted by NEB calculations. In (a), each polyhedron is defined by
oxygen atoms at their vertices. Oct. ini. and Oct. fin. are the octahedral sites for a given hopping Mg atom and destination vacancy, respectively,
where Tet. 1 and 2 are the intermediate tetrahedral sites for Mg hopping. The gray broken lines connecting two polyhedra represent their face-
sharing geometry. The solid blue arrows indicate expected hopping paths whose probabilities are visualized in (b). In (b), the white solid lines are
contour curves of a critical bond-percolation probability of 0.120 for opening one-vacancy channels throughout entire particles. The orange
lines indicate the average valence state of the constituent metal elements, M, other than guest Mg/Li, after complete delithiation. The white
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This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A, 2024, 12, 9088-9101 | 9095


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta07942b

Open Access Article. Published on 15 March 2024. Downloaded on 3/18/2026 5:57:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

highlight the need to develop a unique DRX diffusion model for
RMBs.

In the present study, we therefore regard the Mg atoms at the
interfering octahedral sites as hindering elements of Mg
hopping in addition to the transition metals, in contrast to the
case of Li diffusion in the previous study.** A one-vacancy path
(Fig. 4a) is defined as a path in which the intermediate tetra-
hedral site has one vacancy in the interfering octahedral sites
(Oct. 1-4). Likewise, a two-vacancy path has two vacancies in the
interfering octahedral site adjacent to an intermediate tetra-
hedral site (Fig. S20at). The corresponding energy barriers of
Mg hopping were calculated by the climbing image-nudged
elastic band (NEB) method®*® (Fig. 4c), in which the MgO
structure was used to semiquantitatively evaluate the effect of
the vacancy on the energy barrier in a simplified toy model.
Given the complexity and variety of the local structures at Mg in
the present high-entropy M70 material, the energy barriers
calculated from the MgO model structure would admittedly be
too simplified. Nevertheless, we believe that the effects of the
constituent vacancies and Li on the hopping barrier in the
present calculations are semiquantitatively plausible clues for
understanding the diffusion mechanism in the present M70
material.

The energy barrier of Mg hopping drastically decreased to
809 meV for the one-vacancy path (vacancy at Oct. 1) from 2161
meV for the no-vacancy path. This indicates that vacancies,
which are formed by prior Li extraction in M70, facilitate Mg
diffusion in the subsequent charging/discharging cycles. An
additional vacancy at one of the other interfering octahedral
sites (Oct. 3 and 4) was confirmed to slightly affect the energy
barrier of the one-vacancy path (Fig. S21t), but its effect was
much smaller than the energy differences among the no-, one-,
and two-vacancy paths. Also, the elements occupying Oct. 2
affect the energy barrier. For instance, higher-valence cations of
Cr and Mo yield energy barriers of 1641 and 2177 meV,
respectively, while a lower-valence cation of Zn yields 743 meV
(Table 1). Interestingly, the energy barrier of Mg hopping via the
one-vacancy path further decreased to 326 meV when Li occu-
pied the interfering octahedral site (Oct. 2), which is compa-
rable to that of Li in cathode materials for LIBs.*® This indicated
that Li itself facilitated Mg diffusion in addition to vacancy
formation by its extraction in the present system. Moreover, this
implies the significant advantage of utilizing DRX materials in
dual-salt batteries® as well as in RMBs. Similar phenomena
were observed both in Chevrel compounds for RMBs** and
layered rocksalt cathodes for Na-ion batteries.®* Since the Li
component remained in the cycled electrode (Fig. 2f), Mg
diffusion would also be enhanced to some extent in the present
material. These mechanisms to facilitate Mg diffusion enabled

Table 1 Energy barriers of Mg hopping in the one-vacancy path with
various cations occupying the Oct. 2 site in Fig. S21b

Element at the Oct. 2 site Li Mg Cr Mn Fe Zn Mo

Energy barrier (meV) 326 809 1640 1421 1059 743 2177
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battery operation at room temperature, whereas the still slug-
gish Mg diffusion at this temperature limited the reversible
capacity (Fig. S221). However, a more sophisticated synthesis to
yield hierarchically structured ultrasmall particles®® would
enhance the capabilities of the present material at room
temperature. On the other hand, the energy barrier of the two-
vacancy path was virtually negligible, whereas there was
a local minimum at the tetrahedral site, whose energy was
—1007 meV compared to the original octahedral site. Mg atoms
in the two-vacancy path would therefore be spontaneously
drawn into the tetrahedral site and stabilized until the next
hopping event and/or the occupation of the other atoms at the
surrounding vacant octahedral sites. The diffusion paths with
low energy barriers should be connected throughout the entire
particle to allow Mg atoms to percolate from the particle to the
electrolyte and vice versa. Since each type of diffusion path
randomly exists with a probability determined by a given
composition in the ideal defect rocksalt structure, the proba-
bilities of each path were evaluated and discussed from the
perspective of percolation theory.

The percolation probabilities of the one- and two-vacancy
paths were analytically calculated and are shown in the
ternary diagrams (Fig. 4b and S20bt), for which it was assumed
that Li was completely extracted and the vacancies were
randomly distributed as per the composition. The critical
percolation probability for the bond process, ie., 0.120,% is
shown as a contour curve by using a white solid line, indicating
that Mg can diffuse in an infinite medium by hopping only in
the corresponding paths above this probability. Hereafter,
percolation via the one-vacancy path is mainly discussed
because the percolation probability of the two-vacancy path
would be negligibly small in the material (see Fig. S20bt and its
discussion), and Mg at the tetrahedral site, which could be
yielded in the two-vacancy path, was hardly observed by STEM
(Fig. S197).

The first criterion for activating DRX materials for RMBs is
the vacancy formation by Li extraction from the structure in the
first charging cycle. The Li composition should therefore be
greater than 0.198, which is the critical percolation probability
for the site process. We consider the site process for Li in
contrast to that for Mg, which is referenced by the bond process
in percolation theory, because Li should be extracted via the no-
vacancy path due to the low amount of cation vacancies, espe-
cially at the beginning of the first charging cycle, while the Mg-
hopping behavior should be affected by the path environment,
i.e., “bonds” in percolation theory, in the subsequent charging/
discharging cycles. The energy barrier of Li hopping via the no-
vacancy path in MgO was as low as 957 meV (Fig. S231), which is
less than half that of Mg hopping, because of the intrinsically
weak coulombic interaction of Li in the oxide. The elevated
temperature of 90 °C in the present study would therefore
sufficiently activate Li hopping even via the no-vacancy path.
Indeed, most Li was extracted after the first charging cycle in the
present Mgy 35Lig.3Cro 1My o5F€0.05ZN0.0sM0p 1O (Fig.  2f),
whose Li composition was above the percolation limit of 0.198
but less than ~0.55, which is a proposed threshold value for
activating DRX materials for LIBs at room temperature.*

This journal is © The Royal Society of Chemistry 2024
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The second criterion is that the percolation probability at the
initial composition must be above the critical values of the one-
vacancy path. Namely, the initial composition should lie inside
the white contour line in the ternary plots of the probabilities
shown in Fig. 4b. This ensures that the constituent Mg can
migrate from the bulk to the surface and vice versa only through
the one-vacancy path, while the critical value decreases in finite
particles depending on their size.

The third criterion concerns the possible Mg composition
range during charging and discharging, which is shown as white
arrows in Fig. 4b and S20b+ for the present system. The possible
range of the Mg component should be within the percolative
region. Otherwise, once Mg fills vacancies to block the percolation
path, subsequent Mg extraction is extremely difficult. This would
be a reason for the limited cyclability of conventional spinel
materials, for which Mg extraction is challenging once Mg is
inserted into the pristine spinel structure. Also, for instance,
Mg sLiy 1Cro1Mng ;Feq 1Zn, 10, whose composition matches the
critical value in Fig. 4b, showed much less capacity and fast
degradation (Fig. S247) due to the inadequate amount of vacan-
cies formed by Li extraction. The Mg composition range can be
controlled by the available valence state of the transition metals in
addition to the amount of vacancies, which was actually taken
advantage of in the present study. The orange lines in Fig. 4b
represent the valence state of M after complete delithiation. For
example, designing the M composition so that the lowest valence
state is higher than 2.6+ ensures that the one-vacancy path can
yield a percolation network during battery cycling in theory when
the cation fraction of M is 0.35, while the lowest valence state of
the present M70 is 2.86+, which satisfies this criterion.

The existence of the one- and two-vacancy paths was further
confirmed by the model structure constructed based on the DFT
calculation because it is challenging to directly observe the
diffusion paths, ie., the configuration of the cation vacancies,
experimentally. The configuration of Mg and vacancies in the
present M70 model structure was optimized to minimize the
formation energy calculated by the DFT at each Mg composition
(Fig. S1bt). The interaction between Mg and vacancies (attractive
or repulsive) was, therefore, reflected in the optimized structure.
The probabilities of the one- and two-vacancy paths were
numerically evaluated in this optimized structure and compared
with the analytical values statistically estimated in the randomly
distributed Mg and vacancies (Fig. S25T). The path probabilities
obtained from the model structure demonstrated that the one-
vacancy path and the two-vacancy path substantially exist in the
structure, whose probabilities were in good agreement with those
analytically estimated within the error bars. This indicates that Mg
and vacancies are distributed virtually in a random manner from
an energetic perspective. Note that such a random distribution
should be more enhanced at battery-operation temperature and
coincides more with the analytical value because of the entropy
contribution to the Mg-vacancy configuration.

Conclusions

The mechanisms for activating reversible Mg insertion/extraction
in the rocksalt oxides were proposed by studying a DRX material

This journal is © The Royal Society of Chemistry 2024
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of Mgy 35Lio3Cro.1Mng gsFe€g 05Z1¢ 0sM0p 10, which was the first
DRX cathode capable of reversible Mg insertion/extraction to the
best of our knowledge. The present material yielded a reversible
capacity of ~90 mA h g~" at a current density of 10.4 mA g~ with
a potential of ~2.0 V vs. Mg>*/Mg at 90 °C, which was a relatively
low temperature in comparison with that for the previously re-
ported spinel-oxide cathodes operated at 150 °C.*™ The reversible
capacity was even further increased to ~150 mA h ¢~ by halving
the current density, which implies that kinetics is a key factor in
improving this type of material. The present study revealed that
including Li in the initial composition of the DRX oxide enabled
the reversible Mg insertion/extraction for the following reasons:
(1) yielding the vacancies necessary for subsequent Mg migration
after Li extraction at the first charging, (2) controlling the valence
state of the other transition metal cations, and (3) enhancing Mg
diffusion through concerted interactions.” Thus, these criteria
were further semi-quantitatively manifested based on the theo-
retical considerations of ab initio CI-NEB calculations and perco-
lation theory. The CI-NEB calculations showed that the one-
vacancy path significantly alleviated the energy barrier of Mg
hopping to 809 meV in the rocksalt structure, which was signifi-
cantly decreased from that of the no-vacancy path by ~1300 meV.
To exploit the advantage of the one-vacancy path in DRX mate-
rials, the amount of vacancies must always be greater than a value
defined by the critical percolation probability during charging and
discharging (Fig. 4b). The vacancies formed after Li extraction
should be preserved after Mg insertion, which can be realized
particularly by controlling the lowest valence state of the constit-
uent transition metal cations. The high-entropy strategy employed
in the present study enabled us to control the compositions that
satisfy the target range of the valence state finely and to ensure the
solid-solution reaction within the defect rocksalt structure
because of the stabilization effect of the configurational entropy.

At the nascent research stage of oxide cathodes for RMBs, it
has been debated whether or not Mg is genuinely inserted into
the structures of many oxide materials.® The spinel-rocksalt
transition, clearly detectable by XRPD, was firm evidence that
Mg can be surely inserted into the oxide materials semi-
topotactically, in which the guest cations are inserted into the
structure by maintaining the oxygen sublattice, while the cation
configuration changes.” However, rocksalt structure applica-
tions have been unfortunately circumvented'>*® because of its
slow kinetics and the limited reversibility of the phase transi-
tion back into the spinel structure, which leads to insufficient
cyclability. Eventually, the rocksalt structure was considered
a “grave” structure, into which most of the Mg-inserted oxides
for RMBs are thermodynamically drawn.>***® Nevertheless, the
present study sheds light on rocksalt oxide cathode materials
for RMBs to reveal the criteria for utilizing this structure
framework and ultimately expands the design opportunities of
oxide cathodes for RMBs in general, which become possible due
to the compositional flexibility of high-entropy oxides.**** The
present study and revealed criteria pave the way for exploring
novel DRX materials and other oxide materials that potentially
transition into rocksalt oxides, ultimately contributing to the
future realization of practical RMBs.
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Experimental
Synthesis

The active material Mgy 35Li0 3Cro1Mng o5F€0.05Z00.0sM0g 10
was synthesized by the Pechini process® followed by carbon
coating. Stoichiometric amounts of Mg(NOs),-6H,O (Wako,
99%), LINO; (Wako), Cr(NO3);-9H,0 (Strem Chemicals, 99%),
Mn(NO;),-6H,0 (Wako, 98%), Fe(NO;);-9H,0 (Wako, 99.9%),
Zn(NO3),-6H,0 (Nacalai Tesque, 99%), and (NH,)s-
Mo,0,,-4H,0 (Wako, 99%) were dissolved in propylene glycol
C3HgO, (Wako, 98%) with citric acid anhydrous (Wako, 98%) so
that the molar ratio of [metal element]: [propylene glycol]:
[citric acid] was 1: 3 : 3. Deionized water was added to facilitate
dissolution, whose typical amount was ~300 ml for a single
batch of 200 mmol of the final product. The solution was stirred
at 80-120 °C for 4 h until all the reagents were thoroughly dis-
solved, then heated up to and held at 200 °C to initiate poly-
merization for 20 h, followed by firing at 450 °C for 2 h in air to
remove excess propylene glycol. The resulting powder was ball-
milled in ethanol and calcined at 600 °C for 10 h under a 5%
H,-Ar gas flow. The obtained black powder was ball milled and
mixed with sucrose (Wako, =100%) at an 8:2 weight ratio of
[powder]: [sucrose]. Approximately 5 ml water was added to
dissolve 0.25 g of sucrose. The mixture was hand milled using
an alumina mortar and pestle for 10 minutes, followed by
drying at 130 °C and firing at 600 °C for 4 hours under a 5% H,—
Ar gas flow. The final products were again hand-milled for
characterization.

Electrochemical test

Composite electrodes for the electrochemical measurements
were prepared by mixing the active material, carbon black
(Super C65, Timcal), and polyvinylidene difluoride (PVDF,
Kureha) with a weight ratio of 8:1: 1. The obtained slurry was
applied to a piece of Al foil and dried in a vacuum at 120 °C for
12 h. Note that Al metal was confirmed to be stable enough in
the present electrochemical system and potential region
(Fig. S267). Typically, 2-3 mg of the active material was loaded
on the ~10 x 10 mm?® area out of the 10 x 30 mm? Al foil.
Three-electrode beaker cells, which were assembled and oper-
ated in Ar-filled glove boxes, were employed for all the electro-
chemical measurements. The details of the beaker cell are
described elsewhere.”'*** The cells were embedded in an Al-
metal block and homogenously heated to 90 °C by using a hot
plate. An electrolyte of Mg(TFSA),/triglyme with a 1 : 2 mol ratio
(TFSA: bis(trifluoromethanesulfonyl)amide; triglyme: triethyle-
neglycol dimethyl ether) was used. As a counter electrode (CE)
and reference electrode (RE), a Mg ribbon (Kojundo Chemical
Laboratory) and Li foil (Honjo Metal) immersed in 0.5 M
LiTFSA/DEME-TFSA electrolyte (DEME: N,N-diethyl-N-methyl-N-
(2-methoxyethyl) ammonium) separated from the main bath by
a ceramic filter were used. Mg(TFSA), and LiTFSA were provided
by Kishida Chemical (battery grade). DEME-TFSA was provided
by Kanto Chemical. Triglyme was provided by Tokyo Chemical
Industry and dried using 3 A molecular sieves before use. The
electrochemical measurements were conducted using VMP3,
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VSP-300, and VSP apparatus (Biologic). Cyclic voltammetry was
performed between 2.0 and 4.5 V vs. Li RE with a scanning rate
of 1 mV s~ ". Galvanostatic charge/discharge tests were carried
out at a current density of 10.4 mA g * in a potential window of
1.5-4.2 V vs. Li RE, while rate capability tests were performed
with different current densities every two cycles after two
conditioning cycles at 10.4 mA g~ " at the beginning of the tests.

Sample characterization

X-ray powder diffraction (XRPD) measurements were performed
using a Smartlab (Rigaku) equipped with a Mo X-ray source and
1D detector (D/teX, Rigaku). The as-synthesized sample was
measured using Bragg-Brentano geometry. The electrode
samples before and after the electrochemical tests were
encapsulated in a Lindeman glass capillary with a diameter of
500 um in Ar-filled glove boxes to avoid exposure to an air
atmosphere, and were measured using Debye-Scherrer geom-
etry. Scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS) were conducted using a JSM-7200F (JEOL)
operated at 15 kV, for which the samples were transferred from
the glove boxes by using a transfer vessel without exposure to
the air atmosphere. Scanning transmission electron microscopy
(STEM) and EDS analyses were carried out using a spherical-
aberration corrected microscope JEM-ARM200F (JEOL) oper-
ated at 200 kv. The samples for the STEM observation were
suspended on molybdenum-mesh grids covered with thin
perforated carbon. X-ray absorption spectroscopy (XAS) was
performed in transmission mode at BL5S1 in the Aichi
Synchrotron Radiation Center, Japan. The washed composite
electrodes were mixed with BN, pelletized into 6 mm diameter
disks, sealed with polyimide film tape, and measured without
exposure to the air atmosphere. The chemical compositions of
the metal elements and carbon were analyzed by the
inductively-coupled plasma optical emission spectroscopy (ICP-
OES) and infrared absorption methods after combustion,
respectively. The electrochemically cycled samples for the
characterization studies mentioned above were prepared by
charging/discharging the electrodes at a current density of
10.4 mA g ' in a potential window of 1.5-4.2 V vs. Li RE at 90 °C,
washing them with acetonitrile, removing them from the Al
current collector, and processing them for each analysis in Ar-
filled glove boxes.

Structural analyses by XRPD and EXAFS

Rietveld analyses were performed using Rietan-FP* based on
the MgO rocksalt structure (space group: Fm3m, #225). Lattice
constants, peak profiles, instrument functions, and background
were refined, along with the structure parameters of the rocksalt
oxide. For the cation 4a sites, disordered occupation of the
constituent cations was assumed, in which the Debye-Waller
(DW) factors of Mg and Li were set to 0.31 and 1.8, respectively,
according to the reported values for each element.®®®” For the
as-synthesized sample, the DW factor of a virtual chemical
species of Mg/Li was set to 1.0 based on the mol fraction of Mg/
Li in the present material. The occupancy of Mg was refined for
the electrochemically cycled samples, in which the occupancy of

This journal is © The Royal Society of Chemistry 2024
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Li was fixed to 0.1 as per the ICP-OES results because of Li's
small X-ray scattering power.

EXAFS analyses were performed by using the IFEFFIT
program code.®® The rocksalt structure was assumed for the
FEFF simulation to calculate backscattering amplitudes and
phase shifts. Only the spectra of Cr, Mn, Fe, and Zn were
analyzed because spectra of the other cations, i.e., Li, Mg, and
Mo, were not measured (Li and Mg) or of inadequate data
quality (Mo). Scattering paths for the fit were then obtained by
averaging individually calculated paths, which were simulated
from simple rocksalt oxides containing a single cation, ie.,
MgO, MnO, etc., according to the cation fraction of M70. The
first and second coordination shells were analyzed by the least-
square method in radial space, while the background was co-
refined as needed. A single inner potential shift parameter,
AE,, was used for each fit. Amplitude reduction terms of each
element were determined from preliminary analyses of refer-
ence samples.

DFT calculations

Density functional theory (DFT) calculations were performed
using the Vienna ab initio software package (VASP),**”® which
implements a projector-augmented-wave (PAW) approach” and
the exchange-correlation effects described with the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA).”> The Hubbard U parameters for correction of on-site
Coulomb interactions for Cr, Mn, Fe, and Mo were set to 3.5,
3.9, 4.0, and 4.38 eV, respectively, according to a previous
study.” The ionic positions, lattice parameters, and angles were
relaxed so that the energy converged to less than 10~* eV per
MO. Special quasirandom structures (SQSs) of MO were
produced with 40 atoms based on cation correlations obtained
from the cluster expansion lattice model implemented in the
alloy-theoretic automated toolkit (ATAT).”*”* For the electrode
potential calculation as a function of Mg composition, possible
Mg-vacancy configurations were optimized within the original
Mg and Li sites followed by the energy calculation that accom-
panies the structure relaxation.

The Mg migration barrier was evaluated by the climbing
image-nudged elastic band (CI-NEB) method.””*® The 2 x 2 x 2
supercell of a cubic MgO cell was used as a model structure. For
the NEB calculations, the atomic force tolerance was set to
0.05 eV A", In the case where a local minimum was found in
the minimum energy path (MEP), its energy was individually
evaluated by relaxing the structure and used to interpolate the
MEP plot.

Percolation probability

The probabilities of the one-vacancy and two-vacancy paths
were analytically derived based on the polyhedral networks
shown in Fig. 4. The probability of the one-vacancy path, Pyye,
was derived as a product of a probability regarding the initial/
final octahedral sites and that regarding the interfering octa-
hedral sites. Here, we define Py, Py and Py, as the probabil-
ities of occupation at the cation site by Mg, transition metals M,
and vacancies, respectively, for the following derivation.

This journal is © The Royal Society of Chemistry 2024
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Namely, Py + Pyac + Pyg = 1 is always true by definition, and
each probability is equivalent to the molar fraction of the cation
site. The probability regarding the initial/final octahedral sites
was calculated as (1 — Py)* because both initial and final
octahedral sites have to be occupied by Mg or vacancies so that
the transition metals do not block the path. The probability
regarding the interfering octahedral sites was calculated by
summing the exclusive probabilities at each number of vacan-
cies occupying the interfering octahedral sites. For example, the
probability that only one vacancy occupies one of the interfering
octahedral sites was calculated as 4Py,.(1 — Py,.)°. A factor of
four was derived from the possible configuration of the vacan-
cies at the four octahedral sites. By calculating the probabilities
of the different numbers of vacancies and summing them, Pype
was derived as 4(1 — Py)*Pyac(l — Pyac)(1 — Pyac + Pyac’). Like-
wise, the probability of the two-vacancy path was derived as Py,
= (1 — Pm)*Pyac’(2 — Pyac’)-
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