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Room-temperature operations of rechargeable Mg coin-cell batteries have been achieved using a Mg alloy

negative electrode and a spinel MgMn2O4 (MMO)-positive electrode. The present work focuses on clarifying

the effects of the physiochemical properties of the MMO powder including the specific surface area (SBET)

and porosity of the positive electrode on Mg battery performances in practical applications. Finally, optimal

specific surface area and porosity parameters were obtained that ensured excellent battery performances

as a standard coin-cell at room temperature. A typical MMO powder synthesized using a modified sol–gel

method with propylene oxide-driven complex polymerization had a large SBET > 200m2 g�1, andmore than

90% porosity with a triple-tiered 3D open-channel network. Here we evaluated the discharge capacity and

the cyclability for room-temperature operation as a function of SBET in a full cell with a Mg negative

electrode as well as half cells with a carbon graphite electrode. Irrespective of whether half cells or a full

cell was used, the initial discharge capacity was found to depend linearly on the SBET of the porous MMO

powder in a Mg tetrakis(hexafluoroisopropyl)borate/triglyme electrolyte with a wide potential window,

DE > 3.6 V. Eventually, the maximum discharge capacity of 220 mA h g�1 was realized at 25 �C in the full

cell using the 3D open-channel nanostructure with SBET ¼ 236 m2 g�1. The cyclability in the full cell with

the Mg alloy negative electrode, however, degraded with the increasing SBET, while no cyclability

degradation was observed in the half cell with the carbon electrode. A possible mechanism is discussed

regarding passivation of the Mg alloy electrode in discharge/charge cycles.
f Science and Technology, Keio University,

8522, Japan. E-mail: hiroaki@applc.keio.

mental Materials, National Institute for

uba, 305-0044 Ibaraki, Japan

ity of Tokyo, 4-6-1 Komaba, Meguro-ku,

ESI) available: Illustrations of the MMO
of the Mg coin-cell structure (Fig. S2);
AN electrolyte using the MMO positive

5 coating (Fig. S3); current–voltage
]2/G3 electrolyte and the cyclic
/MMO system (Fig. S4); pore-size
nd SBET for the MMO powders (Fig. S5
el (Fig. S6); an Arrhenius plot of SBET
; open circuit voltages and the average
the 1st cycle for the full cell of
capacity at 25 �C in the 1st cycle for
(Fig. S10); discharge capacities as
ing voltage in the full cell of
phs of the Mg-alloy negative electrode
borate/G3)/MMO (Fig. S12); changes in
O powders in the half cell,
cell, Mg/(borate/G3)/MMO (Fig. S13);
e/G3)/MMO (Fig. S14). See DOI:

f Chemistry 2021
1. Introduction

For oncoming Internet of Things (IoT)-centric societies with
portable augmented reality, self-driven cars, a smart environ-
ment, e-healthcare, etc.,1,2 a exible electrical energy storage
system with highly efficient rechargeable batteries is a key
fundamental infrastructure based on interactive mobile
systems with articial intelligence (AI) technologies.3 Currently,
rechargeable lithium-ion batteries (LIBs) exhibit excellent
energy density, cycle stability, and a high discharging/charging
rate. They could eventually become the most advanced elec-
trochemical energy storage and conversion devices.4,5 In the
current LIBs, however, a Li metal anode cannot be used due to
dendrite formation accompanying the discharge/charge cycle,
and graphite has been used as an alternative anode.6 Therefore,
the theoretically high energy density could not be utilized fully.

There has been increasing interest in the development of
technologies for multivalent metal batteries, such as those
using Mg, Ca, and Al, which have a higher volumetric energy
density than Li.7,8 Among them, rechargeable Mg batteries
(RMBs) have received particular attention.9 This is because the
metal Mg negative electrode does not deposit dendrites due to
the uniform precipitation and dissolution of Mg during the
J. Mater. Chem. A, 2021, 9, 6851–6860 | 6851
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discharge/charge cycle. Although Mg is inferior to Li in terms of
theoretical weight capacity and reduction potentials, its theo-
retical volume capacity is large as 3833 mA h cm�3, compared to
the�800 mA h cm�3 of graphite and 2046 mA h cm�3 of Li,
making it the best for compactization. The redox potential
(�2.37 V vs.Mg/Mg2+) theoretically allows relatively high battery
voltages.

The practical application of RMBs, however, has a lot of
issues with regard to the positive (cathode) electrode as well as
the Mg negative (anode) electrodes and the electrolyte, in which
the active Mg surface is easily covered with the resistive solid
electrolyte interphase (SEI) at a high potential which fades the
ability of Mg-ion plating/stripping.10,11 The other fundamental
issue with cathode materials is the slow diffusion of Mg2+ in the
solid, because the divalent ion strongly interacts with anions in
the crystal lattice.12 Among the candidates for cathode mate-
rials, such as Chevrel-Mo6S8,13 spinel-Ti2S4,14 layered-V2O5 and
MoO3,15 spinel multioxides with Mg2+ and multivalence transi-
tion metals are receiving attention, such as MgCo2O4 (MCO
spinel) and MgMn2O4 (MMO spinel), which have higher volt-
ages theoretically at +3.3 V and +2.9 V, respectively.16,17 Okamoto
et al.18 found that the insertion of Mg2+ ions occurs in spinel
oxides reversibly to transform the rock salt oxides at tempera-
tures over 100 �C to enhance the Mg diffusion. Some direct
observations have also been reported, such as Mg ion insertion
into the spinel with phase transition to rock salt19,20 or the
extraction to become Mg1�xMnO4.21

The easiest method to enhance the insertion/extraction of
Mg ions is to heat the battery cells, but this is impractical for
mobile consumer applications. The other method is to control
the nanostructure of the positive electrode pasted with the
spinel nanoparticles to ease the insertion/extraction of the Mg
ions.22 We have designed an MMO powder with nanometer-
scale particles in a double-tiered open-channel network,
which improves Mg2+ diffusion from the electrolyte to the
surface of the MMO nanoparticles.23 Here, electrochemical
battery operations were investigated in a three-electrode beaker
cell heated to 100 �C. However, the effects of the MMO powder
characteristics, such as the specic surface area and porosity,
on the room-temperature operation in a conventional coin cell
remained unclear.

Because of the corrosive nature of typical chloride-
containing electrolytes to the metal components of coin cells,
there are very few reports evaluating coin-cell batteries with
a Mg negative electrode and an MMO positive electrode.24

Therefore, halogen-free nonaqueous electrolytes,25–27 such as
Mg bis(triuoromethanesulfonyl)amide (Mg(TFSA)2)/
tetraglyme (G4), have been developed to prevent corrosion of
the metal components in the coin cells.28 Recently, a new class
of noncorrosive electrolytes incorporating Mg tetrakis(hexa-
uoroisopropyl)borate (Mg[B(HFIP)4]2) was developed with
a high anodic stability, over +3.5 V vs. Mg, and high oxidation
resistance to promote the reversible stripping and plating of Mg
on the negative electrode.29,30

In the present research, we adapted the Mg[B(HFIP)4]2/tri-
glyme (G3)-based electrolyte to a two-electrode coin cell
composed of a Mg alloy negative electrode and an MMO-
6852 | J. Mater. Chem. A, 2021, 9, 6851–6860
positive electrode to evaluate the Mg battery operation at
room temperature. First, we developed a modied sol–gel
synthesis to prepare a variety of MMO powders with different
specic surface areas (SBET), while preserving the 3D open-
channel network inside. Then the electrical properties of the
coin-cell batteries at 25 �C were investigated as a function of the
SBET of the MMO powders to realize room-temperature opera-
tions of rechargeable Mg coin-cell batteries using a Mg negative
electrode. Compared with the electrical properties of a half cell
with a graphite negative electrode, some operational issues at
room temperature are pointed out for the cyclable RMB in coin
cells.

2. Experiment
2.1 Preparation of MMO powders for the positive electrode

All reagents were used as purchased without purication. We
prepared MMO using a propylene-oxide-driven sol–gel method
based on the procedure reported by Zhang et al.31 As illustrated
in Fig. S1 in the ESI,† the MMO powders were prepared using
a modied sol–gel method with propylene-oxide-driven
complex polymerization: 6 mmol of MgCl2$6H2O (Fujilm
Wako Pure Chemical) and 12 mmol of MnCl2$4H2O (Fujilm
Wako Pure Chemical) were dissolved in 20 cm3 of water, and
18 mmol of citric acid (Fujilm Wako Pure Chemical) and
12 mmol of propylene oxide (Kanto Chemical) as a polymeriza-
tion agent were added to the solution. Aer this was stirred, the
solution was irradiated with supersonic wave for 30 s, during
which the sol–gel transformation occurred to form organome-
tallic complex gels. Then the gels were kept in a water bath at
25 �C and aged for 1–168 h to develop an organic polymer
network. The wet gels were then washed with ethanol and
acetone three times to remove byproducts. Liquid in the pores
of the aged gels was sequentially exchanged by immersing the
gels in acetone and cyclohexane for 24 h. The replacement with
cyclohexane was performed three times in three days. Aer
exchanging the pore liquid, the gels were freeze-dried for 12 h,
and the dried gels were calcined at 300–600 �C for 5 h in air to
obtain the MMO powders. As a reference sample, an MMO
powder was also synthesized using the inverse coprecipitation
(IC) method,18,23 followed by calcination at 600 �C in air, which
is referred to as an “MMO-IC” powder.

Elemental analysis was performed using inductively coupled
plasma atomic emission spectroscopy (ICP, Shimadzu ICPE-
9000). Thermal decomposition of the dried gel of the organo-
metallic complex to the MMO powder was monitored via
thermogravimetry/differential thermal analysis (TG/DTA, Seiko
TG/DTA6200). The dried-gel sample (2–5 mg) was placed on an
alumina dish in air. The temperature range, the temperature
rising rate, and the sampling interval were 30–1000 �C,
5 �C min�1, and 1 s, respectively. The particle size and the
agglomeration state of the calcined MMO powders were
observed using a scanning electron microscope (SEM, JEOL
JSM-7100F) and a scanning transmission electron microscope
(TEM, FEI Tecnai G2). The crystal phase of the calcined powder
was analyzed via CuKa X-ray diffraction (XRD, Bruker D8
Advance Eco), in which the tube voltage and the current were 40
This journal is © The Royal Society of Chemistry 2021
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View Article Online
kV and 25 mA, respectively, at a sampling width of 0.04�, a scan
speed of 10� min�1, and a diffraction angle of 2q ¼ 5–80�.

The specic surface area (SBET) of the MMO powder was
determined using a nitrogen adsorption/desorption measuring
device (Micromeritics 3Flex-3MP), where the pulverized sample
was degassed in vacuo at 160 �C for 5 h and then measured at 77
K in liquid nitrogen to obtain the nitrogen adsorption isotherm.
SBET was determined using the Brunauer–Emmett–Teller (BET)
method, and the equivalent particle size (DBET) was calculated
as DBET ¼ 6/(SBET � r); r is an MMO density of 2.47 g cm�3. The
pore-size distribution was determined using the Barrett–Joyner–
Halenda (BJH) method. The distribution of the open-pore
diameter and the cumulative-pore volume (Vpore) in the MMO
powders were measured using a mercury intrusion porosimeter
(MIP, Micromeritics Autopore IV 9500).
Fig. 1 A typical example of the highly porous MMO powder: (a) TEM
and SEM micrographs of the MMO powder after 5 h-calcination at
300 �C from the gel aged for 24 h with supersonic-aided quick
gelation; (b) the diameter distribution of the open channels and the
cumulative pore volume in the MMO powder measured using an MIP;
and (c) the XRD pattern.
2.2 Assembling the coin-cell batteries

Fig. S2a in the ESI† shows the Mg coin-cell structure and the
components inside, in which the stainless mechanical sup-
porting plate, a negative electrode, and a separator disc made of
a glass lter (Advantech GA55) immersed in an electrolyte were
stacked on a positive electrode. The positive electrode was made
as follows: the calcined MMO powder was mixed with acetylene
black (AB, Denka Black, Denka) as an auxiliary agent for 10 min
using a mortar and pestle, and then polytetrauoroethylene
(PTFE, Teon ne powder, Du Pont-Mitsui Fluorochemicals) as
a binder was mixed for another 10 min to prepare the electrode
paste. The mixing ratio was MMO : AB : PTFE ¼ 6 : 3 : 1 in the
weight ratio. About 2–3 mg of the electrode paste was spread on
aluminum mesh of a current collector with a diameter of 8 mm
and pressed at 4 MPa for 30 s, followed by heat treatment at
120 �C for 24 h in order to remove water adhering to the surface.

The coin cells were made of the MMO positive electrode
(�0.5 cm2), a Mg alloy (AZ31 Mg : Al : Zn ¼ 96 : 3 : 1 weight
ratio, Nippon Kinzoku) negative electrode (�0.69 cm2), and
a separator immersed in the 0.3 mol dm�3 Mg[B(HFIP)4]2/G3
(Wako) electrolyte, referred to as “borate/G3” (Fig. S2b in the
ESI†). Mg[B(HFIP)4]2 was synthesized according to the reported
procedure.29 In order to prepare a standard coin cell, the thin
negative electrode must be processed to t in the small space of
the coin-type vessel. Thus, we used a Mg alloy AZ31 containing
Al and Zn as additives because Mg pure metal has less work-
ability. In the present paper, the AZ31 negative electrode is
tentatively referred to as the Mg negative electrode.

Galvanostatic discharge/charge measurements were per-
formed using a battery-testing system (Hokuto Denko
HJ1001SD8). The current density was 1/25C (1C ¼ 260 mA g�1),
and cutoff voltages of +0.2 and +4.0 V vs. Mg (AZ31)/Mg2+ were
adopted. As references, two other half cells with a carbon
graphite negative electrode were investigated with the Mg
[B(HFIP)4]2/G3 electrolyte (Fig. S2c in the ESI†) or the 0.5 mol
dm�3 Mg(ClO4)2/acetonitrile (AN) electrolyte, referred to as
“perchlorate/AN” (Fig. S2d in the ESI†). The Mg alloy negative
electrode was passivated through an electrochemical reaction
with the electrolyte. Thus, we used an inert graphite as the
counter electrode in the half cells to evaluate the stability of the
This journal is © The Royal Society of Chemistry 2021
positive electrode. The cutoff voltage was set between �2.0 V
and +1.6 V vs. carbon for the former and between �1.0 V and
+1.0 V vs. carbon for the latter according to cyclic voltammo-
grams and current–voltage characteristics for the electrolytes
(Fig. S3 and S4†). All of the measurements were performed at
room temperature (25 �C).
3. Results and discussion
3.1 Precise control of the MMO powder characteristics

3.3.1 3D open-channel nanostructures. To control the
characteristics of the MMO powders, we focused on two
parameters in the modied sol–gel process: (a) the precursor-
gel preparation conditions, such as the gelation rate and the
gel aging time, and (b) the calcination temperature of the dried
gels. Eventually, we prepared a variety of spinel MMO powders
with different characteristics, such as the particle size, SBET, and
porosity. A typical MMO powder is shown in Fig. 1, featuring
SBET ¼ 181 m2 g�1 with >90% porosity in the triple-tiered 3D
open-channel networks. In total, we have prepared 10 types of
MMO powders with differences in SBET and porosity for the
positive electrode in RMBs.

3.3.2 Effect of the precursor-gel preparation conditions.
Using a conventional sol–gel method,8 propylene oxide as
a polymerization agent was poured into the precursor ion
solution with water and citric acid under stirring. It took
approximately 1 min for gelation to occur at 25 �C. Under
supersonic irradiation, gelation was completed within 30 s,
which was approximately 50% faster than without irradiation.
The calcined MMO powder had a 50% larger SBET than that
without supersonic irradiation because of the decrease in
particle size. Supersonic irradiation might improve the unifor-
mity in the organometallic polymer network. The chelate
complexes of citric acid with the captured metal ions are well
J. Mater. Chem. A, 2021, 9, 6851–6860 | 6853
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Fig. 2 SEM (upper column) and TEM (lower column) micrographs of
the MMO powders calcined at 300 �C from the gels aged for (a) 1 h, (b)
24 h, (c) 78 h, and (d) 168 h, with their SBET and DBET.
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dispersed and react with the chelate complex efficiently, pre-
venting abnormal agglomeration of the gel. Hereaer, we used
30 s supersonic irradiation for sol–gel transformation in the
modied sol–gel method.

The gel-aging time aer the supersonic irradiation-aided
sol–gel transformation also inuenced the characteristics of
the calcined MMO powder. Fig. 2 and 3 show the SEM/TEM
micrographs and XRD patterns of the MMO powders calcined
at 300 �C for 5 h from the gels aged for (a) 1 h, (b) 24 h, (c) 72 h,
and (d) 168 h. SBET and DBET were obtained from the nitrogen
adsorption/desorption isotherms (Fig. S5 in the ESI†). Based on
ICP analysis, the composition of the calcined MMO powders
was identical to the stoichiometry of Mg : Mn ¼ 1 : 2. The
particle size increased upon increasing the gel-aging time from
1 to 72 h (Fig. 2), and the shortest aging, 1 h, aer the
supersonic-irradiated gelation resulted in the MMO powder
with SBET ¼ 236 m2 g�1 and DBET ¼ 10.3 nm. The XRD patterns
for eachMMO powder were broad (Fig. 3), but by prolonging the
aging time from 1 to 72 h, some of themain peaks were found to
be identical to 101, 211, and 220 in spinel. In the TEM micro-
graphs, the inference fringe patterns were observed in the
particles irrespective of the gel aging time, suggesting that the
MMO particles preserve the spinel structure and are not fully
amorphous. The peak broadening in the XRD patterns of the
MMO powder prepared from the 168 h-aged gel is ascribed to
the small size effect of crystalline particles.
Fig. 3 XRD patterns of the MMO powders obtained by calcination for
5 h at 300 �C from the gels aged for (a) 1 h, (b) 24 h, (c) 78 h, and (d)
168 h. The patterns of the MMO spinel and the diffraction indices are
shown at the top.

6854 | J. Mater. Chem. A, 2021, 9, 6851–6860
Interestingly, SBET was increased again to the largest value,
258 m2 g�1, by prolonging the aging time to 168 h. The XRD
pattern becomes broad again due to the smallest particle size of
DBET ¼ 9.4 nm. Based on TG/DTA analysis (Fig. S6 in the ESI†),
the dried gel aged for 168 h had the highest burnout tempera-
ture, around 358 �C, to remove the organic component, while
the dried gels aged for less than 72 h were burned out at around
300–330 �C. When aging was prolonged for 168 h, the organo-
metallic polymer was well developed, and particle growth was
prevented in the inorganic MMO components during the
calcination, keeping the MMO particles small.

Using an MIP, the distribution of the open-channel diame-
ters and the cumulative specic volume were measured in the
MMO powders calcined at 300 �C from the gels aged for
different lengths of time (Fig. 1b and 4). It was found that the
cumulative specic volume of the open pores was the largest
with the shortest gel-aging time, and the MMO powder was
estimated to have 97% porosity. The cumulative pore volume,
or, essentially, the porosity, decreased with an increase in the
gel-aging time, while the MMO powders from the gels aged for
1–24 h were preserved as the triple-tiered open-channel
networks with pore diameters of approximately 20 nm, 0.5
mm, and 50 mm.With 72 h of aging, the smallest pores, 20 nm in
diameter, disappeared, and the double-tiered open channels
with diameters of approximately 100 nm and 0.5 mm were
formed. With prolonged aging of 168 h, the MMO powder had
a single-tiered open-channel network only with a diameter of
approximately 50 mm. The smallest MMO particles, DBET ¼
9.4 nm, might be hardly agglomerated, with no interparticle
space.

Fig. 5 summarizes the effects of the gel-aging times on the
characteristics of the MMO powders calcined at 300 �C. When
the gel-aging time was increased to 72 h, SBET decreased, while
the porosity was preserved at over 90% with the triple- or
double-tiered open-channel networks. The highly porous
powder might be suitable for providing spaces to be uniformly
Fig. 4 The diameter distribution of the open channels and the
cumulative specific volume with their porosity measured using an MIP
for the MMO powders calcined at 300 �C from the gels aged for (a) 1 h,
(b) 72 h, and (c) 168 h.

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Porosity and SBET with schematic illustrations of the MMO
powders calcined at 300 �C as a function of the gel-aging time.

Fig. 7 XRD patterns of the MMO powders obtained by 5 h calcination
at (a) 300 �C, (b) 400 �C, (c) 500 �C, and (d) 600 �C. All of the gels were
aged for 24 h. The patterns of the MMO spinel and the diffraction
indices are shown at the top.
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mixed with the conductive AB and PTFE for the positive elec-
trode.23 With a prolonged gel-aging time of up to 168 h, SBET
increased again, but the porosity in the MMO powder was
drastically decreased and hardly agglomerated. This would
degrade the mixing uniformity of the MMO particles in the
positive electrode, and the electrolyte might eventually be pre-
vented from uniform supply to each of the MMO particles. The
effect of the agglomeration on the discharge capacity is to be
discussed in 3.2.3.1.

3.3.3 Effect of the calcination temperature of the dried
gels. Changing the calcination condition is a general approach
to control the particle size of the MMO powders. Fig. 6 shows
the SEM micrographs of the MMO powders obtained by 5 h
calcination at 300–600 �C from the gels aged for 24 h. The SEM
micrograph of the MMO-IC powder obtained by 600 �C heating
is also shown as a reference. SBET and DBET from the absorption
isotherms (Fig. S7 in the ESI†) are also indicated. DBET was
increasing with the increasing calcination temperature, while
SBET was decreasing. Using the Arrhenius plot, the activation
energy (Ea) was estimated to be 0.21 eV for the particle growth
(Fig. S8 in the ESI†), suggesting that the total surface area of the
Fig. 6 SEM micrographs of the MMO powders obtained with 5 h
calcination at (a) 300 �C, (b) 400 �C, (c) 500 �C, and (d) 600 �C. All of
the gels were aged for 24 h. The MMO powder obtained by an inverse
coprecipitation method (MMO-IC) is also shown (e).

This journal is © The Royal Society of Chemistry 2021
MMO powder was reduced mainly by the surface diffusion
without densication, not by the bulk diffusion with densi-
cation with Ea > 1 eV.32 According to the XRD patterns (Fig. 7),
the spinel crystallinity of the MMO particles was improved by an
increase in the calcination temperature.

Consequently, we have prepared seven types of MMO
powders using the modied sol–gel method and an MMO-IC
powder as a reference, with differences in SBET and porosity,
for Mg coin-cell evaluation at room temperature.
3.2 Coin-cell batteries with the MMO positive electrode

By using a variety of sol–gel-derived MMO powders for the
positive electrode, we have assembled three types of 2-electrode
coin cells: (1) half cells with a carbon negative electrode and
a Mg(ClO4)2/AN electrolyte: “C/(perchlorate/AN)/MMO”, (2) half
cells with a carbon negative electrode and a Mg[B(HFIP)4]2/G3
electrolyte: “C/(borate/G3)/MMO”, and (3) a full cell with a Mg
alloy negative electrode and a Mg[B(HFIP)4]2/G3 electrolyte:
“Mg/(borate/G3)/MMO”. The half and full cells correspond to
a Mg-ion coin cell and a rechargeable Mg coin cell, respectively,
both of which used the MMO powders with different SBETs in
the positive electrode. By comparing the full cell with the half
cells, the effects of the Mg negative electrode on room-
temperature operation will be claried.

3.2.1 Half cell: C/(perchlorate/AN)/MMO. At rst, we
examined the half cell with the carbon (graphite) negative
electrode and the MMO positive electrode in the Mg(ClO4)2/AN
electrolyte. Here, taking the chemical stability and the corrosive
characteristics under high potential conditions into consider-
ation, the cutoff voltages were limited to between �1.0 V and
+1.0 V, referring to the carbon electrode (CE) scheme of “dis-
charging rst, followed by charging”. Here, note that 0 V vs. CE
is equivalent to 2.6 V vs. Mg/Mg2+, and the potential window is
also referred to as DE ¼ 2.0 V (�1.0 to +1.0 V vs. CE or +1.6 to
+3.6 V vs. Mg/Mg2+).

Fig. 8a shows the room-temperature galvanostatic discharge/
charge curves in the 1st cycle of the half cell, in which the MMO
powders calcined at 300 �C from the gels aged for 1–168 h were
used for the positive electrode. The discharge capacities at
J. Mater. Chem. A, 2021, 9, 6851–6860 | 6855
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Fig. 8 (a) Galvanostatic discharge/charge curves in the 1st cycle
measured at 25 �C for the half cells with a carbon negative electrode
and a Mg(ClO4)2/AN electrolyte. The MMO powders were calcined at
300 �C from the gels aged for 1 h, 3 h, 24 h, 72 h, and 168 h. The MMO-
IC powder was used as a reference. (b) The discharge capacity at 25 �C
in the 1st cycle of the half cell with a Mg(ClO4)2/AN electrolyte as
a function of the SBET of the MMO powders in the positive electrode.
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�1.0 V (vs. CE) were 65–80 mA h g�1, much larger than that with
the agglomerated MMO-IC powder. In the charging process that
followed, the potential increased to +1.0 V (vs. CE), and the
charge capacities were almost equal to the discharge capacities,
irrespective of the MMO powders.

Fig. 8b shows the discharge capacity in the 1st cycle as
a function of the SBET of the MMO powders. The discharge
capacity increased at SBET ¼ 70 m2 g�1 but then was stagnant,
irrespective of SBET. This is related to the narrow potential
window of DE ¼ 2.0 V, in which the electrochemical reaction of
Mg ions at the interface between the electrolyte and the MMO
particles is limited regardless of SBET. In other words, when the
operation potential window is narrow for the Mg(ClO4)2/AN
electrolyte, the effort to increase SBET is not effective in
obtaining a higher discharge capacity.

Fig. 9a shows an example of the galvanostatic discharge/
charge curves in the repeated cycles, in which the MMO
powder calcined at 300 �C from the gel aged for 24 h was used.
The discharge capacity at�1.0 V (vs. CE) was decreased slightly,
but no abrupt degradation was observed in the 15 cycles. The
cyclability was preserved irrespective of the MMO powders with
a different SBET and DBET (Fig. 9b).
Fig. 9 (a) Galvanostatic curves in the cycles repeated at 25 �C for the
half cell with a carbon negative electrode and a Mg(ClO4)2/AN elec-
trolyte from the 1st to the 35th cycle. The positive electrode was mixed
with the MMO powder calcined at 300 �C from the gel aged for 24 h.
(b) The discharge capacity at 25 �C as a function of the cycles repeated
for the half cell with a carbon negative electrode and a Mg(ClO4)2/AN
electrolyte. In the positive electrode, the MMO powders were used
from the 300 �C calcination of the gels aged for 1–168 h.

6856 | J. Mater. Chem. A, 2021, 9, 6851–6860
In the half cell battery of C/(perchlorate/AN)/MMO with the
modest DE¼ 2.0 V (�1.0 to +1.0 V vs. CE or +1.6 to +3.6 V vs.Mg/
Mg2+), the discharge capacity is limited to around 70 mA h g�1

at 25 �C, irrespective of the SBET of the MMO powders, but is
excellent in cyclability.

3.2.2 Half cell: C/(borate/G3)/MMO. The half cell with the
Mg(ClO4)2/AN electrolyte is not able to deliver the full activity of
the MMO powders with a large SBET, probably due to the limited
potential window. To widen the potential window, the electro-
lyte was changed from an acetonitrile-based one to a more
stable glyme-based one.

Fig. 10a shows typical galvanostatic curves in the cycles
repeated at 25 �C for the half cell with a Mg[B(HFIP)4]2/G3
electrolyte with a wide potential window, DE ¼ 3.6 V (�2.0 to
+1.6 V vs. CE). Here, the MMO powder with SBET ¼ 129 m2 g�1

was used. In the 1st cycle, the discharge capacity at �2.0 V (vs.
CE) was 120 mA h g�1. On charging from�2.0 to +1.6 V (vs. CE),
the charge capacity continuously increased and reached a value
slightly over the discharge capacity. By the 5th cycle, the
discharge capacities were preserved at 100–120 mA h g�1, and
no drastic degradation was observed in the discharge capacities
in the wide potential window. By the 10th cycle, the discharge
curve was bent at around �1.7 V (vs. CE), probably due to some
decomposition of the electrolyte.

Fig. 10b shows the discharge capacity in the 1st cycle as
a function of the SBET of the MMO powders in the half cell of C/
(borate/G3)/MMO with DE ¼ 3.6 V. Here, the 1st discharge
capacity of the half cell of C/(perchlorate/AN)/MMO with DE ¼
2.0 V is also shown as a dashed-dotted line (see Fig. 8b). The
discharge capacities were �2.0 V (vs. CE) and �1.0 V (vs. CE),
respectively. It is clear that the discharge capacity increased
linearly with the increasing SBET in the half cell of C/(borate/G3)/
MMO. Eventually, a discharge capacity of 180 mA h g�1 was
attained from the MMO powder with a maximum SBET ¼ 236 m2

g�1. The Mg[B(HFIP)4]2/G3 electrolyte can deliver the full
activity of the MMO powders with a large SBET due to the wide
potential window, DE ¼ 3.6 V.

This balanced performance in both the large discharge
capacity and the cyclability in the wide potential window is
attractive in spite of the half cell with the MMO positive
Fig. 10 (a) Typical galvanostatic discharge/charge curves from the 1st

to the 10th cycle at 25 �C for the half cells of C/(Borate/G3)/MMO, in
which the MMO powders had been calcined at 400 �C from gels aged
for 24 h. (b) The discharge capacity in the 1st first cycle as a function of
the SBET of the MMO powders in half cells of C/(borate/G3)/MMO and
C/(perchlorate/AN)/MMO.

This journal is © The Royal Society of Chemistry 2021
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electrode. Recently, Dong-Min Kim and co-workers33 found the
co-intercalation of Mg2+ ions and diglyme into graphite with
a double-layered structure in a magnesium-ion battery. We
investigated our case with the Mg[B(HFIP)4]2/G3 electrolyte in
our next step.

The low specic capacities during the 1st cycle are not
ascribed to a high overpotential. The 1st scan for measuring the
discharge capacity of the MMO powders started from +0.2 V and
0 V for C/(perchlorate/AN)/MMO and Mg/(borate/G3)/MMO,
respectively. In the 2nd cycles and following, the MMO parti-
cles were charged by the charging scan of the 1st cycles.
Therefore, the discharge scanning started from +1.0 and +1.6 V.

3.2.3 Full cell: Mg/(borate/G3)/MMO. Based on the experi-
mental results using half cells, we investigated the full cell of
the Mg negative electrode and the MMO positive electrode with
the Mg[B(HFIP)4]2/G3 electrolyte in a wide operation window of
DE ¼ 3.8 V (+0.2 to +4.0 V vs. Mg/Mg2+).

3.2.3.1 The initial discharge capacity. Fig. 11a shows the
galvanostatic discharge/charge curves in the 1st cycle for the full
cells with MMO powders calcined at 300 �C from gels aged for
1–168 h. Here, the MMO-IC with SBET ¼ 23 m2 g�1 was also used
as a reference. It was found that the discharge capacities at
+0.2 V (vs. Mg/Mg2+) increased with a decrease in the gel-aging
time, or, essentially, an increase in SBET, while the initial open
circuit voltage (OCV) at 0 mA h g�1 for the bare MMO powders
and the average discharge voltages were almost independent of
SBET, such as +2.5 V (vs. Mg/Mg2+) and +1.2 V (vs. Mg/Mg2+),
respectively (Fig. S9 in the ESI†).

Fig. 11b shows the 1st discharge capacities as a function of
SBET at discharge potentials of +0.2 V (vs. Mg/Mg2+) and +1.6 V
(vs. Mg/Mg2+). The gure also indicates the 1st discharge
capacities of the half cells of C/(borate/G3)/MMO and C/
(perchlorate/AN)/MMO by a dashed line and a dashed-dotted
line, respectively (see also Fig. 10b). Note that, in the case of
C/(perchlorate/AN)/MMO, �1.0 V (vs. CE) is equivalent to +1.6 V
(vs.Mg/Mg2+).23,34 The same assumption is applied to C/(borate/
G3)/MMO. In the full cell, the 1st discharge capacity at a mild
Fig. 11 (a) Galvanostatic discharge/charge curves at 25 �C for the full
cells, Mg/(borate/G3)/MMO. The MMO powder calcined at 300 �C
from the gels aged for 1–168 h was used for the positive electrode.
MMO-IC was also used as a reference. (b) The discharge capacity in
the 1st cycle as a function of the SBET of the MMO powders in the Mg/
(borate/G3)/MMO full cell. Plots marked with (C) and (B) show the
discharge capacities at +0.2 V and +1.6 V (vs. Mg/Mg2+). The dashed
line and the dashed-dotted line represent the 1st discharge capaci-
tances for the half cells of C/(borate/G3)/MMO and C/(perchlorate/
AN)/MMO, respectively. Here, the potential of 0 V in the half cells (vs.
CE) is assumed to be equivalent to +2.6 V (vs. Mg/Mg2+).

This journal is © The Royal Society of Chemistry 2021
discharge potential of 1.6 V (vs. Mg/Mg2+) was stagnant at
around 40 mA h g�1 over SBET ¼ 80 m2 g�1, which is similar to
that of the half cell of C/(perchlorate/AN)/MMO at the same
discharge potential. At a low discharge potential such as 0.2 V
(vs. Mg/Mg2+), on the other hand, the 1st discharge capacity
linearly increased with SBET, similar to that of the half cell of C/
(borate/G3)/MMO. Eventually, 220 mA h g�1 was obtained at
room temperature from the Mg coin cell with porous MMO
powders with a large SBET, 236 m2 g�1, in the positive electrode.

In addition, it is worth noting that not only SBET but also the
porosity in the MMO powder is a very important factor in
achieving a high discharge capacity; the MMO powder from the
gel aged for 168 h had the largest SBET but the lowest porosity
(see Fig. 5). The 1st discharge capacity at +0.2 V (vs. Mg/Mg2+)
was the smallest and far below the trend line of the porous
MMO powders. The low porosity with no three-dimensional
open-channel network probably restricts the efficient supply
of the viscous Mg[B(HFIP)4]2/G3 electrolyte to the MMO parti-
cles in the positive electrode. In other words, making an effort
only to achieve a larger SBET or a smaller DBET is not sufficient to
deliver the full activity of the MMO powders (see also Fig. S10 in
the ESI†). It is essential to provide a sufficient space for carrying
the Mg2+ cations to the MMO particles with a large SBET and
releasing the [B(HFIP)4]

� anions back to the solvent in the bulk
at room temperature.

Namely, to achieve a large discharge capacity for room-
temperature operation in the Mg coin cell, the best combina-
tion is to use porous MMO powder with a large SBET and a stable
Mg[B(HFIP)4]2/G3 electrolyte in a wide potential window, such
as DE ¼ 3.8 V.

3.2.3.2 Cyclability. The Mg/(borate/G3)/MMO full cell,
however, had some critical unsolved issues, such as cyclability.
Fig. 12 shows the typical galvanostatic curves of Mg/(borate/G3)/
MMO with different SBET areas, such as (a) 236 m2 g�1, (b) 131
m2 g�1, and (c) 37 m2 g�1, in which the discharge and charge
were cycled in a wide potential window of +0.2 to +4.0 V (vs.Mg/
Mg2+). In the case of SBET ¼ 236 m2 g�1, the 1st discharge
capacity was the largest, at 220mA h g�1. However, in the charge
step that followed, the charge potential was stagnant at around
+3.7 V (vs.Mg/Mg2+) and then attened at around +3.9 V (vs.Mg/
Mg2+) with a charge capacity of �100 mA g�1. The charging
potential did not reach the setting voltage of +4.0 V (vs. Mg/
Fig. 12 Galvanostatic curves of the discharge/charge cycles in Mg/
(borate/G3)/MMO coin-cell batteries with MMO powders of (a) SBET ¼
236 m2 g�1 obtained by 5 h calcination at 300 �C from the gel aged for
1 h, (b) SBET ¼ 131 m2 g�1 from the gel aged for 72 h, and (c) SBET ¼ 37
m2 g�1 obtained by 5 h calcination at 600 �C from the gel aged for
24 h. The cycle conditions were +0.2 to +4.0 V vs. Mg/Mg2+ at 25 �C.
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Mg2+), suggesting that the electrolyte was being decomposed
during the charging step. In the 2nd cycle, the discharge capacity
was drastically decreased, by 50%, to �110 mA h g�1. Through
cycling, the cell potentials in the charging steps had been
decreased, and the discharge capacities in the next discharging
steps were dropping cycle by cycle (Fig. S11 in the ESI†). In the
case of SBET ¼ 131 m2 g�1, the severe degradation in cyclability
was slightly moderated. The 1st discharge capacity was reduced
to 145 mA h g�1 due to the reduced SBET. In the charge step that
followed, however, the cell potential reached the setting voltage
of +4.0 V (vs. Mg/Mg2+), resulting in a charge capacity of
96 mA h g�1, recovering 66% of the 1st discharge capacity. In the
2nd cycle, the discharge capacity dropped 45% to 80 mA h g�1.
However, in the cycles that followed, the decrease in discharge
capacity was suppressed to around 70 mA h g�1, while the
charging potential reached +4.0 V (vs. Mg/Mg2+), except for the
10th step. In the case of SBET ¼ 37 m2 g�1, the 1st discharge
capacity was decreased to 60 mA h g�1; however, no abrupt
decrease in the discharge capacity was observed, while the
charging potential reached 4.0 V.

Fig. 13a shows the typical discharge capacities of Mg/(borate/
G3)/MMO with SBET ¼ 236 m2 g�1, 131 m2 g�1, and 37 m2 g�1 as
a function of the cycle number. It is clear that the discharge
capacities decreased abruptly from the 1st to the 2nd cycle in the
cases of SBET > 131 m2 g�1. The largest discharge capacity, with
SBET ¼ 236 m2 g�1, decreased continuously, being smaller than
that with SBET ¼ 131 m2 g�1, by the 5th cycle, and was the
smallest by the 10th cycle.

As described in Section 3.2.2 and 3.2.3, the initial abrupt
degradation in cyclability was not observed in the half cell with
the carbon negative electrode, irrespective of the electrolyte
chemicals, such as Mg(ClO4)2/AN with a limited potential
window, DE ¼ 2.0 V, or Mg[B(HFIP)4]2/G3 with a wide potential
window, DE ¼ 3.6 V. Thus, the initial degradation in cyclability
is anticipated to be related to issues on the Mg negative elec-
trode in the full cell. Actually, it was found that several pinholes
were observed in the Mg negative electrode aer the cycles
(Fig. S12 in the ESI†). The TEM observation indicated that the
Fig. 13 (a) The discharge capacity in the Mg/(borate/G3)/MMO full
cells with SBET ¼ 236, 131, and 37 m2 g�1 as a function of the cycle
number in a potential range of +0.2 to +4.0 V vs. Mg/Mg2+ at 25 �C.
TEM images and the electron diffraction patterns of the MMO particles
(b) before and (c) after the 20 cycles in the full cell, Mg/(borate/G3)/
MMO, which had been taken from the coin cell. Here, we used the
MMO powder calcined for 5 h at 400 �C from the gel aged for 24 h.
The spinel structure in the MMO particles was preserved after 20
cycles.

6858 | J. Mater. Chem. A, 2021, 9, 6851–6860
MMO particles, which had been taken from the coin cell aer
the cycle test, preserved the spinel structure for at least 20 cycles
(Fig. 13b and c). XRD measurements also support that the
spinel structure was preserved aer the cycle test in the Mg/
(borate/G3)/MMO full cell, as well as in the C/(perchlorate/
AN)/MMO half cell with no degradation in cyclability (Fig. S13
in the ESI†).

Regarding the Mg[B(HFIP)4]2/G3 electrolyte, the wide
potential window, DE¼ 3.8 V (+0.2 to +4.0 V vs.Mg/Mg2+), might
be little bit of a severe condition when cycling many times.
However, when SBET < 50 m2 g�1, the reversibility in the
discharge/charge reactions was preserved in the initial 10
cycles, implying that the electrolyte itself is not directly related
to the early cyclability degradation. According to the cyclic vol-
tammograms (Fig. S14 in the ESI†) for the Mg/(borate/G3)/MMO
system, the electrolyte was not decomposed in the potential
range.

These facts are very interesting; the degradation in cyclability
might be caused by some issues around the Mg negative elec-
trode that would be induced by the large SBET of the MMO
powder in the positive electrode. The mechanism will be dis-
cussed in the next section.

3.2.3.3 Discussion of cyclability degradation. In the 2-elec-
trode coin cell, the amount of charge transfer at the MMO
positive electrode has to be equivalent to that at the Mg negative
electrode, while the area of the electrochemical reaction inter-
face on the former is much larger than that on the latter. For
example, we used approximately 3 mg of the MMO powder with
SBET > 200 m2 g�1 in the positive electrode. The actual surface
area was estimated to be over Scoin ¼ 6000 cm2, while the Mg
electrode was 0.69 cm2 in the coin cell.

Fig. 14a shows the change in discharge capacity with cycling
as a function of SBET. Here, in the right vertical axis, the areal
capacity on the Mg electrode is indicated, in which the amount
of Mg insertion into the MMO particles is assumed to be
identical to the amount of charge transfer during the Mg
stripping into the electrolyte. In Area I, with SBET < 50 m2 g�1

(Scoin < 1500 cm2), the discharge/charge operation is mostly
reversible, with no abrupt decrease in the discharge capacity
cycled. In Area II, with 50m2 g�1 < SBET < 140m

2 g�1 (1500 cm2 <
Scoin < 4200 cm2), the discharge capacity decreases abruptly
from the 1st to the 2nd cycle but is suppressed from then on. In
Area III, with SBET > 140 m2 g�1 (Scoin > 4200 cm2), the discharge
capacity decreases drastically from the 1st to the 2nd cycle and
diminishes continuously. In this case, the areal capacity of Mg
stripping, required for the 1st discharge capacity into the MMO
particles, is estimated to be approximately 0.6–1.1 mA h cm�2

on the Mg electrode, which is much larger than the value of
0.4 mA h cm�2 for practical Mg battery use.11

The MMO powder with a large SBET above 200 m2 g�1 con-
sisted of ne particles smaller than 8 nm. The particle size
might affect the surface chemistry nature, such as the defect
density or deterioration of crystallinity. However, we found the
wide-ranged linear relation between SBET and the 1st discharge
capacity. This fact suggests that the electro-chemical reaction is
mainly controlled by the surface area between the MMO parti-
cles and the electrolyte.
This journal is © The Royal Society of Chemistry 2021
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Fig. 14 (a) Changes in the discharge capacity of the MMO powders
(left vertical axis) and the areal capacity corresponded to the Mg
electrode (right vertical axis) from the 1st to 8th cycles as a function of
the SBET of the MMO powders in the Mg/(borate/G3)/MMO full cell,
and (b) illustrations of the cyclability-degradationmodels in Area I: SBET
< 50m2 g�1, II: 50m2 g�1 < SBET < 140m2 g�1, and III: SBET > 140m2 g�1.
In Area I, the discharge/charge is reversible, with little damage to the
Mg electrode. In Area III, the discharge capacity decreased abruptly,
and theMg electrodewas damaged due to the larger areal capacity, or,
essentially, the large amount of charge transfer for Mg stripping. Area II
is an intermediate state between Areas I and III.
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Fig. 14b illustrates a model of the cyclability degradation in
the rechargeable Mg battery of Mg/(borate/G3)/MMO for Areas
I–III. In Area I, the 1st discharge capacity on the MMO powder is
below 50mA h g�1. Eventually, this requires the areal capacity to
be below 0.22 mA h cm�2 of that of the Mg stripping from the
Mg electrode. The reversible stripping/plating of Mg to the Mg
[B(HFIP)4]2/G3 electrolyte could proceed with little damage to
the Mg negative electrode in the cycles. In Area III, on the other
hand, the 1st discharge capacity of the MMO powders is over
200 mA h g�1, requiring an areal capacity of over 1.0 mA h cm�2

for Mg stripping from the Mg electrode. This would damage the
Mg electrode, such as abnormal Mg stripping at particular
spots, creating pinholes and the deposition of resistive SEI due
to anion decomposition.11 Therefore, in the charge step that
followed, the Mg ions extracted from the MMO particles could
not be plated on the damaged Mg electrode, resulting in losses
of the discharge capacity and the charge potential. As the cycle
was repeated, the situation would become worse and worse.
Area II is an intermediate state between Areas I and III.

This ironic result is a thorny issue with regard to the room-
temperature operation of the coin cell, but it is clear that
This journal is © The Royal Society of Chemistry 2021
a simple solution is to enlarge the active surface area of the Mg
electrode corresponding to the increased SBET of the MMO
powders in the coin cell. A Mg electrode composed of Mg
nanoparticles has been proposed for the MoS2 positive elec-
trode.34 Chemical modication of the electrolyte to enhance the
Mg stripping/plating rate would also improve cyclability at
25 �C.

4. Conclusion

Room-temperature operation of a rechargeable Mg coin cell was
evaluated mainly as a function of the SBET of MMO powders,
which were obtained via the modied sol–gel method with
propylene oxide-driven complex polymerization. Through
ultrasonically irradiated quick sol–gel transition and using
controlled gel-aging time, seven types of MMO powders were
prepared, and a typical MMO powder pasted in the positive
electrode had a large SBET (>200 m2 g�1) and more than 90%
porosity with a triple-tiered open-channel network.

In both the half cells with a carbon negative electrode and
the full cell with a Mg negative electrode, the initial discharge
capacity increased linearly with the increasing SBET with a Mg
[B(HFIP)4]2/G3 electrolyte in a wide potential window, such as
DE ¼ 3.8 V (+0.2 to +4.0 V vs. Mg/Mg2+) but not with the
Mg(ClO4)2/AN electrolyte in a limited potential window, DE ¼
2.0 V (�1.0 to +1.0 V vs. CE, or +1.6 to +3.6 V vs. Mg/Mg2+).
Eventually, by using the porous MMO powder with SBET ¼ 236
m2 g�1, a maximum discharge capacity of 220 mA h g�1 was
conrmed at 25 �C from the full cell with the Mg[B(HFIP)4)2]/G3
electrolyte. The triple-tiered 3D open-channel structure in the
MMO powder was also the key factor in providing sufficient
space for delivering the viscous electrolyte to the MMO
particles.

Cyclability, however, degraded with the increasing SBET in
the full cell with a Mg electrode but not in the half cell with
a carbon electrode, irrespective of the electrolyte chemicals. The
initial degradation in cyclability was anticipated to be related to
some issues with the Mg negative electrode in the full cell.
Actually, several pinholes were observed in the Mg negative
electrode aer the cycles, while the spinel structure in the MMO
particles was preserved, according to TEM and XRD
observations.

In our proposed model, cyclability degradation might be
induced by the huge difference in the total surface area of the
MMO powder as compared to that of the Mg lm electrode.
MMO with a large SBET brings in a large initial discharge
capacity, such as >200 mA h g�1, but requires the equivalent
large amount of Mg ions stripped from theMg electrode with an
areal capacity over 1.0 mA h cm�2. This might damage the Mg
electrode cycle by cycle. This ironic result is a thorny issue with
regard to the room-temperature operation of a rechargeable Mg
coin-cell battery. However, it is clear that one solution might be
to enlarge the active surface area of the Mg electrode corre-
sponding to an increase in the SBET of the MMO powders. We
are now trying to nd out the proof of the proposed mechanism.
For example, the effect of the Mg negative electrode area would
be studied in the next step.
J. Mater. Chem. A, 2021, 9, 6851–6860 | 6859
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