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f MgCo2O4 and Mg2/3Ni4/3O2

nanocrystals in supercritical fluid for Mg-ion
batteries

Quang Duc Truong, *a Hiroaki Kobayashi b and Itaru Honma*b

Magnesium metal complex oxides are potential electrode materials for magnesium ion batteries with high

specific capacities. However, the strong electrostatic interaction between Mg2+ and the host lattice due to

its divalency induces slow intercalation kinetics of Mg ions within the crystal lattices. Thus, nanocrystalline

particles with shortened Mg ion diffusion distance enable the insertion/extraction of Mg ions and improve

the specific capacities of the batteries. Herein, we report the facile rapid production of crystalline MgCo2O4

and Mg2/3Ni4/3O2 nanocrystals by rapid supercritical fluid processing. The phase transition from spinel to

rocksalt during the Mg2+ ion intercalation has been confirmed by high-resolution transmission electron

microscopy. The nanosheets of Mg2/3Ni4/3O2 rocksalt nanocrystals were controllably synthesized for the

first time, which are active materials for magnesium-ion batteries.
1. Introduction

Advanced rechargeable batteries are crucial for development of
renewable energy and addressing the growing energy
consumption and also play a central role in fullling the
requirements of emerging autonomous electronic devices.
Battery technologies based on multivalent-ions, such as Mg, Ca,
Al, with high volumetric energy density are particularly attrac-
tive for large-scale energy-storage applications,1–4 in which Mg-
ion batteries have been considered as promising beyond Li-
ion technology. However, due to the divalence of Mg,
exploring novel stable electrolytes with reversible metal
stripping/deposition and searching for higher voltage cathodes
materials are still challenging for the development of Mg-ion
batteries.5–11 Great efforts have been made to explore electrode
materials with high-capacity, high cell voltage and resulting
high energy density. In this context, two transition metals, Ni
and Co, have been used as the electroactive elements in almost
all Li-ion cathode materials, including layered-rocksalt cathode
materials in the Li(Ni,Mn,Co)O2 form, and the promising
automotive industry Ni-rich materials. Thus, it is expected that
Mg–M–O complex oxides of Co and Ni will play a crucial role in
the development of Mg-ion batteries with higher energy density.
Yet there has been little improvement due tomultiple limitation
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including their modest capacity, low voltage, self-discharge,
irreversible Mg insertion, and instability toward electrolytes.

Controlling size, shape, morphology and facet growth has
been shown to improve the electrochemical performance of
various Li/Mg–M–O complex oxides. Morphology-controlled
spinel-type MgM2O4 (M ¼ Fe, Mn, Co, Ni) have been consid-
ered as effective method to reach their theoretical capacity of
270 mA h g�1 and high operating voltage.12–15 For example,
MgMn2O4 with nanosized or hollow spheres morphologies
exhibited a high reversible capacity exceeding 220 mA h g�1 at
a voltage of approximately 2.4 V vs. Mg.16–18 MgCr2O4 nano-
particles synthesized by continuous hydrothermal ow
synthesis method at high temperature demonstrates an initial
capacity of 271 mA h g�1.19 Designing them at small particle
sizes would shorten bulk diffusion lengths and maximize sites
for cathode/electrolyte transfer of Mg2+, thereby further facili-
tating electrochemical performance.19 However, the reproduc-
ible and scalable fabrication of Mg–M–O complex oxides in
controlled manner, is challenging using conventional synthesis
methods. Recently, supercritical uid (SCF) process has been
applied for the production of high-quality, high-yield, inorganic
nanosheets and electrode material for energy storage applica-
tions in our group.20–23 This rapid and facile one-pot synthetic
method resulted in a highly active materials with unique
morphological control. In previous report, we applied our
method for the synthesis of olivine-type MgMnSiO4 and
MgCoSiO4 nanoparticles via rapid supercritical uid processing
at low temperature.24 Here, we show a shape-controlled
synthesis of complex metal oxides, which involves the direct
one-pot nucleation and growth of ne nanocrystals of spinel
MgCo2O4 and rocksalt Mg2/3Ni4/3O2 by the SCF water. The ob-
tained MgCo2O4 and Mg2/3Ni4/3O2 nanocrystals exhibited the
RSC Adv., 2019, 9, 36717–36725 | 36717
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Scheme 1 The synthesis of Mg–M–O complex oxides by supercritical fluid processing. Schematic illustration of the crystal growth in super-
critical water and their crystallographic orientation.
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View Article Online
specic capacities of 81.0 and 69.8 mA h g�1, respectively, at
a current rate of C/50 (5.4 mA g�1) in Mg-ion batteries.
2. Experimental section
2.1 Synthesis method

Mg–M–O complex oxides were directly synthesized by one-pot
supercritical uid (SCF) method with a reaction time of 30
minutes.20–24 Typically, 1mmol nitrates solutions (Mg(NO3)2$6H2O)
were mixed with 2 mmol Co(NO3)2$4H2O or Ni(NO3)2$6H2O,
(Wako, Japan) solutions in total volume of 5 ml H2O. The solution
was heated at 60 �C with continuous stirring, followed by addition
of 3 mmol urea (CH4N2O, Wako, Japan). The obtained colored
solutions were heated with continuous stirring at 60 �C for 15
minutes then 5 ml each solution was transferred to a 10 ml batch
reactor and heated at 400 �C for 30 minutes. Aer which, reactors
were allowed to cool to room temperature by water quenching. The
resultant powder was separated by centrifugation and washed with
distilled water and ethanol. Finally, the obtained specimen was
dried at 60 �C in vacuum for 1 day (Scheme 1).
2.2 Material characterization

The crystal structures of the SCF products were checked by
powder X-ray diffraction (XRD; Bruker AXS D8 Advance, 40 kV
and 30 mA) with CuKa radiation (l ¼ 1.5406 �A). Data were
collected in the 2q–q scanning mode with a scan speed of
4� min�1 and a step size of 0.02�. Scanning electron microscopy
(SEM) images were observed on an Hitachi S-4800 eld-
36718 | RSC Adv., 2019, 9, 36717–36725
emission SEM. Transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) images were observed on Hita-
chi H7650 and High Resolution TEM (TOPCOM EM-002B) with
an acceleration voltage of 200 kV. X-ray photoelectron spec-
troscopy (XPS) measurements were carried using a ULVAC PHI
500 (Versa Probe II) equipped with a monochromatic Al Ka

(1486.6 eV) X-ray source. The photoelectrons signals were
collected in the constant pass energy mode using a concentric
hemispherical energy analyser that was calibrated with pure
gold, silver, and copper standard samples by setting the Au 4f7/2,
Ag 3d5/2, and Cu 2p3/2 peaks at binding energies of 83.96 �
0.02 eV, 368.21 � 0.02 eV, and 932.62 � 0.02 eV, respectively.
Charge referencing was corrected using the adventitious
hydrocarbon at binding energy of 284.6 eV. Quantitative anal-
ysis of the XPS spectra was carried out using a Shirley back-
ground subtraction before performing a least-square-error t
with a mixture of Gaussian and Lorentzian line shapes.
2.3 Electrochemical measurement

The electrochemical performance of Mg–M–O was investigated
using CR2032 type coin cells (CR2032).25 The working electrodes
are composed of 80 wt% Mg–M–O, 10 wt% PTFE (poly(tetra-
uoroethylene)) as a binder and 10 wt% acetylene black. These
materials were ground by conventional agar mortar to make
electrode paste. The prepared paste was spread uniformly,
rolling into sheet then dried in a vacuum oven for 4 h at 160 �C.
The cathode sheet was punched into circular discs and cut into
wafers (7 mm in diameter, 0.025 mm in thickness, 1 mg). The
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 XRD patterns of the (a) MgCo2O4 and (b) Mg2/3Ni4/3O2

synthesized by supercritical water processing.
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capacitive anode was prepared by mixing of 80 wt% Maxsorb
MSC-30, 10 wt% PTFE as a binder and 10 wt% acetylene
black.26–28 The tested cell was assembled inside an argon-lled
glove box. The cathode and anode electrodes were separated
by a microporous polypropylene lm. The electrolyte consists
the solution of 0.5 mol L�1 Mg(ClO4)2 in acetonitrile C2H3N or
1.0 mol L�1 magnesium bis(triuoromethylsulfonyl)amide
(Mg(TFSA)2) or (Mg[N(SO2CF3)2]2) in adiponitrile C6H8N2. The
Fig. 2 (a and b) SEM images; (c and d) TEM images; (e) SAED pattern, (f)
400 �C.

This journal is © The Royal Society of Chemistry 2019
charge–discharge cycling were performed galvanostatically
between �0.5 and 1.0 V or �1.5 and 1.0 V versus C on multi-
channel battery testers (Hokuto Denko, Japan) at charge/
discharge rate of C/50. Current densities and specic capac-
ities were calculated on the basis of the weight of Mg–M–O
cathode in the electrode. Cyclic voltammetry measurements
were performed at 1 mV s using Solartron analytical
potentiostat.

3. Results and discussion
3.1 Characterization of Mg–M–O nanoparticles

The formation mechanism of the spinel and rocksalt metal
complex oxides in supercritical uid condition is schematically
depicted in Scheme 1. Upon the rapid heating of the super-
critical uid processing, the supersaturation of reactant species
led to the precipitation of Mg–M–O seeds and further growth
into small nanocrystals.20–24 Urea played an important role as in
situ pH controlling agent. pH of solutions is determined to be
9.0. We assume that pH is important factor for precipitation of
spinel and rocksalt during the supercritical uid treatment. The
phase purity of metal complex oxides was examined by X-ray
diffraction (XRD) investigation (Fig. 1). The XRD patterns of
the synthesized nanocrystals exhibited diffraction patterns that
could be index to cubic spinel structure of MgCo2O4 (space
group Fd�3m, a ¼ 8.10 �A) with minor impurity and rocksalt
MgxNi1�xO2 (space group Fm�3m, a ¼ 4.195 �A). In the case of
Mg2/3Ni4/3O2 sample, we initially try to synthesize spinel-type
MgNi2O4, but it forms rocksalt structure. The molecular
formula of MgxNi1�xO2 was determined to be Mg2/3Ni4/3O2

because we use the molar ratio of Mg/Ni ¼ 0.5.
A typical MgCo2O4 nanocrystals was characterized by

FESEM, TEM, selected area electron diffraction and HRTEM. It
can be seen from Fig. 2a and b, the MgCo2O4 nanocrystals
exhibit a mainly nanocubic shape with size less than 300 nm.
TEM characterization in Fig. 2c and d clearly revealed the
HRTEM image of MgCo2O4 synthesized by supercritical fluid water at

RSC Adv., 2019, 9, 36717–36725 | 36719
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Fig. 3 (a–d) TEM images; (e) SAED pattern, (f) HRTEM image of Mg2/3Ni4/3O2 synthesized by supercritical fluid processing.
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nanocrystals with cubic shapes and well-facets characteristic.
The crystallinity and the growth direction of nanocrystals was
studied by the SAED pattern as displayed in Fig. 2c. SAED
pattern consists of spots pattern, indicating the single-
crystalline nature of the nanocrystal. The pattern can be
Fig. 4 (a and f) EDS spectra, (b and g) SEM images and (c–e and h–j
nanoparticles, respectively (C is from substrate).

36720 | RSC Adv., 2019, 9, 36717–36725
indexed to the [110] zone axis of cubic spinel. The crystal lattice
spacing of 4.8 �A, shown in the HRTEM image in Fig. 2f, corre-
sponds to the (111) lattice planes, indicating the successful
growth of cubic structure.
) elemental mapping of the synthesized MgCo2O4 and Mg2/3Ni4/3O2

This journal is © The Royal Society of Chemistry 2019
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The structural and phase purity characterization of the
synthesized Mg2/3Ni4/3O2 materials is provided in Fig. 3. TEM
images of the obtained Mg2/3Ni4/3O2 particles clearly indicate
the presence of the hierarchical structures comprising of
multiple triangle sheet branches (Fig. 3a and b). TEM images in
Fig. 3c and d of nanocrystals demonstrate the triangle nano-
sheets of which the ripple-contrast revealed their ultrathin
property. The Fig. 3e shows SAED pattern of the selected
nanocrystal in Fig. 3d, corresponding to the [011] zone axis of
the cubic rocksalt structure. Fig. 3f shows HRTEM image taken
in a portion of particle in Fig. 3d. The lattice spacing of 0.24 nm
can be assigned to {111} crystal planes (Fig. 3f), indicating that
the nanoparticles are well-crystalline in rocksalt framework.
The thin nanosheet structure of rocksalt Mg2/3Ni4/3O2 is ex-
pected to show good electrochemical properties due to a short-
ening of Mg ion diffusion distance, fast charge and mass
transport as well as enhancing the contact with the electrolyte
and the resulting reaction kinetics.

Energy dispersive X-ray spectroscopy (EDS) analysis and
elemental mapping were further studied to reveal the chemical
compositions of the obtained nanocrystals. EDS spectrum of
the MgCo2O4 sample shows the characteristic peaks of Mg, CO,
O, which is consistent with the MgCo2O4 phase purity. The
elements Mg, Co, O were found to be distributed uniformly in
Fig. 5 (a and c) X-ray photoelectron spectrum survey scan of as-synthesi
scans for Co 2p and Ni 2p core levels, respectively.

This journal is © The Royal Society of Chemistry 2019
the entire sample as seen in EDS elemental mappings by SEM.
Fig. 4f–j show results from EDS analysis and elemental mapping
of Mg2/3Ni4/3O2. Characterization results from XRD, SEM, TEM,
EDS prove the formation of spinel MgCo2O4 and rocksalt Mg2/
3Ni4/3O2 by supercritical uid water.

In addition, X-ray photoelectron spectroscopy (XPS) analysis
was performed for the synthesized MgCo2O4 nanocrystals
(Fig. 5a and b). The scan survey shows the presence of Mg, Co, O
with the stoichiometry of Mg/Co �1/2. Co 2p peak has signi-
cantly split spin–orbit components, 2p3/2 and 2p1/2, with Dmetal

¼ 15.3 eV. The cobalt signal can be seen at 779.6 eV with
satellite structure at 6.2 eV higher similar to those in LiCoO2,
suggesting the presence of Co(III).29 XPS analysis for Mg2/3Ni4/
3O2 can be found in Fig. 5c and d. The binding energy of Ni 2p3/2
at 853.4 eV is consistent with that of Ni2+, showing that the
oxidation state of nickel is 2+.30 The spin–orbit split peaks for Ni
2p is observed with separation of 17.3 eV.
3.2 Electrochemical performance of MgCo2O4 and Mg2/3Ni4/
3O2 nanocrystals

The electrochemical properties of synthesized MgCo2O4 and
Mg2/3Ni4/3O2 materials were evaluated by using as cathode
materials for magnesium ion batteries. The electrochemical
zed MgCo2O4 and Mg2/3Ni4/3O2 nanocrystals. (b and d) High resolution

RSC Adv., 2019, 9, 36717–36725 | 36721
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Fig. 6 (a and b) Electrochemical performances of the synthesizedMgCo2O4 nanocrystals in Mg-ion batteries withMaxsorbMSC-30 nanoporous
carbon on stainless steel as the anode and with 0.5 M Mg(ClO4)2 in ACN; 1 M (Mg(TFSA)2) or (Mg[N(SO2CF3)2]2) in adiponitrile as the electrolytes,
respectively, at current rate of C/50. (c) Typical charge/discharge profiles of Mg2/3Ni4/3O2 nanocrystals at current rate of C/50 tested with
Maxsorb MSC-30 as counter/reference electrodes and with 1 M (Mg(TFSA)2) in adiponitrile as the electrolyte; (d) charge/discharge capacity of 30
cycles and corresponding coulombic efficiency (CE).
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experiments for Mg-ion battery were performed in coin-cell type
(CR2032) on multi-channel battery testers (Hokuto Denko,
Japan) as reported elsewhere.24,25,28 MgCo2O4 and Mg2/3Ni4/3O2

were used as cathode by mixing with acetylene black (10 wt%)
and PTFE binder (10 wt%). We rst tested the three-electrode
Mg-ion cells with MgCo2O4 cathode, Maxsorb MSC-30 nano-
porous activated carbon as counter and quasi-reference elec-
trode (QRE) and 0.5 M Mg(ClO4)2 in acetonitrile as electrolyte.
The activated carbon is enable of reversible charge transport via
double-layer capacitance (EDLC) due to its high surface
area.26–28 The cells were rst charged. Fig. 6a shows typical
charge/discharge proles of MgCo2O4 nanoparticles at different
cycles with current rate of C/50. The proles clearly show an
increase in potential from 2.6 to 3.6 V and 2.0 to 3.6 V vs. Mg/
Mg2+ with a charge capacity of 17.3 and 70.1 mA h g�1 in rst
and second cycles, respectively. The discharge proles show fast
drop from 3.6 to 2.1 V with capacities of 73.1 and 73.2 mA h g�1

at the rst and second cycles, respectively. The slow drop in the
voltage window �0.8 to �1.0 V with capacities of 10–
13 mA h g�1 was presumably attributed to surface reaction or
decomposition of electrolytes. The rst charge proles indicate
that 0.065 Mg ions per formula unit can be deintercalated from
the spinel MgCo2O4 framework. However, the electrode
36722 | RSC Adv., 2019, 9, 36717–36725
presented a discharge capacities of 73.1 mA h g�1 which indi-
cate the insertion of Mg into spinel to form rocksalt phases as
reported elsewhere: MgCo2O4 + Mg2+ + 2e 4 Mg2Co2O4.31–36

Next we used 1.0 mol L�1 magnesium bis(tri-
uoromethylsulfonyl)amide (Mg(TFSA)2) in adiponitrile as
electrolyte. The electrochemical experiment was carried out at
70 �C, both voltage and charge/discharge capacities were
improved. The initial charge/discharge voltage proles of
MgCo2O4 nanocrystals at current rate of C/50 are shown in
Fig. 6b. The proles show charge capacities of 46.3 and
124.1 mA h g�1 in rst and second cycles, respectively. The
MgCo2O4 materials delivered 125.1 and 119.3 mA h g�1 at the
rst and second discharge cycles, respectively. This capacity
could be measured up to 10 cycles with continuous decrease.
The specic capacities of MgCo2O4 obtained in this study are
comparable to MgCo2O4 materials synthesized by inverse co-
precipitation method,31–36 with the same electrochemical
experiment condition.36 However, the obtained MgCo2O4

showed clear charge voltage curve. Ichitsubo and Idemoto et al.
synthesized spinel materials, MgM2O4 (M ¼ Fe, Mn, Co, Cr), by
inverse co-precipitation method with annealing at 500 �C.31–36

The specic capacities of 97 to 200 mA h g�1 were obtained,
which are strongly depend on the temperature of
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (a) TEM images; (b) SAED pattern; (c and d) HRTEM images viewed from [010] direction; (e and f) HRTEM images viewed from [011]
direction of electrochemically discharged sample Mg2Co2O4.
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electrochemical test (90 to 150 �C). Thus, the synthetic methods
and the resulting particles size, morphologies play a crucial role
in the determining performance of magnesium metal oxides in
Mg-ion batteries.

We further examined the discharge particles by HRTEM to
reveal the structure change. The cathode sample was dis-
assembled in the glovebox and washed with acetonitrile. The
morphologies and phase transition in charged sample was
investigated in detail, and the result is shown in Fig. 7. TEM
images of the discharge particles clearly indicates the presence
of the cubic shape nanocrystals, which is unchange from orig-
inal sample (Fig. 7a). The Fig. 7b shows SAED pattern of the
This journal is © The Royal Society of Chemistry 2019
selected nanocrystal in Fig. 7a, corresponding to the [010] zone
axis of the cubic rocksalt structure. HRTEM images in Fig. 7c
and d of the nanocrystals indicate the particle was viewed from
[010] direction. Fig. 7d shows HRTEM image with lattice
spacing of 0.26 and 0.28 nm, which can be assigned to {002} and
{100} crystal planes, respectively, indicating that the nano-
crystal are well transformed into cubic rocksalt. HRTEM images
viewed from [011] direction are shown in Fig. 7e and f. Based on
the electrochemical data and various spectroscopy method,
Ichitsubo and Idemoto et al. have conrmed the insertion of Mg
into spinel to form rocksalt during the discharge.31–36 It is ex-
pected that Mg cations can be inserted onto 16c vacant sites in
RSC Adv., 2019, 9, 36717–36725 | 36723
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the spinel lattice to form Mg-rich rocksalt structure.31–36 Our
HRTEM analyses indicate reversible extraction and insertion of
Mg-ion into MgCo2O4, with the structural feature of the
discharge particles can be analyzed unambitiously.

We also studied the electrochemical properties of Mg2/3Ni4/
3O2 rocksalt particles with Maxsorb MSC-30 as counter/
reference electrodes and with 1 M (Mg(TFSA)2) in adiponitrile
as the electrolyte, tested at 70 �C. Fig. 6c shows the typical
charge and discharge curves of Mg2/3Ni4/3O2 nanoparticles at
current rate of C/50 with cut-off voltage window of �1.5 to 1.0 V
vs. carbon. The charge curves show an increase in potential
from �1.5 to 1.0 V vs. carbon with charge capacities up to
72.0 mA h g�1. The discharge curves of the electrode possess
average voltage of ca. 2.0 V vs. Mg/Mg2+, which is moderate
among cathode materials of magnesium battery. The Mg2/3Ni4/
3O2 nanoparticles exhibited a initial discharge capacity of
63.9 mA h g�1, which are comparable to the reported values by
Ichitsubo et al.31 Fig. 6d displays the cycling test of the Mg2/3Ni4/
3O2 nanoparticles. The specic capacity decreased continuously
cycle by cycle to 38.0 mA h g�1 aer 30 cycles. At the 10th cycle
and 20th cycles, the discharge capacities are 50.2 and
43.1 mA h g�1, corresponding to the extraction of 0.19 and 0.16
Mg atoms per formula unit, respectively. The capacities reduce
quickly due to the transformation from spinel to rocksalt phase
(Fig. 7). During the electrochemical cycling, the average
coulombic efficiencies decreased and increased again to reach
99% (Fig. 6d). This phenomena correlates with the formation of
solid-interface electrolytes in initial 10 cycles. The electro-
chemical cycling develop and stabilize this solid-interface
electrolytes and the system reaches charge and mass balance,
result in the stable coulombic efficiency aer 20 cycles.

Among the intercalation compounds, disordered rocksalt
materials are able to provide high capacities for Li-ion batteries
thank to the percolation of a certain type of active diffusion
channels.37,38 In the magnesium rocksalt compound, the
magnesium may diffuse by hopping from one octahedral site to
another octahedral site via an intermediate tetrahedral site. It
has been clearly conrmed that, even layered oxides was
initially used, it tend to transfer to rocksalt disordered oxides
during the cycling, by direct observation by advanced electron
microscopy and spectroscopy analysis.37 And the disordered
rocksalt materials can act as high-performance intercalation
battery electrode aerward. In our material, the phase transi-
tion from spinel to rocksalt during the Mg2+ ion intercalation
has been conrmed by HRTEM (Fig. 7). Thus, the study on Mg–
M–O rocksalt materials are merits for future development of
Mg-ion batteries.

4. Conclusions

In summary, spinel-type MgCo2O4 and rocksalt-type Mg2/3Ni4/
3O2 crystalline nanocrystals have been synthesized by rapid
supercritical uid water. The synthesis is facile and rapid and
their resultant small crystallite size with short Mg diffusion
length may enhance fast charge and mass transport as well as
enhancing the contact with the electrolyte and the resulting
reaction kinetics. The MgCo2O4 and Mg2/3Ni4/3O2 nanoparticles
36724 | RSC Adv., 2019, 9, 36717–36725
were used as cathode materials for magnesium batteries, and
the cells exhibited discharge capacities up to 124.1 and
69.8 mA h g�1, respectively. Our study emphasizes on the effect
of synthetic method and resulting particle morphology on
electrochemical properties, paving a way toward boosting elec-
trode performance for magnesium ion batteries.
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