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INTRODUCTION

Over the last few years, chemical and electrochemical
studies have increasingly focused on the development of novel
rechargeable batteries as an energy storage alternative to
lithium ion batteries [1-6]. Other than the rechargeable Li-ion
battery, Mg-ion batteries are receiving much attention due to
their natural abundance, safety, high specific capacity of around
2205 Ah kg-1 and high volumetric energy density of 3833 mAh
cm-3 [7-9]. Due to its divalence it can lead to a phenomenally
large theoretical capacity by the redox reaction between Mg
and Mg2+ [10]. In spite of this, there is no much significant
advancements in the field of multivalent magnesium ion batteries
compared to lithium ion batteries because of two factors: (a) the
kinetics of intercalation and diffusion of Mg ions within the
host lattice and (b) the discordance of a high electrolytic window
with the metal anode and high voltage cathodes [11-13].
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So far, intercalation of cathodes has been used with comp-
aratively low capacities and cell potentials, in addition to the
fact that their capacity declines significantly over a period. In
these cases, the main cause is the slow diffusion of Mg2+ ions
that results in ion adsorption on the electrode due to polari-
zation of the electrode. In addition, a co-intercalation of solvent
molecules results in structural destruction and degeneration
of the cathode material and instability of the intercalates. Another
problem which affects cell performance efficiency is the forma-
tion of passivation layers in solid-electrolyte interfaces (SEI),
which creates a barrier to Mg2+ transport. Therefore, future
research focuses on improving the efficiency of cells mainly
by changing the structure of intercalation and conversion elect-
rodes [5]. Since MnFe2O4 spinel structured oxide does not
reduce during the discharge process of a cell, it may be used to
fabricate electrodes in Mg ion batteries with an 80.4 mAh g-1

capacity [14-20].
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Metal sulfides with Chevral phase such as Mo6S8 have been
extensively studied as cathode materials for magnesium batteries
[7]. Although their terminal voltage is low (1.0-1.2 V), they
are not the ideal material for future electrodes. Despite their
potential high energy density, some metal oxides (like V2O5,
MoO3, MnO2, etc.) have low rate capability due to their slow
ion diffusion [21]. The high dielectric constant of spinel metal
oxides (AB2O4) have generated a lot of interest in discussions
about ion diffusivity [22,23]. Recent research has explored spinel
metal oxides for Li-ion batteries, magnesium ion batteries and
nickel-ion batteries; however, these materials have not been
adequately explored for use as anode materials. Recently,
Yokozaki et al. [24] reported that spinel MgMn2O4 can exhibit
a theoretical capacity of 540 mAh g-1 for both Mn3+/Mn4+ and
Mn3+/Mn2+ redox transformations. During lithium intercalation,
Thackeray et al. [25,26] synthesized LiMn2O4 as a cathode
and showed excellent electrochemical performance at low
voltage (vs. Li metals) . It has also been shown that spinel’s can
have their properties tuned by replacing or substituting Mn
with Ni, Co or Cr to increase the voltage up to 5.0 V [27-30].

Mg-ion batteries have been investigated for the develop-
ment of their electrode materials for the past two decades. For
the development of electrode materials, various spinel metal
oxides, including MgM2O4 (M = Mn, Fe, Ni, Co, etc.) are being
studied. According to Truong et al. [2,31,32], spinel MgMn2O4

(with a capacity of 270 mAh g-1) and MgCo2O4 (with a capacity
of 124 mAh g-1 have been extensively studied as cathode
materials for Mg-ion batteries with capacities of 69.8 mAh g-1).
Bock et al. [17] studied several spinel ferrites from the mole-
cular and theoretical aspects, including Fe3O4, ZnFe2O4 and
MgFe2O4 and found that different vacancies in the divalent
cation of the spinel ferrite can lead to differences in the defor-
mation and delivered capacity of the spinel ferrite.

In view of the above, the above-mentioned material shares
a lot of characteristics with MgCo2O4 and MgMn2O4 (efficient
cathode materials for Mg ion batteries, as reported by Truong
et al. [31,32]). Our research team designed and analyzed the
performance of spinel MnFe2O4 as an emerging anode material
for Mg ion batteries considering these findings [3]. These
simple and efficient hydrothermal, solvothermal and super
critical fluid processes are of great interest, as the particle size
and morphology that are desired can be controlled [34,35].
Furthermore, there have been no reports to date on the one-pot
synthesis using super critical fluid process for MnFe2O4 as the
anode material in Mg ion batteries. Thus, MnFe2O4 nanoparticles
have been synthesized using a one pot super critical fluid pro-
cess method in the present investigation. This work also makes
it possible for MnFe2O4 anode to be applied in a rechargeable
Mg ion battery for the first time by studying conversion reaction
phenomena in parallel.

EXPERIMENTAL

The chemicals viz. FeCl3·6H2O and Mn(NO3)2·6H2O (Loba-
chemie Laboratory Reagents & Fine Chemicals) were procured
for the synthesis of MnFe2O4 nanoparticles. Sodium hydroxide
(ChemLabs) and sodium dodecyl sulfate (SDS, Merck) were
used as reducing and capping agents, respectively. Ethylene

glycol (SD Fine Chemicals Ltd.) was used as a solvent. All the
chemicals are of analytical grade unless mentioned.

Synthesis of MnFe2O4 nanoparticles by one-pot super-
critical fluid process: MnFe2O4 nanoparticles were synthe-
sized using Mn(NO3)2·6H2O and FeCl3·6H2O as precursor salts
in 2:1 stoichiometric ratios (Mn:Fe). Ethylene glycol (10 mL)
was added to the precursor materials and mixture was stirred
for 1 h and 3.5 M NaOH was added to get hydrated manganese
nitrate and ferric chloride. Following NaOH addition, 21 mM
of SDS was added and stirred for 1 h. Then, the solution was
transferred to stainless steel super critical reactor and kept in
muffle furnace at 480 ºC for 20 min. To remove the impurities,
the precipitated part was washed several times with deionized
water and ethanol after heat treatment. This was followed by
6 h of vacuum drying at 60 ºC.

Electrode fabrication: Electrochemical performance of
the synthesized MnFe2O4 nanoparticles as electrode materials
was studied using CR2032 coin cells. Anode material (MnFe2O4)
was combined with the PVDF binder and acetylene black (as
conductive material) in the ratio of 8:1:1 (based on weight
%), to fabricate the working electrode. All the three materials
were grounded using mortar and pestle followed by the
addition of N-methyl 2-pyrrolidone to prepare electrode paste.
Thus, prepared paste was coated uniformly on the copper sheet
and allowed to dry overnight at 80 ºC. Dried sheets were cut
into circular discs after to use as anodes. Similarly, Mg metal
as the reference electrode, which was also cut into same circular
discs as that of anode. The cell was assem-bled in a Ar-filled
glove box. Polypropylene film (thickness 20-25 mm) was used
as a separator between cathode and anode and the electrolyte
used was 0.5 M of Mg(ClO4)2 in acetonitrile. A multichannel
battery tester (Arbin Workstation) was then used to measure
the charge-discharge cycling performance of the fabricated
cells.

Characterization: To determine the structure of synthesized
powder, powder X-ray diffractometer (RigakuUltima 4 at 40
kV and 30 mA) was used to irradiate CuKα with a wavelength
of 1.54 Å. Using a 2θ diffraction angle, data were collected
with a step size of 0.02º and the following equation was used
to calculate the crystallite size of the average:

avg

0.9
D

cos

λ=
β θ (1)

Here, λ is the wavelength of X-ray (1.54060 Å), β is the width
at half maximum (FWHM) and θ is the angle of diffraction.
SEM (Hitachi 150) was used to study the morphology of the
synthesized powder. SEM attached energy-dispersive spectro-
scopy (EDS) analysis of the synthesized powder was used to
determine the powder’s composition. Transmission electron
microscopy (TEM, Hitachi) data of the as-prepared sample were
obtained. An electrochemical charge-discharge measurement
was performed on the sample using Arbin electrochemical work-
station.

RESULTS AND DISCUSSION

A spinel (AB2O4) is classified as either normal or inverse,
depending on the distribution of cations within the crystal
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lattice. Usually, cubic systems with close packing can be found
in normal spinel’s. According to crystal field stabilization
theory (CFST), all A-cations occupy octahedral sites in inverse
spinel’s, whereas half of the B-cations do so, as A-cations have
a strong preferential effect on octahedral sites [36,37]. The XRD
pattern of as-synthesized MnFe2O4 was recorded and displayed
in Fig. 1. As evidenced by XRD, the pattern corresponded to
inverse cubic spinel structure of space group Fd-3m. XRD
pattern characterization software provided the following cell
parameters: a = b= c = 8.50 Å and α = β = γ = 90º. The para-
meters of these cells are in good agreement with the previous
reports [38]. There is a major characteristic peak of ferrite spinel
located at lattice plane (3 1 1) and they have existed for a long
time based on this evidence [39]. Earlier reporters also made
similar observations [40,41]. In the sample, there were no residual
phases of α-Fe2O3 or other impurities. Based on Scherrer’s
formula (eqn. 1), the average crystallite size of MnFe2O4 is
11.93 nm, which corresponds to the lattice planes (1 1 1), (2 2
0), (3 1 1), (2 2 2), (4 0 0), (4 2 2), (5 1 1) and (4 4 0).

Fig. 2a-b shows SEM micrographs of nano-MnFe2O4

powder, which illustrate the morphology of the particles. As it
can be seen in the SEM image that the particles are spherical
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Fig. 1. XRD pattern of MnFe2O4 synthesized by one-pot supercritical fluid
process

in shape and agglomerated. TEM images in Fig. 2c-d clearly
show agglomerated spherical particles and are of the size less
than size of 50 nm. TEM images provide a glimpse into the
particle morphology and size distribution, as the particles have
almost uniform morphology and size distribution.

900 nm 500 nm

200 nm 50 nm

Fig. 2. (a,b) SEM image and (c,d) TEM images of MnFe2O4 nanoparticles synthesized by one-pot supercritical fluid method
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A further study has been conducted to determine the
elemental composition and phase purity of synthesized ferrite
with EDS spectral analysis. Fig. 3 clearly shows the presence
of regular Mn, Fe, O characteristic peaks with pure MnFe2O4

phase. The EDS analysis also provided an estimation of the
elemental composition based on the composition mixed when
the sample was prepared.

In synthesized samples, the XPS study provides quanti-
tative information on compositional variance and metal ions
oxidation state (oxidation state). It is possible to consider the
occurrence of C 1s as the result of hydrocarbon contamination
with other elements [39]. In Fig. 4b, Mn 2p represents split-
spin orbit components 2p3/2 and 2p1/2 significantly at 634.817
and 645.94 eV, respectively. In Fig. 4c, Fe 2p exhibits split-
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spin orbits 2p3/2 and 2p1/2 significantly at 710.355 and 725.09
eV, respectively. At the binding energy of 529.731 eV, Fig. 4d
indicates the presence of O 1s.

Electrochemical charge discharge: During the conversion
reaction between spinel and rock-salt frame, the magneziation-
demagneziation process drives the storage mechanism of electrode
material (MnFe2O4).

2
4 2 4 2Mg(ClO ) Mg (ClO ) 2e+ −+ + (2)

2
2 4 2 4MnFe O Mg 2e MgMnFe O+ −+ + (3)

Anode materials for Mg ion batteries such as MnFe2O4

were investigated via galvanostatic charge/discharge within a
voltage range between -1.0 V and 1.0 V vs. C. As can be seen
in Fig. 5, the MnFe2O4 charge-discharge profiles were typical
of a first cycle of using different C-rates. There was, however,
a rapid decrease of the voltage window from 1.0 V to -0.5 V in
the discharge profiles. This may have been due to the change
of MnFe2O4 from spinel to rock-salt framework through Mg-
insertion or magnesiation into the anode. Similarly, the voltage
window dropped slowly from -0.5 V to -1.0 V and discharge
capacities of 195.82, 139.70, 25.04 and 14.16 mAh/g were
observed, with increasing C-rate the capacity decreases. This
implies a surface reaction on the cathode or electrolyte decom-
position due to increased volume expansion/contraction in the
lattice structure of the anode [32,42]. In the rock-salt phase,
the high charge capacities are attributed to the Mg-insertion
into spinel structure [23,43-47].
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Fig. 5. Charge-discharge profile of MnFe2O4 at 0.05C, 0.1C, 1C, 2C current
density

With discharge profiles at 0.05C and 0.1C found an irrev-
ersible capacity loss was observed due to lattice distortion in
the anode caused by magneziation-demagneziation with a wide
potential plateau near -0.75V. As compared to the other cases,
the discharge plateau has been shifted to -1.0 V and narrowed
at 1C and 2C with less irreversible capacity loss.

Conclusion

A single-phase MnFe2O4 nanocrystals were achieved succe-
ssfully synthesized by a one-pot procedure. Due to the uniform

morphology and high electrolyte-ions interfacial contact, its
applicability as an emerging electrode material for rechargeable
Mg ion batteries has been elucidated. Herein, MnFe2O4 was
used as an anode here, following the principle of the conversion
type electrode by participating in large volume expansion
reactions phenomena, which allowed ion diffusion into the
crystalline structure as well as structural distortion at the same
time. It showed a discharge capacity of 195.82 mAh/g at 0.05C,
simultaneously 139.70 mAh/g, 25.04 mAh/g and 14.16 mAh/g
at a C rate of 0.1C, 1C and 2C were obtained, respectively.
Further, MnFe2O4 may decompose at higher current rates, so
the specific capacity decreased to 14.16 mAh g-1 at 2C as the
current rate increased.
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