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Rechargeable magnesium batteries (RMBs) have faced challenges in utilizing oxide cathodes due to
the inherently sluggish Mg diffusion and poor compatibility with electrolytes, despite the high redox
potential. Herein, we present a prototype RMB that is operational at room temperature, consisting of a
nanoparticulate amorphous oxide cathode, fluorinated alkoxyborate (Mg[B(HFIP),],) as the
electrolyte, and a Mg metal anode. The amorphous Mg, Ti4,9Mo0,,40 cathode contains a considerable
free volume formed by ion exchange between monovalent and divalent cations, facilitating Mg
diffusion and eventually realizing reversible Mg insertion/extraction at room temperature. The
reasonable compatibility of the present cathode with the electrolyte enables full cell operation with a
Mg metal anode, and various analyses have demonstrated that Mg intercalation is responsible for the
battery performance. The discharging capacity is ~150 mAh g', and 70 mAh g is maintained after
200 cycles. These findings demonstrate the feasibility of RMBs with oxide cathodes that are

operational at room temperature.

Rechargeable magnesium batteries (RMBs) are potential alternatives for
high-energy-density chemical energy storage due to the abundance of
magnesium in the Earth’s crust'; the development of RMBs would mitigate
the sole dependence on scarce lithium, which is essential for current lithium-
ion batteries (LIBs). The high energy density of RMBs is due to the avail-
ability of magnesium metal anodes, which exhibit a specific capacity of
2205mAhg " and a relatively low redox potential of —2.38 V vs. SHE.
Additionally, these anodes have a favorable plating morphology in selected
electrolytes and conditions'~, unlike Li and Na anodes, which tend to form
problematic dendrites’. This makes RMBs a safe and viable choice for
applications such as stationary energy storage systems. Despite their pro-
mise, however, the development of practical RMBs has faced obstacles since
the RMB prototype in 2000, which consisted of a sulfide cathode and a
Grignard-based electrolyte’, primarily due to the lack of available cathode
materials®.

Oxide materials™* are generally beneficial for achieving high energy
densities due to their inherently high redox potential (2-3 V vs. Mg**/Mg),
which fully leverages the low potential of magnesium metal anodes com-
pared with other chalcogenides'>™, such as sulfides and selenides. Fur-
thermore, the advent of halide-free electrolytes” ™ that are capable of
relatively reversible Mg deposition/stripping opens up the possibility of
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utilizing oxide electrodes. Among them, electrolytes with weakly coordi-
nating anions” such as Mg[B(HFIP),],”* and Mg[Al(HFIP),],” (B(HFIP),:
tetrakis(hexafluoro-iso-propoxy)borate, Al(HFIP),: tetrakis(hexafluoro-
iso-propoxy)aluminate) are among the most promising due to their high
oxidative resistance in comparison with that of amine-based/amine-added
electrolytes™ and conventional Grignard-based electrolytes of dichloro
complexes and phenyl complexes’. Nevertheless, it is still challenging to
build a full cell prototype based on an oxide cathode”” due to the inherently
sluggish Mg diffusion in oxide cathodes™, unfavorable rocksalt transfor-
mation accompanied by Mg insertion®'"'?, and poor electrode compatibility
with the electrolyte”. Indeed, the low diffusivity of Mg drastically narrows
the choice of oxide cathodes, such as a-MnO, and a-V,Os’, that are
operational at room temperature. a-MnO, is a promising cathode
material'!, yielding a capacity of 110 mAhg ' due to substantial Mg
intercalation™ in a half-cell with an electrolyte consisting of Mg[TFSA], in
triglyme (TFSA: bis(trifluoromethanesulfonyl)amide; triglyme (G3): trie-
thylene glycol dimethyl ether). The reason why the system is defined as a
half-cell is that the electrolyte containing Mg[TFSA], induces a large
overpotential (>2 V) for stripping the Mg metal anode, which poses chal-
lenges in full cell operation. A simple solution for this issue is to replace the
salt in Mg[TFSA], with Mg[B(HFIP),],, which is capable of reversible Mg
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stripping/deposition. However, the drastic change in the solvation structure
of Mg cations due to the use of Mg[B(HFIP),], salt results in the decom-
position of a-MnO, during discharge, which is accompanied by significant
side reactions with the electrolyte, inhibiting the construction of operational
RMB full cells”.

In the present study, we develop a oxide cathode material,
Mgy 27Lig 099 11 M0p 220 (MLTMO), which is a composite of major
amorphous and minor rocksalt phases (Fig. la). The Mg-containing
amorphous oxide is prepared via amorphization of the Li-containing oxides
followed by ion exchange between Li and Mg; this process spontaneously
introduces a considerable free volume into the resultant amorphous phase
as remnants of Li cation vacancies due to the valence state discrepancy
between monovalent Li and divalent Mg. This amorphous structure with a
large free volume enables facile Mg insertion and extraction. Additionally,
the significant difference between the amorphous and rocksalt structures
suppresses detrimental rocksalt transformation, in contrast to spinel
oxides’, whose oxygen sublattice is similar to that of rocksalt oxide. We
selected Mg[B(HFIP),],-G3 electrolyte™” due to its high oxidative resis-
tance, reversible Mg stripping/plating with relatively low overpotential,
compatibility with aluminum cell components, and potential for com-
mercial availability”. We demonstrate that this material is capable of Mg
extraction/insertion at room temperature and fairly stable in
Mg[B(HFIP),],-G3 electrolyte and evaluate its full cell feasibility at room
temperature in an orthodox split cell, which consists of a composite cathode
electrode, a Mg metal anode, a separator, and a relatively lean electrolyte
(Fig. 1b). The discharging capacity remains at 70 mAh g~ for more than 200
cycles, and rigorous chemical analysis via inductively coupled plasma
optical emission spectroscopy (ICP-OES) confirms that Mg intercalation is
the primary contributor to the electrochemically observed capacity during

cycling.

Cathode preparation and electrochemical properties

The cathode material MLTMO was prepared by a modified solution
combustion synthesis (SCS)’' followed by ion exchange between Li and Mg
from the ion-exchange precursor Li,Tij;3Mo,/305", which is a pseudo-
binary oxide of Li,M0O; and Li,TiO;. The ion-exchange precursor
Li,Ti;3Mo0,/305 has a Li-rich layered rocksalt structure (Fig. 2a and Sup-
plementary Fig. S1), whose crystalline size was estimated to be 3.65(2) nm
from the 104 diffraction peak according to the Scherrer equation. In con-
trast, the secondary particles (white regions in the high-angle annular dark
field scanning transmission electron microscopy (HAADF-STEM) image)
were well dispersed and ranged from 7 to 10 nm in diameter, as determined
from HAADF-STEM images (Fig. 2b). The dark gray interstitial space
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Fig. 1 | Advantages of utilizing amorphous oxide cathodes and cell configuration
of present rechargeable magnesium batteries (RMBs). a Features of amorphous
oxide cathodes. External perturbations cause amorphization of Li-rich layered
oxides, and subsequent ion exchange yields a Mg-containing oxide cathode. The
valence-state discrepancy between monovalent Li and divalent Mg forms a large free
volume. The free volume in the amorphous oxide cathode ensures a percolative Mg

corresponds to amorphous carbon, into which the oxide particles were
embedded (Supplementary Fig. S2). Fuel-rich combustion’ followed by
calcination at 600 °C in a reductive environment of 10% H,-Ar yielded
amorphous carbon covering the target oxide, which presumably decreased
the oxide particle size by suppressing excessive growth at high temperature
(Fig. 2c¢), in contrast to particles obtained by the conventional Pechini
method"’. Energy-dispersive X-ray spectroscopy (EDS) images revealed that
the composition was virtually homogeneous, while the low fluorescence
yield of Ti and O relative to that of Mo obscured the particle outlines in the
corresponding EDS images. Constituent Li was exchanged with Mg by
immersing the ion-exchange precursor Li,Ti;/3Mo0,/305 in Mg[TFSA],-G3
electrolyte at 90 °C for 24 h (Supplementary Fig. S3), which yielded the
composition Mgy 260(s)Lio.085(2)Ti0.111M002156)0> according to ICP-OES.
X-ray powder diffraction (XRPD, Fig. 2a) indicated that MLTMO consisted
of major amorphous and minor crystalline phases with a rocksalt structure,
where the ball-milling of the ion-exchange precursor Li,Ti;;3Mo0,/30;
before ion exchange induced amorphization (Supplementary Fig. S1).

The cell performance was evaluated using a three-electrode split cell
operated at room temperature. The cell consisted of a composite electrode
with MLTMO as the cathode, Mg metal foil as the anode, a glass fiber filter as
the separator, and 0.53 M Mg[B(HFIP),], in G3 as the electrolyte. The cell
was also equipped with a reference electrode of Li metal immersed in 1 M
LiTFSA in G3, which was separated from the main bath by a ceramic filter.
Charge/discharge tests were conducted at a constant current density of
10mA g with cutoff potentials of 1.8 and 4.1 V vs. Li RE (Fig. 3 and
Supplementary Fig. S4).

The discharge capacity was highest at ~100 mAh g at the ~6th cycle
and remained at ~75 mAh g’l after 200 cycles. The present cell, therefore,
showed much better cyclability than previously reported oxide cathodes
operated at 60 °C" and 90 °C"’. ICP-OES analysis of the material after the
5th cycle demonstrated that reversible Mg insertion/extraction was pre-
dominantly responsible for the electrochemically observed capacity, in
which the changes in Mg and Li composition were equivalent to electro-
chemical capacities of 69.3 and 8.2 mAh g™, respectively (Supplementary
Table S1). This contrasts with the case of an a-MnO, cathode discharged in
a similar weakly coordinating electrolyte, in which side reactions rather than
Mg insertion contributed the most to the electrochemically observed dis-
charging capacity””. The present cell was equipped with a Li reference
electrode separated from the main bath by a ceramic filter due to the high
potential stability of Li metal. Nevertheless, the small amount of Li in the
main bath derived from the reference electrode hardly affected the electrode
properties. Indeed, the amount of Li in the electrolyte, derived from the
reference electrode, was confirmed to be negligibly small (Li/Mg <10~*) by
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migration path and reversible Mg intercalation. The significant difference in
structure between the amorphous oxide and rocksalt oxide suppresses the phase
transformation into the electrochemically inactive rocksalt structure in the Mg-rich
composition. b Cell configuration of present RMBs, in which a Mg metal anode and
its compatible electrolyte, Mg[B(HFIP),], in triglyme, is used with an amorphous
cathode.
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Fig. 2 | Characterization of the oxide cathode
materials and synthesis mechanism. a X-ray dif-

a

fraction profiles of (black broken line) Li,Ti;,;;Mo,,
303 and (blue solid line) ion-exchanged

Mgy 27Li0.00Ti0.11M0g 2,0. h and ¢ in the diffraction x
indexes represent hexagonal and cubic lattices,
respectively. The asterisk indicates the halo peak of
the amorphous phase. The simulated XRD profiles
of Li;M0O3 and MgO are also presented at the
bottom of the panel as references to the hexagonal
layered rocksalt structure and cubic rocksalt struc-
ture, respectively. b STEM-HAADF and EDS ima-
ges of crystalline Li,Ti;/3M0,/30;. The scale bar
represents 20 nm. ¢ Schematic of the modified I
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Fig. 3 | Electrochemical performance with respect to reversible capacity, dis-
charge rate, and long-term cyclability. a Potential profiles of

Mgy 27Lig.09Ti0.11M0g 2,0 at room temperature with a current density of 10 mA g !
in the potential window of 4.1 V for charging and 1.8 V vs. Li RE for discharging. The
inset shows the rate capability for discharging to 1.7 V vs. Li RE, in which the cell was
charged to 4.2 V vs. Li RE at a common current density of 10 mA g~" before each

discharging test. b Cell voltage profiles obtained from Eyyg — Ecg in (a), where the
counter electrode was pure Mg metal. The vertical axis was, therefore, converted
from the electrode potential into net cell voltage. ¢ Capacity retention corresponding
to (a). Filled and open circles indicate the discharging and charging capacity,
respectively. Green diamonds represent the Coulombic efficiency.

the ICP-OES analysis in a similar system'”. This was further corroborated by
the virtually identical cell performance obtained in the same cell config-
uration with a Mg reference electrode (Fig. 3a and Supplementary Fig. S5),
while a Mg reference tends to be more sensitive to external influences and
less stable in potential (Supplementary Fig. S6). The small changes in Li
composition at the discharged state of the 5th and 109th cycle observed via
ICP-OES (Supplementary Table S1) also support these observations.

The charging capacity always exceeded the discharging capacity, which
was attributed to oxidative decomposition of the electrolyte because excess
charging capacity was hardly observed in the high-concentration electrolyte
Mg[TFSA],-G3 even at an elevated temperature of 60 °C". The excess

charging capacity was conspicuous in the first 20 cycles, whereas it decreased
in the later cycles, reflecting the corresponding Coulombic efficiency (CE)
values: 45-70% in the first 20 cycles and more than 70% in the later cycles.
This cycle dependence of CE implies that this parasitic charging capacity can
be attributed to the formation of a cathode electrolyte interphase. For
instance, the amount of boron on the electrode, derived only from the
electrolyte, considerably increased after long-term cycling, indicating that
continuous electrolyte decomposition during charging/discharging deliv-
ered the parasitic capacities (Supplementary Table S1).

The rate capability of discharging was evaluated by changing the
current density from 5 to 500 mA g~', where the cell was charged at a
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constant current density of 10 mA g~ before discharging at various current
densities. Only discharging was evaluated because the charging capacity
would include the contribution from the oxidative decomposition of the
electrolyte. The upper limit of the electrochemical window is estimated to be
~3.5V vs. Mg"*/Mg on the Pt electrode in the present electrolyte system™.
Namely, the electrolyte decomposition is minimal when discharging below
3.5V vs. Mg**/Mg, while charging would be accompanied by the electrolyte
decomposition, because the electrode potential reaches close the upper limit
of the electrochemical window. Note that the upper limit changes depending
on the electrode and tends to be lower in the composite electrode relative to
the Pt electrode due to the large surface area of the composite electrode and
the catalytic activity of the cathode materials”. The slowest discharge of
5mA g " yielded the largest discharging capacity of ~150 mAh g ". The
discharging capacity remained at ~70 mAh g even at the fastest discharge
rate of 500 mA g~', implying the high rate capability of the present cathode
material and cell configuration.

The scan rate dependence of the cyclic voltammetry (CV)***** results
(Supplementary Fig. S7) indicated that the diffusion-limited redox reaction,
rather than the electrochemical capacitor reaction, was predominant at
relatively slow charging/discharging rates of up to 50 mA g ', which is
approximately equivalent to 0.5 mV s~ in CV, while fast discharge involved
a considerable contribution from the electrochemical capacitor reaction as
seen in the CV result at 5.0 mV s™". The relatively good rate capability can,
therefore, be attributed to two factors: Mg-ion diffusion and pseudocapa-
citive contributions™. The small particle size of the present MLTMO mat-
ches the diffusion length of Mg at room temperature, thereby enabling
battery operation under ambient conditions. Additionally, reducing particle
size increases the specific surface area, which in turn enhances the pseu-
docapacitive contributions, particularly during high-rate operation.

The differential capacity curve (dQ/dE) of the charge/discharge test
(Supplementary Fig. S8) was in good agreement with the CV profile at the
lowest sweeping rate. The differential capacity increased monotonically
during charging and decreased during discharging, without showing a
significant peak. This profile suggests that charge compensation of Mo, as
discussed in the X-ray absorption spectroscopy section below, occurs over a
broad potential range in the operating cathode material. The overpotential
of the Mg metal anode was within 0.2 and 0.45 V during stripping (dis-
charge) and deposition (charge), respectively (Supplementary Fig. S9),
which is in good agreement with the previous studies****’ on the present
Mg[B(HFIP)4],-G3 electrolyte. Amine-additive” or amine-based™ elec-
trolytes with Mg[TFSA], salt represent an alternative electrolyte option,
offering broader availability and reasonably low overpotential. However,
enhancing the oxidative resistance of amine-based compounds remains a

challenge”, particularly for high-voltage oxide cathodes.

Notably, the present cell configuration is equivalent to what is com-
monly referred to as a full cell, which consists of a fully operational cathode,
anode, and electrolyte. Indeed, the charge/discharge performance measured
in the two-electrode coin cell shows good agreement with that obtained
from the three-electrode split cells (Supplementary Fig. S10). Nevertheless,
in the present study, the working electrode potential was controlled in the
charge/discharge tests with the split cell to meticulously evaluate the cell
behavior without being disturbed by the unstable potential of the Mg metal
anode and electrolyte decomposition. We, therefore, defined the present cell
operation as a reference-controlled full cell (RC full cell). Note that the RC
full cell is distinct from the conventional half-cells used in previous RMB
studies, in which either only the cathode or anode is fully operational, such
as in the case of oxide cathodes with Mg[TFSA],-G3 electrolyte'>"’. In such
cells, the passivated Mg metal anode hampers substantial cell discharge
because of the significant overpotential of Mg stripping. Thus, the present
study with the RC full cell contrasts with studies based on conventional half-
cells. The present results imply that strictly defined full cell operation is
feasible by adjusting the galvanostat setting to control the cutoff voltage
based on the net cell voltage (i.e., Ewg — Ecg) rather than on the electrode
potential of the cathode (Ewg) measured via the reference electrode. Here,
Ewg and Ecg represent the electrode potentials of the cathode (working
electrode) and anode (counter electrode), respectively.

Charge compensation mechanism
X-ray absorption spectroscopy (XAS) was used to clarify the redox
mechanism and cyclic evolution of the charge and discharge states. X-ray
absorption near edge structure (XANES) demonstrated that the charge
during charging and discharging was predominantly compensated by
changes in the valence state of Mo between 6+ and lower valence states,
while the effect of Ti was minimal, based on the same composition of Ti-Mo
oxides". The superimposed spectra exhibited isosbestic points (indicated by
arrows in Fig. 4a), implying that MLTMO charged and discharged via a two-
phase reaction. Indeed, STEM-EDS analysis revealed two distinct types of
amorphous materials, i.e., Mg-rich and Mg-poor amorphous materials, in a
previous study on coarse MLTMO operated at 60 °C". Figure 4b shows the
magnified pre-edge peaks indicated by an asterisk in Fig. 4a, representing the
average valence states of Mo in different states of charge and discharge.
The intensity of the pre-edge peak represents the average valence state
of Mo based on the reference materials Mo(IV)O, and Mo(VI)Os; a
stronger pre-edge peak corresponds to a higher valence state. The spectra
corresponding to the 10th cycle (green solid and dashed lines in Fig. 4b)
showed the largest change in pre-edge peak intensity with charging and
discharging, in good agreement with the almost largest capacity observed in
this cycle (Fig. 3c). The intermediate charging/discharging states and

Fig. 4 | Charge compensation mechanism during a b
charging and discharging. a Mo K-edge XANES. 0.50
Arrows indicated the isosbestic points observed in Mo(IV)O,
the various states of charge/discharge in this energy . 0.45 |
region. The asterisk represents a pre-edge peak. S15F o s
b Magnified spectra of the pre-edge peak indicated & L a0l
in (a) by the asterisk. 3 ! 3
c ! c
© : ©
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Fig. 5 | Free volume region that divalent Mg can a
occupy. a Atomic structure of amorphous

Mg 33Tip,11Mo0g 2,0 obtained via molecular
dynamics and ab initio calculations. Mo-O and
Ti-O coordination polyhedra are shown in purple
and light blue, respectively. Orange spheres repre-
sent Mg atoms. Green regions indicate free volume
regions within the structure where bond valence
sum (BVS) values are between 1.6 and 2.4, suggest-
ing favorable sites for Mg occupancy. b Same
structure as in a with coordination polyhedra
removed to highlight the spatial distribution of Mg
atoms and BVS-based free volume.

completely charged/discharged states were examined in the 3rd cycle, where
the discharging capacity increased with increasing number of cycles. The
charged state in the 3rd cycle (pink solid line) was virtually identical to that
in the 10th cycle, indicating that repeated cycling minimally affected the
charged state. The intermediate charging state (pink broken line) fell
somewhat between the charged (pink solid line) and discharged states (blue
solid line), indicating that electrochemical charging continuously oxidized
the constituent Mo cations even though the electrolyte was also oxidatively
decomposed in the high potential region. In contrast to charging, dischar-
ging reduced the valence state of Mo up to only ~70% of the electro-
chemically observed capacity, while further discharging did not reduce Mo,
judging from the very similar spectra corresponding to a discharging state of
~70% (blue dashed line in Fig. 4b) and the discharged state (blue solid line).
This implies that side reactions of the composite electrode or electrolyte
partially consumed the electrochemically observed charge at the end of
discharging. Nevertheless, the compatibility of MLTMO with the electrolyte
was much better than that of a-MnO,, as ICP-OES indicated substantial Mg
insertion. Indeed, side reactions during discharging hinder Mg insertion
into the a-MnO, cathode material due to the inherent incompatibility
between bare a-MnO, and the electrolyte”. Further cycling improved the
electrochemical reduction of Mo, as observed in the most reduced state at
the 10th cycle. This behavior contrasts with those of the charged states in the
3rd (red solid line) and 10th (green broken line) cycles, where the valence
state of Mo was similar, independent of the number of cycles. Thus, with
increasing number of cycles, the active range of Mo valence states expands
toward the reduced state rather than the oxidized state after charging. This
extended Mo valence change with cycling can be attributed to the increase in
the amount of active material accessible through Mg intercalation from the
electrolyte, as revealed by STEM-EDS".

Free volume in the amorphous structure

Free volume is estimated via an amorphous structure simulated by mole-
cular dynamics and ab initio calculations. In the crystal system, cation
vacancies are sites where cations are absent, and cations can possibly occupy
via an intercalation or elemental step of diffusion. Likewise, in the present
study, we define free volume in amorphous oxide as a counterpart of the
cation vacancy in the crystal structure, since no vacancies can be defined in
the amorphous structure. Namely, the free volume is the region where
atoms, especially cations in the present study, can possibly occupy’**. Note
that the free volume defined in the present study is not necessarily equivalent
to that generally used for studies of amorphous materials”. The simulated
amorphous structure was prepared via a melt-quench method starting from
the Li, Ti1/3Mo02/303 (Lig 67Ti0.11M00 2,0) crystal of 1000 atoms, followed by
replacing Li atoms with Mg. Half of the original Li atoms were randomly
substituted with Mg, and the remaining half were removed, in accordance
with the jon-exchange strategy used in the corresponding experiment. The
resulting amorphous structure was then fully relaxed using ab initio density
functional theory (DFT) calculations (Fig. 5a).

The free volume ratio, f,, was calculated by f, = 1 — Z;n,V,;/V g,
where #; is the number of atoms of element, 7, V; is the Voronoi volume, and
V . is the volume for the simulation cell of the amorphous structure. V; for
Mg, Ti, and Mo were determined from the simulated amorphous structure,
while V5 from crystalline MgO was used to evaluate the free volume, due to
its well-defined coordination environment. f,, was estimated to be 9.7%,
which is equivalent to 52% of the V;,. Namely, the chemical formula can be
nominally described as Mgy 33 o.17Ti0.11M00 2,0 when explicitly describ-
ing the amount of free volume, [], in the structure. Therefore, approxi-
mately half of the free volume introduced by the ion exchange is secured in
the amorphous structure according to the theoretical prediction. The dis-
tribution of the free volume is further visualized based on the bond valence
sum (BVS) in the simulated amorphous structure (Fig. 5b). The green region
in Fig. 5b represents an isosurface defined by |vgys — Vigea | < 0.4, where
vpys is a calculated BVS at each mesh point, and vy, is a nominal valence of
divalent Mg*. The widespread and well-dispersed distribution of the green
regions indicates that the free volume is uniformly distributed throughout
the amorphous matrix, without forming large voids or aggregated clusters.
Such free volume would contribute as diffusion path of Mg in the amor-
phous structure.

Outlook for full cell realization

The present demonstration of RC full cell operation at room temperature
with MLTMO implies the following general requirements for oxide cath-
odes for RMBs: an atomic structure with considerable vacancy/free volume,
a small particle size, a redox potential within the electrochemical window of
the electrolyte, and compatible cell components. Interactions between
neighboring Mg cations significantly affect the energy barrier in cathode
materials™; in addition to strong Coulombic interactions between divalent
Mg cations and surrounding O anions, which lead to a relatively high energy
barrier for Mg migration. The former factor is easily overlooked since such
interactions are virtually negligible in LIB cathodes”. However, for instance,
a previous study™ showed that it was extremely challenging to substantially
extract/insert Mg from/into Mg-rich disordered rocksalt oxides while
introducing cation vacancies to facilitate Mg migration and eventually
activate the cathode material'>*. Specifically, substantial Mg migration
requires considerable vacancies/free volume in the initial structure. This
could also explain why previously proposed oxide cathodes that are
operational at room temperature, such as MnO,, V,0s, and TiO,, contain
little Mg®. Consequently, candidate materials with adequate space to
accommodate Mg are limited to specific structures.

In contrast to conventional material synthesis, the present study
employed ion exchange between monovalent alkaline and divalent Mg
cations, which simultaneously introduced vacancies/free volume (Fig. 1b).
Ideally, the amount of vacancies/free volume is the same as that of
exchanged Mg cations, given that the host structure maintains space for
movable cations during ion exchange. This vacancy introduction, realized
by balancing the electric charge between monovalent and divalent ions, is
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likely critical for facilitating Mg migration in oxide cathodes by mitigating
the interactions between Mg cations. If the cations completely exchange, the
relevant chemical reaction can be described as AM,O,+0.5Mg™* —
Mgy s[1osMO, + A", where A is an alkaline element, M is a metal element,
and [] is a vacancy/free volume in the atomic structure. The present study
employed Li as the alkaline metal, A, because Li-containing compounds
have been well studied for use in LIBs. However, A is not necessarily limited
to Li; Na and K would also be candidates for this procedure. The cations can
be exchanged chemically and electrochemically; moreover, the chemical
process of simply immersing the Li-containing compound in excess Mg
electrolyte should be milder for oxide cathodes because this process cir-
cumvents the formation of higher valence states of redox-active transition
metals, which are frequently unstable. The present study also implies that
Mg-containing cathodes such as MLTMO can ultimately lead to anode-free
cells with no Mg metal in the anode, even though a demonstration of this
idea is beyond the scope of this work. This approach would be beneficial for
the industrial manufacturing of RMBs because Mg metal is much safer than
alkaline metals but is prone to oxidization in ambient air.

The residual alkaline cations in the cathode materials may enhance
electrochemical properties by facilitating Mg diffusion in the materials'>**"!
or suppressing adverse phase transitions”. This diffusion-enhancement
effect was elaborated in the Chevrel compound with Li* and further
extended to oxides incorporating various alkaline cations of Li, Na, and K*,
where the extent of enhancement depends on the specific cation species. The
small amount of residual Li in the present MLTMO would affect the elec-
trode performances, while the detailed analysis is beyond the scope of this
work. These effects can potentially be leveraged in the aforementioned ion-
exchange approach to obtain Mg-containing oxide cathodes.

This concept has been intensively explored in so-called “dual-salt
batteries”**** and also referred to as “hybrid batteries” in later studies™*.
The dual-salt/hybrid batteries employ electrolytes containing both mono-
and multi-valent cations (e.g., Li* and Mg*"), where the primary reactions
typically involve Li intercalation at cathode, and Mg plating/stripping at
anode. However, co-intercalation of both Li and Mg into the cathode has
also been explored as a strategy to increase the overall energy density of the
dual-salt/hybrid battery systems***. The charge/discharge mechanism of
the present MLTMO partially aligns with the dual-salt/hybrid battery
concept, particularly in terms of the co-intercalation of Mg’ and Li".
However, the present system exhibits a dominant contribution from Mg
intercalation ( ~90%) and does not include any Li salt in the initial elec-
trolyte. These features contrast from the original dual-salt/hybrid battery
design, although categorical distinction between dual-salt/hybrid batteries
and RMBs employing the cathode containing monovalent cations remains
inherently ambiguous.

It is also well known that particle size is an important factor influencing
the activity of cathode materials, as it should be comparable to the diffusion
length. The diffusion length, I, is approximated by I; ~ +/Dt, where D is
the chemical diffusion coefficient and ¢ is the time; cathode materials for
RMBs typically have an Iy in the range of one nanometer at room
temperature”’. The particle size of coarse MLTMO in the previous study'®
was tens of nm (Supplementary Fig. S1lc), as heat treatment inevitably
accompanies particle growth. Consequently, the course cathode material
could deliver less than 30 mAh g ™' at room temperature (Supplementary
Fig. Slla). In contrast to the previous study, we suppressed the particle
growth during heat treatment by embedding the nucleus in the carbon
matrix in the modified solution combustion synthesis (Fig. 2c). This yielded
the cathode materials with a primary particle size of 3.65(2) nm, which was
comparable to the typical diffusion length of Mg at room temperature. The
smaller particle size increased the particle regions for the substantial Mg
extraction/insertion, and therefore, delivered the capacity of up to
150 mAh g™ " at room temperature.

The substantial electrochemical window of the electrolyte, specifically
the oxidative decomposition potential, tends to become narrower on
cathode composite electrodes because of the large surface area. A well-
defined archetypal electrode, such as Pt foil, is typically used to evaluate the

electrochemical window using linear sweep voltammetry (LSV) in electro-
lyte studies. The potential where the current drastically increases is defined
as the upper limit of the electrochemical window. However, even a small
oxidative current within the defined electrochemical window preceding the
drastic current increase effectively limits the maximum potential for char-
ging a composite electrode with a large surface area. The different types of
the materials used for these purposes, namely, Pt for LSV and transition
metal oxides for the cell, may also affect the catalytic activity of oxidative
electrolyte decomposition and, ultimately, the practical electrochemical
window. For instance, an excessive charging capacity resulted in a moderate
CE of ~70%. This value should be increased to ~100% for practical RMBs in
the future by developing more electrochemically stable electrolytes and/or
modifying the surface of the cathode materials to suppress the catalytic
activity of electrolyte decomposition.

The last but critical challenge of developing operational RMBs is
compatibility between the cell components. Mg[AI(HFIP),],, a derivative of
the compound Mg[B(HFIP),], used in the present study, is corrosive to Al
metal at high potential**>*’ and is typically used as the cathode current
collector in RMBs as well as LIBs. We confirmed that the present electrolyte,
i.e., Mg[B(HFIP)4], in G3, was not corrosive to the present cell components,
including the Al current collector. The most critical compatibility is that
between the electrolyte and the cathode material. For instance, bare a-MnO,
used as a cathode material is not compatible with hexafluoroisopropoxide-
derived electrolytes during discharging”. This is because the solvation
structure of the solvate-separated ion pair (SSIP) is highly reactive to
unstable surface oxygen on the a-MnO, cathode, whereas the contact ion
pair (CIP) in the Mg[TFSA],-glyme electrolyte can form a stable interface
that suppresses the continuous reaction between a-MnO, and the electro-
lyte. Such incompatibility results in a considerable discrepancy between the
electrochemically observed discharging capacity and that calculated from
the composition; Mg insertion into the cathode material is minimal despite
the substantial discharging capacity. In contrast to conventional oxide
cathodes, MLTMO exhibited reasonable compatibility with the
Mg[B(HFIP),],-G3 electrolyte, judging from the substantial Mg insertion/
extraction demonstrated by chemical composition analysis via ICP-OES.
For instance, the electrochemical discharging capacity of approximately
100 mAh g™" at the 5th cycle (Fig. 3c) was in good agreement with the
capacity of 77 mAh g estimated from the composition change (Supple-
mentary Table S1). This consistency implies the high stability of Ti-Mo
oxides in the presence of the Mg[B(HFIP),],-G3 electrolyte, which may be
attributed to the inherent high chemical resistance of Ti and Mo oxides in
general.

Capacity retention is also a crucial factor in realizing practical full cells.
Reported degradation mechanisms of cathode materials can be categorized
as follows: (1) conversion or semi-topotactic reactions™ "***, (2) electrolyte
decomposition'****, (3) surface reactions’"”, and (4) decomposition or
dissolution™. Conversion and semi-topotactic reactions do not necessarily
degrade capacity retention, but cyclability is compromised when these
reactions are not fully reversible. A representative example is the semi-
topotactic transition from spinel to rocksalt induced by Mg insertion. The
reverse transition from rocksalt back to spinel is often incomplete due to
sluggish Mg diffusion within the rocksalt structure, resulting in poor cycle
life'. This issue can be mitigated by limiting the Mg composition range to
maintain structural integrity during charge/discharge, as demonstrated in
defect spinel cathodes’. The present MLTMO material would circumvent
this issue by incorporating elements such as Mo and Ti, which are less prone
to forming rocksalt structures, and by leveraging the large structural dif-
ference between the amorphous and rocksalt phases.

Electrolyte decomposition, particularly at high voltages, also leads to
poor cyclability, either through the formation of insulating decomposition
products on the cathode surface'” or due to a limited electrochemical win-
dow that restricts full cathode utilization. When the electrochemical win-
dow is fixed, such limitations stem from the intrinsic redox potential of the
cathode material and the overpotential during Mg extraction, which is
linked to intercalation kinetics**’. Therefore, the redox potential must be
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Fig. 6 | Blue LED emission test using a single prototype coin cell consisting of a
Mgy 27Lig 09 Tip.11M0g 2,0 cathode, a Mg metal anode, and Mg[B(HFIP),], in G3 as
the electrolyte.

carefully tuned by selecting appropriate redox-active elements, and the
structure should be designed to enable fast Mg-extraction kinetics.

Surface reactions generally result in the formation of Mg-impermeable
layers®”, which are often tied to the chemical compatibility between the
cathode and the electrolyte. Decomposition and dissolution are observed in,
for example, sulfide cathodes’®, which dissolve into the electrolyte during
cycling. However, such degradation may also occur in oxide cathodes,
particularly when halide-based electrolytes are used. As described above,
capacity retention is influenced by multiple interrelated factors, such as
redox potential, Mg intercalation kinetics, phase transition behavior, and
electrolyte compatibility. At the current stage of RMB development,
improving cyclability requires addressing these challenges in an integrated
manner during material design, possibly with the aid of computational
materials science, rather than relying on a single specific strategy.

The present MLTMO is further compared with the typical oxide and
polyanion cathode materials previously reported, considering not only the
electrode performance but also the compatibility between cell components
and rigor of the cathode characterization (Supplementary Table S2). The
following conditions are considered such that each study implies the fea-
sibility of the full cell operation at room temperature, and is comparable to
the present study. We believe that essential characterizations to demonstrate
reversible Mg insertion/extraction into/from the cathodes are bulk-sensitive
analyses of the chemical composition, crystal structure, and chemical state.
This is because excessive side reactions, such as electrolyte decomposition29
and proton insertion™, can falsely give seemingly good electrochemical
performances and lead to misinterpretation that reversible Mg insertion and
extraction are occurring. We also evaluate the electrolyte used in terms of
compatibility with the Mg metal anode. Six materials out of the 32 listed
materials fulfill the three conditions of cathode characterizations, electrolyte
compatibility, and operation at room temperature. It is further narrowed
down to two materials when ruling out the use of halide-containing elec-
trolytes of all phenyl complex and dichloro complex, which are corrosive to
the oxide materials and whose electrochemical window is limited by halide
ions. The screened materials are a-MnO," and y-MnO,-based
Mg,.1sMnO,”, both of which show the highest capacity of ~270 mAh g™
and the average potential/voltage of ~1.0 and ~24V for a-MnO, and
Mg, 1sMnO,, respectively. The present MLTMO cathode material delivers
the energy density of ~255 Wh kg™ (=1.7 x 150), which is comparable to a-
MnO, (270 Wh kg™ (=1.0 x 270)), but less than Mg, 15MnO, (648 Wh kg™
(=2.4 x270)). However, the MLTMO shows the relatively good capacity
retention of 80% after 200 cycles (=80/100, Fig. 3c), while a-MnO, and
Mg 1sMnO, show 19% (=30/160) at 30 cycles and 70% (=190/270) at 25
cycles, respectively.

The feasibility of using the present cell configuration as an RMB
operational at room temperature was further examined by using a minimal
setup of a 2032 coin cell connected to a commercial blue LED (Fig. 6). The
current-voltage curve (I-V curve) of the LED (Supplementary Fig. S12)
indicated that a substantial current flowed above ~2.5V with blue light
emission. Therefore, cells consisting of conventional sulfide-based cathodes,
which have a potential of 1-1.5 V, hardly drive the blue LED. Additionally,
even cells with oxide cathodes do not necessarily deliver a voltage higher
than 2.5V when combined with electrolytes that passivate the Mg metal
anode. This is the case for, for example, Mg[TFSA],-based electrolytes,
whereas Mg[TFSA],-based electrolytes are widely used for cathode char-
acterization due to their high stability with respect to oxide cathodes. A
single 2032 coin cell charged to 3.5 V after eight charging/discharging cycles
continuously activated the blue LED for over 7 min. This finding demon-
strates that the present RMB prototype delivers a relatively high voltage due
to effective use of the oxide cathode material.

The present study demonstrated the feasibility of RMBs consisting of
an oxide cathode and Mg[B(HFIP),],-G3 as the electrolyte that are
operational at room temperature. An MLTMO cathode material was
prepared by a modified SCS followed by ion exchange between Li and Mg,
which simultaneously introduces a considerable free volume into the
resulting amorphous structure. The small particle size and substantial free
volume enable reversible Mg extraction/insertion at room temperature. A
full cell consisting of the composite cathode and a Mg metal anode
separated by a glass fiber separator and containing a relatively lean
Mg[B(HFIP),],-G3 electrolyte exhibited the largest capacity of
150 mAh g ' ata current density of 5 mA g ' and good capacity retention
of 70 mAh g over 200 cycles. Chemical composition analysis via ICP-
OES confirmed that the electrochemically observed capacity was pre-
dominantly derived from Mg insertion/extraction. Notably, the current
results imply the feasibility of anode-free RMBs since the MLTMO
cathode contains Mg, unlike previous cathode materials, such as a-MnO,
and a-V,0s. Furthermore, the present study reveals that ion-exchanged
amorphous oxides are viable cathode materials for RMBs, which would be
advantageous for Mg diffusion and compatibility with the electrolyte.
Importantly, the RC full cell demonstrated in the present study provides
opportunities to investigate the charging/discharging mechanism in a
whole cell, in which the crosstalk and compatibility of multiple materials
and cell components affect cell performance, ultimately leading to the
realization of practical RMBs.

Methods

Synthesis. Mg »7Li09Ti011M0p 2,0 (MLTMO) was produced by a
modified solution combustion synthesis (SCS) followed by ion exchange
between Li and Mg from the ion exchange precursor Li,Ti;;3M0,/30;
(LTMO). Stoichiometric quantities of (NH,)sMo0,0,4-4H,O (Wako,
purity 99%), titanium tetraisopropoxide ([(CH;),CHO],Ti, Wako,
purity 95%) and a 5% excess of LINO; (Wako) were mixed with propy-
lene glycol C3HgO, (Wako, purity 98%), citric acid anhydrous (Wako,
purity 98%), and ammonium nitrate (Wako, purity 98%) to prepare a
precursor gel. The molar ratio of [metal element]:[propylene gly-
col]:[citric acid]:[ammonium nitrate] was set to 1:2:2:4.5. The molyb-
denum salt, lithium salt, propylene glycol, and ammonium nitrate were
dissolved in deionized water to create a Mo-Li solution. A citric acid
solution (CA solution) was prepared by dissolving citric acid in dehy-
drated ethanol predried with 3 A molecular sieves overnight. Titanium
tetraisopropoxide was mixed with dehydrated ethanol to create a Ti
solution. For batch synthesis of 100 mmol LTMO, these three solutions
were prepared with ~250 ml of solvent each.

The CA solution was added to the Ti solution and mixed thoroughly
for ~10 min. Then, the Mo-Li solution was carefully dripped into the Ti
solution under rapid stirring so that the transparency of the mixed solution
was maintained. The mixed solution was heated at 60 °C overnight. The
temperature was then changed to 65 °C, and the mixture was heated for a
few days until the solution changed to a light orange viscous paste.
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The paste was placed on an alumina boat and calcined at 600 °C for
10h with 10% H,-Ar gas flow. The paste spontaneously combusted at
approximately 300 °C during the temperature increase in the furnace. The
obtained puff-like black product was transferred to an Ar-filled glove box
with minimal exposure to moist air and hand-milled using an agate mortar
and pestle. The powder was further ball-milled at 500 rpm for 200 min in
total with 0.5 mm-¢ zirconia balls in dimethyl carbonate in an Ar atmo-
sphere. The pristine LTMO powder contained 24 wt% residual amorphous
carbon derived from propylene glycol and citric acid, as determined by
infrared absorption spectroscopy after combustion.

Ion exchange and electrochemical tests were performed with compo-
site electrodes fabricated by mixing the synthesized LTMO with carbon
black (Super C65, Timcal) and polyvinylidene difluoride (PVDF, Kureha) at
a weight ratio of 8:1:3 while maintaining an inert Ar atmosphere in a mixing
container. The obtained slurry was uniformly applied onto aluminum foil
and vacuum dried at 120°C for 12h. The cropped electrode, typically
16 mm ¢, was immersed in an electrolyte consisting of Mg(TFSA), (Wako)
and triglyme at a molar ratio of 1:2.22 for 24 h at 90 °C to promote ion
exchange between Li and Mg. The ion-exchanged electrodes were washed
with ultradry acetonitrile (Wako, >99.8%), dried, and used for electro-
chemical evaluation and characterization. Ion exchange and subsequent
washing were performed in an Ar-filled glove box. The triglyme, which was
obtained from Tokyo Chemical Industry, was predried with 3 A molecular
sieves.

Electrochemical testing. Three-electrode split cells (SB9, EC Frontier),
were assembled and operated for electrochemical testing in Ar-filled
glove boxes. Al foil covered the cell casing on the cathode side to prevent
contact between the stainless steel cell body and the electrolyte. Polished
pure magnesium foil (Nilaco or Rikazai, 60-100 pm thick, >99.9%) was
used as the counter electrode. The reference electrode was lithium foil
(Honjo Metal) immersed in 1 M LiTFSA in triglyme as the electrolyte,
separated from the main bath by a ceramic filter. The working electrode
potential was converted to V vs. Mg**/Mg by using the experimentally
determined potential difference of 1.0 V between Li*/Li and Mg*'/Mg in
the system. A glass fiber filter (GF/F, Whatman) was used as a separator.
The electrolyte was 0.53 M Mg[B(HFIP),], in triglyme. The electrolyte
was pretreated before cell evaluation by applying constant potentials of
1.3 and 4 V vs. Li*/Li for 48 h at each potential to eliminate any redox-
active impurities. For electrolyte pretreatment, Pt foil and Mg ribbon
were used as working and counter electrodes, and the electrolyte was
stirred.

Two-electrode 2032 coin cells (Hosen) were assembled using the same
components as the three-electrode split cells except for the absence of a
reference electrode. The cathode side of the cell housing was coated with
aluminum.

Electrochemical measurements were conducted using VMP3, VSP-
300, and VSP apparatuses (Biologic) at room temperature. Galvanostatic
charging/discharging tests were conducted at a current density of 10 mA g '
within a potential window of 1.8-4.1 V versus the Li RE. To evaluate the
discharge rate capability, the cell was charged at a common current density
of 10mA g to 4.2 V versus the Li RE before being discharged at various
current densities to 1.7 V versus the Li RE.

Sample characterization. After electrochemical testing, all the electrode
samples were washed with ultradry acetonitrile for further character-
ization. X-ray powder diffraction (XRPD) was performed with a Smar-
tLab apparatus (Rigaku) equipped with a molybdenum X-ray source and
a 1D D/teX detector (Rigaku) in Debye-Scherrer geometry. The electrode
samples were encapsulated within Lindeman glass capillaries (500 pm
diameter) in Ar-filled glove boxes to prevent air exposure. The zirconium
K filter was placed upstream of the sample to suppress the Mo Ka
fluorescence from the Mo-containing samples, which is excited by the
high-energy continuous X-ray from the X-ray tube, in addition to the
original purpose of Mo Kp elimination. The background was numerically

subtracted from the XRPD profiles using the XRPD profile of a blank
capillary.

The cation composition was determined by inductively coupled
plasma-optical emission spectroscopy (ICP-OES). The carbon content in
the pristine sample was evaluated via infrared absorption spectroscopy after
combustion.

Transmission electron microscopy (TEM), scanning transmission
electron microscopy (STEM), and EDS were performed utilizing a
spherical-aberration-corrected JEM-ARM200F microscope (JEOL) oper-
ating at 200 kV. The samples were prepared for STEM observation by
suspending them on copper-mesh grids coated with thin perforated carbon.

X-ray absorption spectroscopy (XAS) was performed at the BL11S2
beamline of AichiSR, Japan. Washed electrode samples were mixed with
boron nitride, compressed into pellets 3 mm in diameter, and sealed with
polyimide film tape to avoid exposure to air during measurement. The Mo
K-edge absorption spectra were measured in transmission mode.

Amorphous model and valence-based analysis. To generate an
amorphous Mg;/,Ti;;3Mo0,,30; structure, a 5x5x5 supercell of a
rocksalt-type Li,Tij,3Mo0,/305 configuration was constructed, in which
Li, Ti, and Mo cations were randomly distributed over the cation sub-
lattice. The 1000-atom system was subjected to classical molecular
dynamics simulations using LAMMPS® with the CHGNet™ machine-
learning potential.

The structure was melted at 3000 K using the Langevin thermostat for
10 ps in the NVE ensemble with a damping parameter of 0.02 ps, followed
by alinear quench to 300 K over 20 ps. The time step was set to 1 fs. After the
quench, energy minimization and isotropic cell relaxation were performed
to remove residual stress. Final equilibration was conducted at 300 K for
10 ps using the NVT ensemble.

To achieve the target composition, 50% of the Li atoms were replaced
with Mg and the other 50% were with vacancy. The resulting structure was
relaxed by density functional theory (DFT) calculations using VASP*"™,
employing the PBE functional and the projector augmented-wave (PAW)
method”**. Tonic relaxation was performed with a force convergence
threshold of 0.005 eV/A and an energy convergence criterion of 5 x 10~ eV.
The cell shape and volume were allowed to change, and T-point sampling
was used.

Bond valence sum (BVS) analysis was conducted on the amorphous
Mg, Tiy;3sMo0,/305 structure to identify energetically favorable ion
sites”. A uniform three-dimensional 200 x 200 x 200 grid was generated
within the unit cell (a,b,c = 20.38 A) with a mesh spacing of ~0.1 A along
each axis. Grid points within 1.7 A of any existing atom were excluded to
avoid unphysical overlaps. At each remaining grid point, the BVS was
calculated using the bond valence expression:
vays = Z;exp{ (R, — d;) /b}, where d; denotes the distance to the ith
oxygen atom within 6.0 A, R, =1.693 A is the bond valence parameter
for the Mg-O ion pair, and b= 0.37 A is the universal constant com-
monly applied in bond valence modeling®. The expected valence for Mg
was set to 2.0, and the absolute valence mismatch |"Bvs - 2.0| was
evaluated at each grid point.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon reasonable request.
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