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High energy-density rechargeable batteries are strongly demanded from the viewpoint of energy and envi-
ronmental concern. This work is devoted to fundamental electrochemistry on a novel concept of rechargeable
battery, “rocking-chair type” Mg-Li dual-salt battery (DSB), where both Mg and Li cations are carrier ions.
In this system, dangerous dendritic growth is drastically suppressed by co-electrodeposition of Mg and Li,
and Mg-Li alloys can be used as anode materials with high electrical capacities. As a DSB cathode material
that can accommodate both Mg and Li cations, we use a spinel oxide MgCo2O4, in which an eccentric
insertion mechanism, “intercalation & push-out” process, occurs. Mg insertion occurs at 2.9 V vs. Mg2+/Mg
and Li insertion does at 3.1 V vs. Li+/Li, being consistent with ab initio calculations, and its capacity
approximately amounts to 150–200 mAh g−1. In the combination of MgCo2O4 and Mg50Li50 alloy, the cell
voltage during discharge is as high as about 2–3 V. The concept of rocking-chair type DSB systems provides
a new strategy for future safe rechargeable batteries combining high energy/power densities.

Polyvalent less-noble metals, e.g., Mg, Ca, and Al, have at-
tracted much attention as an anode material for polyvalent-
metal rechargeable batteries, because their theoretical capaci-
ties (e.g., 2200 mAh g−1 for Mg) are much higher than those
(about 370 mAh g−1) of carbonaceous materials currently used in
LIBs. Especially, since it was found that the Chevrel compound,
Mg2Mo6S8, could be used as a cathode material of magnesium
rechargeable batteries (MRBs),1 MRBs have attracted growing at-
tention not only due to the low redox potential of Mg, but also
due to its abundance, inexpensiveness, and relatively safe handling.
Above all, the most advantageous point of MRBs is that Mg metal
can be adopted as an anode material, because the non-dendritic
(i.e., smooth or plate-like) electrodeposition can be attained upon
charge unlike Li anode, which can avoid a fatal concern about short
circuit.2–5

Recently, Ichitsubo and Yagi et al.6 reported a concept of
Daniell-type dual-salt battery (DSB) that contains Mg and Li dual
salts in a tetrahydrofuran electrolyte, then followed by some inde-
pendent researchers.7–9 In the Daniell-type DSB systems, the redox
reaction associated with Li occurs at the cathode and that associ-
ated with Mg takes place at the anode. Although such Daniell-type
battery cannot enhance the energy density due to requirement of
huge amount of electrolyte, they have clearly shown a significant
advantage of DSBs in that the fatal problem of dendritic electrode-
position is drastically suppressed even at a sufficiently low potential
at which Li metal can be electrodeposited on charge. This supe-
rior feature on the anode morphology can be obtained for various
electrolyte systems; see Fig. 3S in Supplementary Information (SI).

In this work, we propose a “rocking-chair type” DSB concept,
where Mg and Li cations can be both carriers in the battery so that
the two kinds of cations in a Mg-Li alloy anode can be transferred
to a cathode active material, and vice versa, which can reduce dra-
matically the amount of electrolyte unlike the Daniell-type DSB
system; Fig. 1 clearly illustrates this concept. Here, we basically
used CsTFSA-based mixed ionic liquids as an electrolyte that can
endure at about 200–300◦C,10 to conduct electrochemical tests at
about 150◦C for the spinel oxide cathode materials recently re-
ported by the present authors.11 As shown in optical and SEM
micrographs in Fig. 1, a critical issue of dendritic morphology was
also confirmed on charge at 150◦C in using a binary (Li10/Cs90)-
TFSA ionic liquid (the molar ratio of LiTFSA/CsTFSA is 10/90),
where CsTFSA plays a role of a solvent. As opposed to this, in us-

∗Corresponding: tichi@mtl.kyoto-u.ac.jp

ing a ternary (Li10/Mg10/Cs80)-TFSA ionic liquid, we can obtain
a very smooth non-dendritic morphology in the co-electrodeposited
Li-Mg alloy, despite setting at a sufficiently low potential (−0.5
V vs. Li+/Li in RE: RE means the Li reference electrode in a
separated glass tube), at which Li metal can be electrodeposited;
the atomic ratio of the electrodeposited alloy was measured to be
Li/Mg(/Cs) = 1.9/1(/0.2) by the inductively coupled plasma (ICP)

FIG. 1: Concept of Mg-Li dual-salt battery system based on the
anode characteristics. The respective merits and demerits of Li
and Mg batteries are illustrated with scanning electron and optical
microscope images of the electrodeposited Li metal in (Li10/Cs90)-
TFSA (lower) and Li-Mg alloy (Li10/Mg10/Cs80)-TFSA (upper).
In the case of electrodeposition of Li metal, dendritic morphology
is observed and fragments of Li metal remain in the beaker cell.
In contrast, in the Mg-Li dual-salt system, the dendrite formation
was significantly suppressed on charge. The Daniell-type combina-
tion of cathode materials for Li batteries with Mg-Li alloy anode
cannot enhance the energy density, but the rocking-chair type com-
bination of cathode materials for Mg batteries with Mg-Li alloys
would enhance the energy density effectively.
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FIG. 2: (a) Spinel structure depicted by setting a 32e site at origin. (b) Typical three-electrode beaker cell used here, where Li metal
immersed in a 0.5 M-LiTFSA/DEMETFSA electrolyte in a glass tube separated with a porous ceramic filter was used as the reference
electrode (RE). Cyclic voltammograms with chronoamperometry (CVA) at 150◦C of MgCo2O4 for (c) Mg insertion/extraction and (d)
Li insertion/extraction processes. The ionic liquids of Mg(TFSA)2/CsTFSA = 1/9 and LiTFSA/CsTFSA= 1/9 (mol ratio) were used
for the Mg and the Li batteries, respectively. The potential conversion rule is described in SI. Battery cycle tests (e) for the Mg battery
system, WE: MgCo2O4, CE: Mg, RE: Li in a separate glass tube, and (f) for the Mg/Li dual-salt battery system, WE: MgCo2O4, CE:
Mg-Li alloy, RE: Li in a separate glass tube. Cut-off conditions in the battery tests were made based on the WE potential. In the cathode
active material after the battery test, the insertion-amount ratio of Mg and Li was measured to be Mg/Li = 7/5 by ICP.

analysis. In addition, there is no metal segments fallen off from the
electrode in the beaker cell. Thus, it is clearly shown that this
anode morphology of co-electrodeposition of Mg-Li alloy is quite
superior to the Li dendritic morphology.

Apparently, as illustrated in Fig. 1, rocking-chair type DSB sys-
tems inevitably require cathode materials that can accommodate
not only Li but also Mg cations. Since MRB cathode materials
like Chevrel compounds that can accommodate divalent Mg ions
would do monovalent Li ions as well,7,12,13 consequently we need
to seek cathode materials for MRBs. Despite that several candi-
dates for the cathode materials of MRBs have been reported,14–16

currently only Chevrel compounds1,12 can show superior inter-
calation/deintercalation characteristics at ambient temperatures.
Thus, currently there are few cathode materials for MRBs, and even
if the Chevrel compounds are used, the theoretical electrode energy
density of the MRB system is less than 150 mWh g−1 (much less
than about 370 mWh g−1 in a combination of LiCoO2 vs graphite).
In this study, as a cathode material for DSB, we use a spinel oxide
MgCo2O4 with a higher theoretical capacity 260 mAh g−1(actually
about 200 mAh g−1 at 1/20 C) and redox potential approximately 3
V vs. Mg2+/Mg, where the eccentric insertion mechanism, termed
“intercalation & push-out” process, takes place.11

To see fundamentally the electrochemical phenomena in elec-
trodics, we have to construct three-electrode beaker cells; a typical
construction of beaker cells used here is illustrated in Fig. 2(b),
where Li-metal ribbon immersed in a glass tube separated by a ce-
ramic filter was used as a reference electrode (RE). Figures 2(c) and
2(d) show the cyclic voltammetry with chronoamperometry (CVA)
profiles for Mg and Li insertion/extraction processes, respectively;

the constant potentials in the chronoamperometry were set at 1.5 V
and 2.0 V vs. Li+/Li in RE for Mg and Li insertions, respectively,
by taking into account the difference in the current densities. Usu-
ally one would consider the conventional reaction of Mg extraction
from the host material. However, in this work, without a pre-charge
process we directly inserted Mg cations into a host MgCo2O4 active
material, by utilizing 16c-site vacancies in the spinel structure11.
It is clearly seen that Mg and Li insertions can occur into the host
MgCo2O4 and then these cations can be reversibly extracted dur-
ing a charge process; see Fig. S2 in SI for cyclic voltammograms
(incidentally, as seen in Table S1 in SI, Cs cations can hardly be
inserted into MgCo2O4). The equilibrium redox potentials for the
insertion/extraction of Mg and Li cations are estimated to be about
2.9 V vs. Mg2+/Mg (3.4 V vs. Li+/Li in RE) and 3.1 V vs. Li+/Li
(3.2 V vs. Li+/Li in RE), respectively; see Fig. S1 in SI for the
potential conversion rules. Despite the current difference, the in-
sertion amounts obtained by sweep down to about 2.0–2.2 V are
about 100 mAh g−1 in both the cases. Eventually, through the
constant-potential discharge process, the capacities reached about
200 mAh g−1 in both the cases (theoretically 260 mAh g−1). The
similar electrochemical reactions were observed in other spinel ox-
ide compounds, MgMn2O4, Co3O4, etc.11 In contrast to the Mg
insertion/extraction, two distinct stages are clearly observed in the
extraction process of Li. This is due to the difference between the
monovalent Li cation and divalent Mg cation; two Li cations can be
inserted into the spinel structure due to the reduction from Co(III)
to Co(II) of two Co cations in MgCo2O4, but the Li cation already
inserted at a 16c site needs to move slightly to accommodate an
extra Li cation, which is described later. During the rest time, the
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FIG. 3: (a) XRD profiles obtained after deep discharge (about 170–210 mAh g−1 by Mg and Li insertions) and successive charge after
insertion to the same extent. After the insertions of Mg and Li, the active materials substantially show rocksalt structures in both the cases,
and then after charge the rocksalt phase undergoes the reversible transformation to the original spinel phase. (b) Schematic illustration
showing the cation insertion and transformation process. In the spinel structure, where a 32e site is set at origin, 8a, 16c, 16d, and 32e
mean the Wyckoff positions in Fd 3̄m (space group No. 227), and usually 16c sites (marked by small black circles) are vacant in spinel
structures. After a Mg or Li cation is inserted into a 16c site in the spinel structure, the original cation located in its neighboring 8a
site moves to an adjacent 16c site due to the electrostatic repulsion between the cations, to form a rocksalt structure. This fundamental
process occurs within the framework of the spinel structure, and the phase change occurs coherently. (c) After continuous insertion of
cations, atomic-level rocksalt domains are formed in the spinel structure, resulting in the coherent phase separation.

open circuit potential (OCP) recovered rapidly to the initial OCP
value in the Mg case, while it does not revert in the rest time in
the case of Li.

Figure 2(e) shows the constant-current battery performance test
for a Mg battery; the electrode potential of WE was monitored
versus RE. Also in this case, the battery test is able to start from
the discharge process. Although the cathode material is seemingly
degraded with the cycle number, this is mainly due to the following
two reasons: the low thermal stability of the PVDF binder and
the oxidation decomposition of the electrolyte during charge (the
oxidation limit of electrochemical window is about 4 V vs. Li+/Li
in RE). Thus, to settle the probelm of the capacity fading is a future
work. In the 1st discharge process, the converted working potential
is shown to be 2–2.5 V vs. Mg2+/Mg, and the capacity amounts
to about 120 mAh g−1 above 2 V vs. Mg2+/Mg and also amounts
to 170 mAh g−1 above 1 V vs. Mg2+/Mg at a rate of 1/10 C. In
this battery system, however, the Mg anode is readily passivated in
the (Mg10/Cs90)-TFSA ionic liquid, so that its anodic dissolution
comes to occur above 1.5 V vs. Li+/Li in RE, which leads to an
unfortunate consequence that the cell voltage decreases with the
passivation of the Mg anode.17

However, we can completely exploit the high potential of the
cathode material in the Mg-Li dual-salt battery. Figure 2(f) shows
the cell voltage versus capacity curve obtained for a Mg-Li dual-
salt battery. In the Mg-Li dual-salt battery, an Mg49Li51 alloy in
atomic ratio was used for the anode material, and the ternary ionic
liquid of (Li10/Mg10/Cs80)-TFSA (atomic ratio of cations) was
used for the electrolyte. In this case, surprisingly the anodic dis-
solution of the Mg-Li alloy can occur at reasonably low potentials
about 0.5–0.6 V vs. Li+/Li in RE (note that the anodic dissolu-
tion potential is much lower than the potential (∼ 1.5 V vs. Li+/Li
in RE) of the passivated Mg electrode; the anodic dissolution be-
havior of the BCC Mg-Li alloy is shown in Fig. S5 in SI. Thus,
it is shown that alloying of Mg with Li would be effective to cir-

cumvent the electrode passivation, and consequently we can obtain
an excellent cell voltage of about 2–3 V during a discharge pro-
cess. Nevertheless, in the near future, we have to figure out the
passivation problem of the Mg-metal electrode by creating a more
excellent electrolyte for MRBs that essentially cause no passiva-
tion. The atomic composition of the MgCo2O4 cathode after the
final discharge in the battery test indicates that almost the same
quantity of Mg and Li cations (atomic ratio in the cation insertion:
Mg2+/Li+ = (1.6-0.9)/(0.5-0) ∼ 7/5) were inserted into the active
materials and Cs cations can hardly be inserted; See Table S1 in SI.
This means that the capacity by the divalent Mg cations is more
than twice of that by the monovalent Li cations, and thus the roles
of Mg cations are significant not only for the anode morphology
but also for the high potential of the cathode reaction.

To understand the cation-insertion mechanism, we conducted
structural analyses before/after battery tests. As shown in Fig.
3(a), after a sufficiently large amount of discharge (about 170–
210 mAh g−1), mostly a rocksalt phase can be detected in the XRD
profiles for both Mg-insertion and Li-insertion processes. The fact
that the spinel phase disappears even at such an incomplete dis-
charge amount less than the theoretical value (260 mAh g−1) means
that the rocksalt phase includes a certain amount of cation vacan-
cies; a solid-solution phase of off-stoichiometry exists. It is nat-
urally expected that MgCoO2 of a random solution type rocksalt
phase is formed in a final state after the Mg insertion, since both
of MgO and CoO have similar rocksalt structures. However, inter-
estingly, also in the Li insertion process, the structure of MgCo2O4

changes from spinel to rocksalt. In both cases, by successive charge,
the discharged rocksalt phase reverts to the initial spinel phase,
which suggests that Co(II) cations with a larger ionic radius than
that of Mg cations are hardly extracted from the host material
during the charge process, because, if not so, the spinel structure
cannot be retrieved; the Mg cations remaining in the spinel struc-
ture cannot compensate the electrical charge (within the II↔III
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valence change of Co). As to the Mg insertion and extraction, we
have confirmed the valence change of the transition metals by the
XANES measurement.11

To complement the experimental findings, ab initio calculations
were performed using the GGA+U approach; see Methods and
SI for details. At the beginning, we searched for the most stable
spin and magnetic configurations in various atomic configurations
of spinel MgCo2O4, and then, Mg or Li were inserted to create
Mg2Co2O4 and MgLiCo2O4 models. Since MgCo2O4 is a disor-
dered spinel, we considered all possible cation configurations in the
primitive unit cell. We started geometry optimizations from two
sets of initial structures; after placing of Mg or Li atoms at 16c
sites, we artificially displaced their neighboring cations being lo-
cated at 8a sites to 16c sites to form rocksalt structures for the first
set, and left them intact for the second set. The most stable mag-
netic configurations were also determined in the rocksalt structures,
and the redox potentials were estimated for all the configurations.
Eventually, most of tested atomic configurations of Mg2Co2O4 and
MgLiCo2O4 converged to the rocksalt structures, whose averaged
lattice constants estimated from the cell volume changed by the
cation insertion to 8.54 Å and 8.43 Å (twice the lattice constant of
the rocksalt) from 8.38 Å of spinel MgCo2O4, respectively, which
are in qualitative agreement with the XRD data.

The average redox potentials for Mg and Li insertion are calcu-
lated to be 3.0 V vs. Mg2+/Mg and 3.4 V vs. Li+/Li, respectively.
The former excellently agrees with the experimental potential of
2.9 V vs. Mg2+/Mg, but the latter shows slight discrepancy from
the experimental value. The lower experimental value of 3.1 V
vs. Li+/Li compared to the theoretical redox potential would be
attributed to excess Li insertion in the experiment. In view of the
insertion capacity of monovalent Li cations, further Li ions can be
inserted into rocksalt MgLiCo2O4. Actually, the CVA profile for
Li insertion/extraction processes in Fig. 2(d) shows a double peak
feature compared to that for Mg insertion/extraction processes.
Thus, Li insertion/extraction process is, in principle, composed of
two stages. To comprehend these observations, we further modeled
Li1.5MgCo2O4 containing excess Li ions and calculated its redox
potential. In the initial structures, the excess Li ions were set at
8a sites (Wyckoff positions based on the original spinel structure).
Through the geometry optimization, as seen in Fig. S6, in some
structures, the original Li cations at 16c moved to off-sites to form
dimers with the Li cations originally located at the adjacent 8a, and
in other structures, the original Li at 16c and extra Li at 8a slightly
deviated from their sites. The redox potential of excess Li insertion
(1.5 Li in total) is calculated to be 1.7 V vs. Li+/Li, which is much
lower than at the first stage. Namely, if we consider the average po-
tential in the excess Li insertion, it approximates 2.8 V vs. Li+/Li;
this suggests that over insertion of Li cations may occur from the
beginning of discharge in the actual experiments. Thus, the lower
experimental redox potential would be reflected by the mixture of
the two insertion stages associated with the kinetics of the Li diffu-
sion. Since Li ions are monovalent, the resultant structures would
be determined so as to reduce electrostatic repulsion. As a result,
the averaged theoretical lattice constant of MgLi1.5Co2O4 is 8.56
Å, which is almost the same as that of Mg2Co2O4.

Based on the present experimental and theoretical calculation
results, we propose the cation-insertion mechanism into the spinel
MgCo2O4 cathode material in the DSB system, which is compre-
hensively described for the Mg insertion in our companion paper.11

The insertion reaction of Mg or Li cations is expressed as
MgCo2O4 + x(Mn+ + ne−) ↔ (1−x)MgCo2O4 + xMgMCo2O4,
where MgCo2O4 and MgMCo2O4 (M: Mg or Li) exhibit spinel and
rocksalt structures, respectively, and the dual-phase equilibrium
occurs during discharge/charge process (if M = Mg, MgMCo2O4

denotes rocksalt MgCoO2). In this phase separation process, the
slight structural change or atomic rearrangement must be also
accompanied by the cation insertion. Figure 3(b) illustrates an
eccentric insertion process, “intercalation & push-out” process in
the DSB system,11 where the Mg/Li cations are intercalated into
16c sites in spinel and the Mg/Co cations in the neighboring 8a

FIG. 4: Discharge and charge processes in the dual-salt battery
system. During discharge, Li is preferentially dissolved into the
electrolyte, leading to the preferential insertion of Li cations into
the cathode. After the condensation of Mg in the alloy, Mg starts to
be dissolved, and Mg cations are inserted into the cathode material.
On the other hand, during charge, both Li and Mg cations are
extracted from the cathode, which leads to the deposition of Li-
rich alloy on the anode collector, and subsequently Mg cations are
extracted from the cathode and Mg-rich alloy is deposited on the
anode-material side. It should be noted that dendritic growth is
significantly suppressed even in the deposition of Li-rich alloy.

sites move away to their adjacent 16c sites to circumvent close ap-
proach of the cations (by the electrostatic repulsion). Around the
Mg/Li-inserted 16c sites, the crystal lattice undergoes the spinel-
to-rocksalt transition, thus the atomic-level two-phase equilibrium
can be attained, and consequently this structural change would oc-
cur coherently, as seen in Fig. 3(c), by which deterioration of the
lattice structure would be significantly suppressed.

Our final goal of this project is to produce a rocking-chair-type
Mg-Li dual-salt battery, and such a battery system cannot be ac-
complished unless high potential cathode materials for MRBs such
as MgCo2O4 are developed. In the present study, we used the
beaker cells, in which the amount of the electrolyte is relatively
large so that the electrolyte composition is maintained during the
redox reactions in both the electrodes. This is, of course, impor-
tant to show the fundamental electrochemical aspects in the DSB
system. However, in the practical battery system, we need to re-
duce the electrolyte amount as much as possible (ultimately almost
zero), which is feasible by using the “rocking-chair type” DSB con-
cept presented here. Figure 4 shows the discharge/charge processes
that are reasonably predicted from the present results. In the Li-
Mg alloy anode, Li is dissolved preferentially to Mg in terms of the
difference in their redox potentials, so that, in the later stage of
discharge process, Mg-rich-shell structure would be formed in the
cathode material (not only because of the dissolution-potential dif-
ference but also because of the slower diffusion of Mg cations in the
oxides). During charge, both Mg and Li cations can be extracted
from the cathode material from the shell, while Li-Mg alloy (prob-
ably Li-rich alloy) are co-deposited with no dendritic formation at
the anode side, as shown in Fig. 1. In the combination of MgCo2O4

and MgLi alloy, the theoretical electrode energy density would be
enlarged up to 600 mWh g−1, which is 4–5 times higher than the
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conventional Mg battery and also higher than that of current LIBs.
Thus, the rocking-chair type DSB systems would show superior ad-
vantages, such as fast diffusion of Li ions and non-dendritic elec-
trodeposition, which would open the way for a metal(alloy)-anode
rechargeable battery that combines high energy/power densities.

Methods

Sample preparation

All Spinel oxides were synthesized by the inverse co-precipitation
method.16,18,19 Aqueous metallic nitrate salt solutions (0.1 L,
0.080 M Mg(II), 0.160 M Co(II)) were prepared by dissolving
Mg(NO3)2·6H2O and Co(NO3)2·6H2O in deionized water. A
sodium carbonate solution (0.2 L, 0.350 M Na2CO3) for pH control
and precipitation was also prepared. These solutions were heated
to 70–80 ◦C under vigorous stirring (500 rpm). The metallic ni-
trate salt solutions were added dropwise into the sodium carbon-
ate precipitation solution. The resulting suspensions were stirred
at 70–80◦C for 30 min and then filtered. The filtered precipitates
(precursors) were rinsed with deionized water (300 cm3) at 80◦C
to remove completely Na-containing by-products, and air-dried for
24 h at 80◦C. The precursors were followed by calcination in air at
350◦C for 24h.

Electrochemical tests

Each composite cathode was prepared by coating an Al plate
with a mixture of the MgCo2O4 (active material), carbon black
(as conductive agents), and PVDF (binder) in a weight per-
cent of 80:10:10. Various kinds of beaker cells of three-electrode
type were constructed for the electrochemical tests in a glove
box whose dew point was below −72◦C, where typical weight
of the active materials was about 1 mg on 5 mm x 10 mm
square and volume of electrolyte was about 2 ml. Mainly we
used CsTFSA-based ionic liquids containing Mg(TFSA)2 and/or
LiTFSA salts, where TFSA is bis(trifluoromethanesulfonyl)amide,
N(CF3SO2)2−. The composition of the electrolyte is denoted
as, for example, (Li10/Mg10/Cs80)-TFSA, when the molar per-
cent of the cations in the mixed ionic liquid is Li:Mg:Cs
= 10:10:80. The ionic liquid used for the reference elec-
trode was N,N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium
bis(trifluoromethanesulfonyl)amide (DEMETFSA). All the electro-
chemical tests were done with galvanostatic/potentiostatic appara-
tuses (Biologic, SP-300 and VSP-300) in the glove box.

Structural analysis

The structure of the active material was investigated by X-ray
diffraction (XRD; Rigaku, RINT2200) by the irradiation of Cr Kα

(λ=2.290 Å). The crystal structure was drawn using VESTA 320,
and crystal structure refinement was performed based on the XRD
data using the Rietveld program RIETAN-FP21.

Ab initio calculations

A series of ab initio calculations was performed using the
projector augmented-wave (PAW) method22 as implemented in
vasp23,24. PAW data sets with radial cutoffs of 1.08, 1.06, 1.22,
and 0.80 Å for Li, Mg, Co, and O, respectively, were employed. Li
2s, Mg 3s, Co 3d and 4s, and O 2s and 2p were described as va-
lence electrons. We adopted the Perdew-Burke-Ernzerhof general-

ized gradient approximation (GGA)25 to density functional theory.
For correcting on-site Coulomb interactions in the Co-3d orbitals,
we adopted the +U scheme proposed by Lichtenstein et al.26. Zhou
and his colleagues have determined effective U values for the Co-3d
orbitals to be 5.0–6.3 eV in oxides using a selfconsistent scheme,
which can well reproduce the voltage of Li ion batteries within a
few tenth eV27. Based on this report, we here selected U=6 and
J=0.88 eV. In all calculations, lattice constants and internal atomic
positions were fully optimized until the residual stresses and forces
converged to less than 0.3 GPa and 0.02 eV/Å, respectively. Wave
functions were expanded with a plane-wave basis set and cutoff
energies were set to 550 eV. Spin polarization was considered.

According to the Nernst equation, we calculated the redox po-
tentials of MgCo2O4 by Mg insertion as

V Mg = − 1

2e
[E(Mg2Co2O4) − E(MgCo2O4) − E(Mg)],

and by Li insertion as

V Li = −1

e
[E(LiMgCo2O4) − E(MgCo2O4) − E(Li)],

where e (> 0) is the elementary charge, and E is the total energy.
In addition, we modeled Li1.5MgCo2O4 containing excess Li ions
and calculated its redox potential as

V Li
ex = − 1

0.5e
[E(Li1.5MgCo2O4) − E(LiMgCo2O4) − 0.5E(Li)].
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