Downloaded viaNATL INST FOR MATLS SCIENCE (NIMS) on March 10, 2023 at 00:01:50 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to |egitimately share published articles.

Wwww.acsnano.org

Ultraporous, Ultrasmall MgMn,O, Spinel
Cathode for a Room-Temperature Magnesium
Rechargeable Battery

Hiroaki Kobayashi,* Yu Fukumi, Hiroto Watanabe, Reona limura, Naomi Nishimura, Toshihiko Mandai,
Yoichi Tominaga, Masanobu Nakayama, Tetsu Ichitsubo, Itaru Honma, and Hiroaki Imai*

Cite This: ACS Nano 2023, 17, 3135-3142 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information
ABSTRACT: Magnesium rechargeable batteries (MRBs) prom- e 3 -

ise to be the next post lithium-ion batteries that can help meet £ |ultraporous & ultrasmall single nanopore (~3 nﬁ
the increasing demand for high-energy, cost-effective, high- E

safety energy storage devices. Early prototype MRBs that use & 2

molybdenum-sulfide cathodes have low terminal voltages, = K 5y

requiring the development of oxide-based cathodes capable of & e =
overcoming the sulfide’s low Mg>* conductivity. Here, we $ 1 @@ N g

fabricate an ultraporous (>500 m’> g~') and ultrasmall (<2.5 = .’.£.

nm) cubic spinel MgMn,0, (MMO) by a freeze-dry assisted ;J)

roor.n-temperature al'ct.)hol r'eduction process. While the as: 00 : 1‘0 ~50|>10 nm pore ultrasmall
fabricated MMO exhibits a discharge capacity of 160 mAh g™, Particle diameter / nm particle

the removal of its surface hydroxy groups by heat-treatment
activates it without structural change, improving its discharge
capacity to 270 mAh g~'—the theoretical capacity at room temperature. These results are made possible by the ultraporous,
ultrasmall particles that stabilize the metastable cubic spinel phase, promoting both the Mg’* insertion/deintercalation in the
MMO and the reversible transformation between the cubic spinel and cubic rock-salt phases.

KEYWORDS: magnesium battery, porous nanoparticles, cathode materials, cubic metastable spinel, freeze-drying

ith the growing number of portable electronics and between Mg** and O>"."° Our previous density functional
Welectric vehicles, the demand for energy storage theory (DFT) studies has indicated that the Mg>* diffusion

devices, such as lithium-ion batteries (LIBs), is coefficients at 298 K in the cubic MMO (6.4 X 107" cm?
ever-increasing.’ To meet this demand for high-energy, cost- s™1)'" to be 10° times lower than the Li* diffusion coefficient in
effective, and high-safety energy storage devices, new types of the similar cubic spinel LiMn,0, (4.7 X 10~° cm? S_1)‘15 Very
post-LIBs are always in development. To this end, magnesium recently, an extended mixed conduction theory has indicated
rechargeable batteries (MRBs), have gained much attention: that the Mg** diffusion coefficient in MgCr,0O, is comparable
the abundant Mg metal undergoes safe anode reactions with a to the Li* diffusion, but its conductivity is still estimated at low
predicted volumetric capacity much higher than that of the value."® A large polarization due to the low conductivity is

. T 2—4
expensive and reactive Li metal.

Previously, a working MRB prototype that uses MogSg
Chevrel-type cathode, Mg metal anode, and Grignard-type
electrolyte had been reported by Aurbach et al.” However, this
prototype showed an operating voltage of ~1.1 V, a low value
attributed to the transition metal sulfide-type cathode
materials. Because transition-metal-oxide materials, such as
layered,® tunnel,” and spinel-type®™'° oxides are predicted to
have higher potentials than sulfides, these materials are the
prime candidates for the next MRB cathode material.

Among the transition metal oxides, the spinel MgMn,O,
(MMO) has a suitably high theoretical energy density.'""
However, its conductivity is low due to the strong interactions

expected to cause unwanted effects such as poor energy
efficiency and oxidative electrolyte decomposition (>3.5 V vs
Mg in glyme-based common electrolytes). Some reports
suggest that the Mg insertion/deintercalation in MMO is
accelerated by water addition into the electrolyte.”'” However,
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this approach is not applicable to MRBs due to Mg deposition/
dissolution at the anode. Therefore, the successful replacement
of magnesium sulfides by MMOs in MRBs depends on the use
of electrolytes that is compatible with both the cathode and the
anode.

Here, we demonstrate high-voltage MRB full cells; we
fabricate highly porous nanosized oxides to reduce the Mg
conduction path in the MMO cathode material, an approach
that was previously attempted by many groups.'> Recently, our
group has developed porous MMO nanoparticles (~8 nm
diameter) with a specific surface area (SSA) of ~250 m* g™* by
a sol—gel process,'® and ultrasmall MMO nanoparticles (<5
nm) with a SSA of ~150 m? g™' by alcohol reduction
process,”” which all showed a first discharge capacity of 230
mAh g~ at room temperature. This discharge value, while high
among MMO cathodes, was still 85% of the theoretical
capacity (270 mAh g™"). To enhance the cathode performance
and achieve the theoretical capacity, the addition of porosity to
the ultrasmall MMO nanoparticles is a possible strategy. In this
work, we enhance the cathode performance by increasing the
porosity of the MMO. We fabricate ultraporous, ultrasmall
MMO cathode nanoparticles and demonstrate a first discharge
capacity of 270 mAh g, i.e., the theoretical capacity at room
temperature.

RESULTS AND DISCUSSION

Phase Stability and Migration Energy of Mg Hopping
between the Spinel and Rock-Salt Phases. First, we
investigate the theoretical effects of the Mg** insertion reaction
on the MMO cathode. Figure la shows the DFT-calculated
formation energies for Mg, Mn,0, (1 < x < 2) with varying
Mg/vacancy configurations, where the total energies of both
extremes of the compositional range (x = 1 and 2) are set to 0.
The lowest energy configurations for MgMn,O, and
Mg,Mn,0, (x = 1 and 2) are confirmed to be the spinel
and the rock-salt structures, respectively, where all Mg ions
occupy the tetrahedral and the octahedral sites. All the
formation energies for Mg Mn,O, (1 < x < 2) cells are
positive, indicating a two-phase transformation reaction
between the spinel MgMn,O, (x = 1) and the rock-salt
Mg,Mn,0, (x = 2). The calculated reaction potential for the
two-phase transformation is 1.68 V (vs Mg**/Mg).

The kinetics of two-phase transformation reactions are often
slow, since these reactions involve both nucleation and growth
processes that accompany phase-boundary motions. However,
Malik et al. have suggested previously”® that the kinetically
feasible single-phase transformation pass (i.e, solid solution
reaction) for the olivine-type LiFePO,—FePO, system shows
ultrafast reaction kinetics”' despite the two-phase coexistence
reaction system. The availability of the single-phase trans-
formation pass is attributed to small formation energies for the
intermediate compositions, corresponding to very small
overpotential. Note that both MgMn,0, and Mg,Mn,0,
structures consist of the same structure flamework of Mn,O,,
where oxide ions form cubic closed packing structure and Mn
ions located at the octahedral sites. Mg ions occupy tetrahedral
sites or octahedral sites in MgMn,0,, or Mg,Mn, O, structures,
and both Mg sites are on the 3-dimensional diffusion path.
Hence, a single-phase transformation pass is also available for
the MgMn,0,—Mg,Mn,0, two phase coexistence system.
However, the formation energy profile in Figure 1la, relatively
large overpotential (>1 V) at the onset of discharge reaction
(at the compositional range, 1 < x < 1.25, in Mg,Mn,0,) is
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Figure 1. (a) DFT-calculated formation energies as a function of
composition x in Mg Mn,0, (1 < x < 2) with varying Mg/vacancy
arrangement. The hatched line corresponds to the convex hull. (b)
Energy profile during Mg?* ion migration in rock-salt Mg,Mn,0,
(red curve) and spinel MgMn,O, (black curve).'* (c) Correlation
between the particle diameter of the nanostructured MMO and the
Mg insertion depth published in our previous work.'® The inset
shows the correlation between the SSA and the first discharge

capacity.

required to realize single-phase transformation reaction.
Accordingly, the reaction should proceed via the two-phase
transformation pass between the spinel MgMn,0, and the
rock-salt Mg,Mn,0,.

Previously, we reported that the Mg migration energy for the
cubic MMO is 0.67 eV, indicating that Mg2+ diffusion is
kinetically possible at a 1C-rate, even at 25 °C, via nanoscale
particle synthesis.'* The estimated migration energy agree well
with muon spin relaxation (uSR) studies (~0.7 eV), and
powder diffraction and solid-state NMR studies (~0.69 eV).**
In addition, former DFT-NEB studies for MgMn,0O, and
relatives shows the comparable migration energies ranging
from 0.49 eV to ~0.78 eV).”>"*° However, the Mg migration
energy for the reduced phase, ie. rock-salt Mg,Mn,O, is
expected to be much larger. Figure 1b compares the DFT-NEB
derived energy profiles of Mg migrations in rock-salt
Mg,Mn,0, and spinel MgMn,O,. In rock-salt, the straight
pass shows the lowest migration energy compared with the
bending passes via both tetrahedral vacancy sites (Figure S1).
The migration energy in rock-salt is 2.2 eV, which is about
three times larger than that in spinel."* This route is different
from the spinel MgMn,O,; the energy maximum is at the
middle of the migration pass, adjacent to two oxide ions.
Hence, the repulsive interactions from the overlap of electron
clouds between the hopping Mg and the neighboring oxide
ions may be the primary reason for the large migration energy.

According to the migration energies, the diffusion
coefficients of Mg at 298 K for rock-salt Mg,Mn,0O, are
approximately 10™* c¢m? s™". In other words, the diffusion
distance at 298 K for rock-salt Mg,Mn,0, corresponds to
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approximately 10™'! nm per hour as dictated by random walk
theory. Because the discharge reaction of MMO is determined
to be a two-phase transformation reaction, the partial Mg
insertion into the MMO surface at the initial discharge step is
expected to form the MgMn,0O,-core/Mg,Mn,0,-shell
structure, preventing further Mg uptake due to the slow Mg
diffusion in the rock-salt Mg,Mn,O,-shell phase. This scenario
had been observed in systems such as the MgCo,0, electrode
materials.'>*”

However, our previously developed porous MMO nano-
particles'® have a Mg insertion depth of ~I1 nm at room-
temperature (Figure 1c). This suggests that at the near surface
regions (~1 nm), Mg insertion can proceed faster than
theoretically predicted due to the instabilities at these regions.
In other words, ultrasmall MMO nanoparticles with ~2 nm
diameter should exhibit the full transformation to rock-salt
Mg,Mn,0, at discharge. Further, our previous study shows
that nanosized spinel LiMn,O, undergo fast Li insertion
without formation of the core—shell structure.”® To enable the
Mg insertion into the bulk spinel MgMn,O,, downsizing the
active materials to the ultrasmall-scale to prevent the core—
shell structure formation is essential. In addition, the discharge
capacity of MMO strongly depends on the SSA (inset of
Figure lc). The complete discharge is also achievable using
ultraporous MMO with SSA of ~300 m” g~'. Since the
aggregates should inhibit the Mg insertion into cores, epoch-
making synthesis of ultraporous and ultrasmall MMO
nanoparticles is required.

Suppressing Aggregation to Enhance the Specific
Surface Area of Ultrasmall Nanoparticles. First, we study
the particle size of the primary nanoparticle structure by
synthesizing the MMO nanoparticles following our proce-
dure."” The transmission electron microscopy (TEM) image of
the resulting product in Figure 2a shows MMO particles as
dark spots with an average size of 2.1 nm dispersed throughout
the image. Using the MMO density of 4.67 g cm ™ from the X-
ray diffraction (XRD) Rietveld analysis (Figure S2), we
estimate the SSA to be 610 m® g_l, a large value among
oxides in general.

4 T I T I T
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s 3 —
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Figure 2. (a) TEM image of MMO particles obtained from the
diluted condition. (b) SEM and (c) TEM images of the freeze-
dried MMO particles from the ‘BuOH dispersion. (d) Discharge
curves of MMO cathodes prepared using the three different drying
processes.
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Entry 1 in Table 1 indicates that the Brunauer—Emmett—
Teller (BET) SSA of our MMO previously prepared in ref 19

Table 1. BET SSA of MMOs Prepared Using Different
Drying and Dispersion Processes

Entry  Drying process Dispersion Specific surface area (m2 g_l)
1 Heat-drying 151"
2 Heat-drying 308
3 Freeze-drying Water 293
4 Freeze-drying Cyclohexane 73
S Freeze-drying ‘BuOH 506
6 Spray-drying Water 114
7 Spray-drying EtOH 18§

“Without addition of glyme.

was only 151 m?® g~', due to aggregation of the unstable
ultrasmall particles during the drying process. In this work, we
suppress this aggregation by changing both the reaction solvent
and the drying process. As we have stated previously,'”*’ the
MMO formation reaction is water-sensitive; water contami-
nation should form a less-reactive Mg** aqua complex,
producing either the todorokite-type Mg-OMS-1, or Mn;0,.
Glyme is a well-known electrolyte that interacts with metal
cations to form stable cation-glyme complex. Mixing glyme
into the solution can effectively suppress the formation of Mg>*
aqua complex, obtaining MMO. In addition, the glyme mixing
to the solution is also effective to increase the SSA of spinels,
probably due to surface stabilizing effect to prevent an
aggregation of the particles. This has been demonstrated by
Nakai et al., who succeeded in increasing the SSA of Co—Mn
spinel from 338 to 425 m” g~' by only changing the reaction
solvent—adding glyme to the alcohol solution.’”*' In the
present work, the SSA of the MMO prepared using the glyme-
alcohol mixture (Entry 2 in Table 1) has been practically
doubled without any change in XRD patterns (Figure S3).

Next, we study the control of the secondary porous particle
structure. As the first and second steps in the Figure S4 scheme
illustrate, the MMO suspension is intentionally aggregated and
precipitated by adding a small amount of water as a flocculant.
At this stage, the particles are weakly aggregated via the
intermediate of water. The third and fourth steps in the Figure
S4 scheme involve the strong aggregation by drying. Here, we
compare several drying techniques to control the strong
aggregation. We applied the freeze-drying process that is
commonly used to produce ceramics with complex pore
structure with several dispersion liquids.”> As Table 1 indicates,
while the freeze-dried MMO from the water dispersion (Entry
3) show almost similar SSA from the heat-drying method
(Entry 2), the freeze-dried MMO from the cyclohexane
dispersion (Entry 4) considerably decreased SSA (73 m* g™").
In contrast, the freeze-dried MMO from the tert-butyl alcohol
(‘BuOH) dispersion (Entry S) exhibits the greatest improve-
ment with a SSA of 506 m” g”'. The result in Entry 4 is likely
caused by an accelerated nanoparticle aggregation by
dispersion of the hydrophilic MMO into the hydrophobic
cyclohexane.

We investigate the hierarchical structures obtained using the
Entry S method. The scanning electron microscopy (SEM)
image in Figure 2b shows the resulting porous networks that is
composed of secondary structures of tens of nanometer in
average size. Further, the TEM image in Figure 2c shows that
the secondary particles are the results of aggregated primary
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Figure 3. Heat-treatment of the freeze-dried MMO particles from ‘BuOH dispersion. (a) XRD, (b) Mn K-edge XANES, (c) Raman, and (d)
FT-IR spectra showing the effects of the heat treatment on MMO. (e) Summary of the FT-IR peak-area ratios (Mn—OH/Mn—O—Mn), SSA,
and first discharge capacity. (f) Voltage curves of the MMO after heat treatment at 300 °C.

particles with an average size of 2.4 nm. According to the pore-
size distribution analyzed by using Barrette-Joynere-Halenda
(BJH) method (Figure SS), the hierarchical structure has
nanopores of around 4 nm, and macropores. This bimodal
porous network—with nano- and micropores—is formed by
the weak aggregation of primary and secondary particles,
respectively, keeping the interparticle voids. The strong
interactions between MMO particles via water are reduced
by substitution with ‘BuOH, resulting in the ultraporous
structure.

We also applied the spray-drying process, which is often
used to granulate nanoparticles of ceramics.’® The spray-dried
MMO powders show spherical morphology (Figure S6), which
is different from the freeze-dried MMO powders. The
secondary particle size is dependent on dispersants; 5—20
um in water and 2—5 um in ethanol (EtOH). The SSA of the
structures obtained by the spray-drying process significantly
decreased to 100—150 m* g~' (Entries 6 and 7 in Table 1).

After fine-tuning the MMO using the above methods, we
test the overall MRB performances of the MMO cathodes
using the coin-type full cells, composed of Mg anode and
Mg[B(HFIP),],/triglyme (HFIP: hexafluoroisopropyl) elec-
trolyte. Figure 2d shows the first discharge curves comparing
the MMO obtained from different drying methods. As the
black and red curves in Figure 2d indicate, the heat- and spray-
dried MMO exhibit no discharge plateau, with the discharge
capacities of only 20 and 60 mAh g~', respectively, probably
due to the strong aggregation of MMO particles. The blue
curve in Figure 2d indicates that the freeze-dried MMO
exhibits a 2 V-discharge plateau, suggesting that Mn reduction
has occurred. The discharge capacity, however, is 160 mAh
g~!, which is much lower than the theoretical capacity of
MMO (270 mAh g_l) predicted from the large SSA (inset in
Figure 1c). Since there is no calcination step in the MMO
preparation, the hydroxy groups on the ultraporous particles
surface should be present. These hydroxy groups may inhibit
the discharge reaction.
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Surface Functionalization of MMO by Heat Treat-
ments. To remove the surface hydroxy groups, we apply heat
treatment to the ‘BuOH-freeze-dried MMO. The thermog-
ravimetry (TG) curve of MMO in Figure S7 shows a gradual
weight decrease as the temperature is ramped up to 300 °C,
followed by a sudden weight loss at 500 °C. According to the
XRD in Figure 3a, while no major structural change is
observed during the gradual weight decrease, the MMO
undergoes drastic structural change after the sudden weight
loss. Because the alcohol reduction process is a room-
temperature synthesis, the resulting MMO is a room-
temperature metastable phase; XRD Rietveld fitting (Figure
S2) and inductively coupled plasma atomic emission spectros-
copy (ICP-AES) analyses indicate that the obtained MMO is a
Mg-site defect nonstoichiometric cubic spinel Mg,-,Mn,0,.
The Rietveld analysis also shows the MMO treated at 400 °C
retains its cubic spinel structure (Figure S8a). After the heat
treatment at 500 °C, the cubic spinel transform to tetragonal
spinel (Mg, sMny,)Mn,0, by releasing O, (Figure S8b).

Figure 3b shows Mn K-edge X-ray absorption near edge
structure (XANES) spectra acquired on MMO throughout the
heat treatment. The edge energy of MMO before heat
treatment was between Mn,O; and MnO,, indicating the
mixed valence state of Mn** and Mn*'. The existence of Mn**
supports the estimated nonstoichiometric formula. After heat
treatment, the edge energy shifted to lower energy; reduction
of Mn* proceeds by the heat treatment. The trend in the
energy shift is also observed in Mn 2p X-ray photoelectron
spectra (XPS) (Figure S9).

Figure 3c shows the Raman spectra acquired on MMO
throughout the heat treatment. Spectrum i (before heat-
treatment) shows a broad peak with a shoulder and two weak
peaks. Comparing this spectrum to that of the cubic
LiMn,0,”* and other tetragonal Mn spinels,” we assign
these signals to the cubic spinel phase. We attribute the broad
signal around 615 cm™' to the symmetric stretching Mn—O
vibration of MnOy octahedra with A}, symmetry mode; the
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shoulder at 580 cm™" to the stretching of symmetry mode Fyy
and the weak signals to the F,, and E, mode. Spectrum iv in
Figure 3c shows that after heating at 400 °C, while the F,,
signal has decreased in intensity, the Ay, signal has increased in
intensity. This result suggests the reduction of Mn*" by heat
treatment. Spectrum v in Figure 3¢ shows that after heating at
500 °C, all Raman signals from the cubic spinel phase are no
longer observable, replaced by a set of signals located at 666,
375, and 313 cm™}; we assign these signals to the tetragonal
MMO spinel phase® and attribute them to the vibrations of
Ay By, and A, symmetry mode, respectively. The combined
results from the Raman measurements indicate that the
thermal phase transition from the cubic to the tetragonal
MMO takes place above 500 °C.

Figure 3d shows the Fourier-transform infrared (FT-IR)
spectra acquired on MMO throughout the heat treatment. We
attribute the signal at 600 cm™' to the Mn—O—Mn lattice
vibration and the signal at 3200 cm™" to the OH stretching
mode both of the surface Mn—OH groups and of adsorbed
water. We attribute the signals at 1600 and 1400 cm ™" to the
OH bending modes both of the surface Mn—OH groups and
of adsorbed H,O. Spectra ii—v in Figure 3d show that after the
heating at 200 °C, the signals related to —OH vibrations are
significantly decreased.

Figure 3e summarizes the correlation between the heat
treatment temperatures and the integrated Mn—OH:Mn—O—
Mn peak area ratio: the ratio decreases with increasing
temperature. This result indicates that the heat treatment
above 300 °C removes the surface Mn—OH groups. Figure 3e
also summarizes the correlations between the heat treatment
temperatures and both the SSAs (isotherms were plotted in
Figure S10). and the first discharge capacities of the MMO
(voltage curves were plotted in Figure S11). Up to 400 °C,
while the SSA decreases gradually from 506 to 300 m* g,
indicating the presence of both nanopores and macropores
(Figure S12a), the discharge capacity greatly increases to reach
the theoretical capacity of 270 mAh g_1 at 300—400 °C, where
the surface Mn—OH groups are effectively removed. Electro-
chemical impedance spectroscopy (EIS) confirmed the
decrease in charge transfer resistance by eliminating surface
hydroxy groups (Figure S13). Figure 3e also shows that after
the heat treatment at 500 °C, the SSA is drastically reduced to
below 100 m? g, indicating the complete disappearance of
nanopores (Figure S12b). Similarly, the discharge capacities
are also reduced to 56 mAh g, due to the major structural
changes and low SSA.

Figure 3f shows the discharge/charge cycles of the MMO
treated at 300 °C. We previously confirmed the electrolyte
decomposition at the same cell test condition by XPS
analysis.”® Although the decomposition of electrolyte occurred
competitively during overcharge, but we performed the cell test
with the voltage range of 0.1—4.0 V to proceed the oxidation
reaction. The discharge capacity gradually decreases due to the
side reaction of electrolyte decomposition at the charge step;
the cathode can be well cycled using the high-voltage stable
electrolyte.

Figure 4a shows the calculated Mg’* insertion depths of the
ultraporous and ultrasmall MMO treated at 300 and 400 °C.
The particle diameters were calculated using the SSA. The
calculated insertion depths are longer than that of the
previously reported porous tetragonal MMO nanoparticles.'®
We attribute this improvement to the specific crystal phase: the
ultrasmall MMO is a metastable cubic spinel phase. According
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Figure 4. (a) Estimated Mg insertion depth of the MMO. (b)
Raman spectra of the MMO during discharge—charge.

to previous literature, this phase can be obtained in the
ultrasmall (<7 nm) particle range.“’lg The Mg*" insertion into
MMO results in a formation of the cubic rock-salt Mg,Mn,0,,
during the discharge process. Though the Mg*" migration
energy is almost same between the cubic and the tetragonal
MMOs, the phase transition from the cubic (spinel) to the
cubic (rock-salt) is much faster than that from tetragonal
(spinel) to cubic (rock-salt) because of the absence of the
lattice distortion change during the Mg insertion. This is the
key point that explains the higher performances of the cubic
spinel MMOs compared to the tetragonal MMOs.

Figure 4b shows the Raman spectra acquired on the MMO
electrode during first cycle. After the first discharge, the strong
broad peak at 580 cm™" that indicates the high Mn*" contents
has decreased, suggesting Mn reduction. Further, the peak
position of the A;, mode has shifted to a higher frequency due
to the Mg insertion. After charging, the peak position of the Ay,
mode has shifted back to the original position of the sample
before discharge. After the first discharge/charge, the intensity
of the MMO F,, mode has decreased compared to the original
sample before discharge. This is because the voltage applied in
the present system can only induce the electrochemical
oxidation from Mn”** to Mn*". Notably, the tetragonal spinel
phase is not observed through the discharge/charge processes,
suggesting that reversible transition between the cubic spinel
and the cubic rock-salt has occurred; in the ultrasmall region,
the cubic MMO phase is rather stable than tetragonal MMO
phase. This observation should play an important role in the
smooth insertion/ejection of Mg2+ ions, resulting in a longer
Mg** insertion depth.

CONCLUSIONS

We have fabricated a ultraporous (>500 m* g'), ultrasmall
(<2.5 nm) cubic spinel MnMn,0, (MMO) by freeze-dry
assisted room-temperature alcohol reduction process. We have
determined that the resulting MMO nanoparticles have
hydroxy groups at surfaces, which can be removed by a
subsequent heat-treatment at 300—400 °C without structural
change. We have tested the hydroxy-free MMO cathode and
found a high discharge capacity of 270 mAh g™/, corresponding
to its theoretical capacity. The ultrasmall particles stabilize the
metastable cubic spinel phase, enabling both the Mg**
insertion into the MMO core and the reversible transformation
between cubic spinel and cubic rock-salt MMO phases.

METHODS

Computational Method. First-principles DFT calculations were
used to investigate both the phase stabilities between the spinel
MgMn,0, and the rock-salt Mg,Mn,0, structures, and the ion-
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migration property of Mg ions in Mg,Mn,0,. For the crystal structure
input of the spinel MgMn,O,, the I4,/amd space group suggested by
both refs.'* and,”” where all the Mg and Mn ions are located at
tetrahedral and octahedral sites, was used. To evaluate the total
energies for compounds after the topochemical Mg insertions (i.e.,
Mg,Mn,0, (1 < x < 2)), the ATAT software packageg’8 was used to
produce a total of 513 symmetrically distinct Mg/vacancy arrange-
ments. The DFT calculations for the total energies, formation
energies and voltages were performed according to previous
reports.”*” A combination of the projector augmented-wave (PAW)
method,*” plane-wave basis set, and a generalized gradient
approximation (GGA)-type exchange-correlation functional devel-
oped by Perdew, Burke, and Ernzernhof modified for solid materials
(PBEsol)*"** was used as implemented in the Vienna Ab Initio
Simulation Package (VASP).**** The on-site Coulomb correction
(GGA+U) was used to describe the localized electronic states in the
Mn 3d orbital (Upyg = 3.9 eV*). The nudged elastic band (NEB)
method*® was applied to evaluate the minimum energy pathways of
the Mg jump in the rock-salt Mg,Mn,0O,. In detail, the model cell
consisted of the superstructure of the 2 X 2 X 2 conventional rock-salt
structure with a single Mg vacancy as migration species (i.e.
Mg;sMn;405,). Unless mentioned otherwise, we refer to the Mg
vacancy-containing superstructure as Mg,Mn,O,.

Sample Preparation. MgMn,0, (MMO) was prepared using the
modified alcohol reduction process.'”>® (n-Bu),NMnQ, was prepared
according to a previous report.*” 2 mmol of (n-Bu),NMnO, powder
was first slowly added to a 2 mmol MgCl, solution made in a 25 mL
ethanol and 25 mL diglyme mixture under vigorous stirring for 1 h.
Ten milliliters of water was then injected to the brown colloidal
solution, precipitating the MMO. The precipitate was filtered or
centrifuged, followed by washing with ethanol several times to obtain
the MMO wet cake, which was then dried using three different
techniques: (i) heat-dried at 120 °C in air overnight; (ii) dispersed
into solvents (water, cyclohexane, or tert-butyl alcohol) followed by
freeze-drying using DC401 (Yamato Scientific Co., Ltd.); and (iii)
dispersed into solvents (water or ethanol), followed by spray-drying
under N, atmosphere using ADL311S-A (Yamato Scientific Co., Ltd.)
connected with solvent recovery unit (GAS 410, Yamato Scientific
Co., Ltd.).

Materials Characterization. The scanning electron microscopy
(SEM) images were obtained using JSM-7100F or JSM-7800F. The
transmission electron microscopy (TEM) images were obtained using
FEI Tecnai G2. The X-ray diffraction (XRD) patterns were obtained
using a Bruker D2 PHASER XE-T Edition. The Rietveld refinement
was performed using the RIETAN-FP program.*® The Brunauer—
Emmett—Teller (BET) specific surface areas were measured by N,
adsorption at 77 K using a BELSORP MAX G (MicrotracBEL) or
3Flex-3MP (Micromeritics). Samples were degassed at 100 °C for 12
h under vacuum. Elemental analysis was performed using inductively
coupled plasma atomic emission spectroscopy (ICP-AES, Shimadzu
ICPE- 9000). Thermogravimetric analysis (TG) was performed using
TG-DTA2000S (Netzsch). Raman and Fourier Transform Infrared
(FT-IR) spectra were obtained using InVia Raman Microscope
(Renishaw) and FT/IR-4200typeA (JASCO), respectively. X-ray
absorption spectroscopy (XAS) in the transmission method was
performed at the AichiSR. Spectra were analyzed using Athena.*’ X-
ray photoelectron spectroscopy (XPS) was conducted using a PHI
5000 VersaProbe II.

Electrochemical Tests. The samples were mixed with acetylene
black (AB; Denka Black, FX-35, Denka Co., Ltd.) and polytetrafluoro-
ethylene (PTFE; Teflon, 6-J, DuPont-Mitsui Fluorochemicals Co.,
Ltd.) at a respective weight ratio of 60:30:10. These mixtures were cut
into 8 mm diameter disks of typically 2.5 mg and pressed onto an Al
mesh current collector to serve as cathodes. The electrodes were dried
at 160 °C under vacuum and introduced into an Ar-filled glovebox.
The cathode and the Mg—Al—Zn alloy (AZ-31, Nippon Kinzoku Co.,
Ltd.) anode, and 0.3 M Mg[B(HFIP),],/triglyme (HFIP: hexa-
fluoroisopropyl) electrolyte™ were assembled in a 2032 coin-type cell
(Hohsen Corp.) with a glass-fiber separator (GA-100, Toyo Roshi
Kaisha, Ltd.). The charge/discharge tests were performed at 25 °C in
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the constant-current (CC) mode using either a multichannel
potentiostat system (VMP3, Bio-Logic Science Instruments), or a
battery test system (HJ-1001SD8, Hokuto Denko Corp.). Electro-
chemical impedance spectroscopy (EIS) was performed using an
activated carbon counter electrode instead of the Mg anode.
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