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Abstract: In this report, the synergetic sonoelectrochemical method was utilized to produce magnetite
nanoparticles was doped with MnO; with the assistance of ultrasound to form nanoarchitectonic
magnetic crystals with a mesoporous magnetite @ manganese dioxide (m-Fe304,@MnO,) hybrid
nanostructure. The hybrid nanocomposite was rapidly produced based on the nucleation and growth
of pure iron-oxide nanocrystals in the electrochemical system. The nanocomposite was pure, highly
amorphous, and mesoporous in nature; the magnetite was spherical in shape, with an average
diameter of 45 £+ 10 nm and a MnO;-plane length of 420 &+ 30 nm. The stability of the pure m-Fe304
was enhanced from 89.61 to 94.04% with negligible weight loss after adding manganese dioxide and
the stable formation of the hybrid nanostructure. Based on the superior results of the material, it
was utilized as an anode material in Li-ion batteries. The m-Fe3;0,@MnO, hybrid nanostructure had
a highly active surface area, which enhanced the interfacial interaction between the Li-ion and the
metal surface; it delivered 1513 mAh g~! and 1290 mAh g~ ! as the first specific discharge and charge
capacity, respectively, with 85% coulombic efficiency, and it showed an excellent cyclic reversibility of
660 mAh g~! with a coulombic efficiency of almost 99% at current density of 1.0 A g~ 1.

Keywords: Fe;0,@MnO, nanocomposite; sonoelectrochemistry; anode; Li-ion battery

1. Introduction

The emerging development of advanced transport systems and portable electronic
devices drives the requirement for high-performing energy-conversion and -storage tech-
nology [1]. This technological breakthrough is essentially reliant on the evolution of
electrochemical devices, such as fuel cells, batteries, supercapacitors, etc., in which Li-ion
battery technology is becoming highly significant, since it has many valuable features,
including high efficiency, high energy density, long cycle life, etc. [2]. Currently, researchers
are focusing on the design of functionalized nanomaterials for enhancing energy efficiency
and improving thermal performance in order to attain an optimized design enclosure [3-5].
However, the challenges facing the commercial application of the graphitic anodes, includ-
ing their terminal resistance, capacity limitations, and low-temperature operations, need
to be overcome by replacing electroactive metals and their various derivatives [6]. Recent
studies suggested that transition-metal oxide materials could surmount these challenges,
since they have a high theoretical specific capacity range (~500 to 1000 mAh g~!) and
excellent cycle performance. Iron-based materials are becoming promising anode materials
among various transition-metal oxides because of their large availability, eco-friendliness,
and inexpensive nature [7]. Since mesoporous magnetite (m-Fe304) nanoparticles in partic-
ular demonstrate the recommended magnetic properties and dynamic activities, it is largely
utilized in other potential applications, such as drug delivery [8], pollutant removal [9],
wastewater treatment [10], heavy metal removal [11] etc.
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The current approaches to the synthesis of m-Fe3O4 nanoparticles, such as solvother-
mal and thermal decomposition methods, are more time-consuming and highly temperature-
dependent [12]. To overcome these limitations with feasible synthesis conditions, a simple
chimie douce (soft chemical) approach is utilized for the one-pot synthesis of high-quality
magnetite nanoparticles in a very short time with the coupling of an electrochemical setup
and ultrasound. Here, in this sonoelectrochemical system, the rapid formation of magnetite
occurs, followed by the combined influence of ultrasound cavitation and electrochemical
oxidation-reduction reactions [13]. The redox reactions between the electrodes and the
electrolyte help to release and accept valance electrons from the metallic surface, which
leads to the nucleation and growth of nanocrystals over the surface of the electrode. When
the microbubble collapses, through the uncertain conditions, including the extreme temper-
ature (~5000 K), ultra-fast cooling rate (~1019Ks~1), and high pressure (~20 MPa), countless
radicals are created. At the same time, the formation of small vapor-filled microbubbles
through the cavitation phenomenon enhances the mass transport inside the electrolyte
system through highly active radicals from the rapid collapse, which helps to detach the
deposition of the iron oxide from the conducting electrode’s surface. Eventually, pure crys-
talline magnetic nanoparticles settle as sediment [14]. Beyond achieving rapid synthesis
through this method, the possibility of tuning the morphology in terms of shape and size
patterns, long endurance, uniform dispersion, etc., could lead to the achievement of the
desirable properties and yield a product with maximum conversion efficiency [15].

Since the synthesis of high-quality magnetite nanoparticles, the utilization of pure m-
Fe3;04 nanomaterial as an anode material for Li-ion batteries has been followed by several
modifications due to its volume-expansion nature during charge—discharge, its intrinsically
poor conductivity, and the blocking of voids by lithium ions [16]. These limitations cause
stress on the surface, which might lead to material deterioration, insufficient electron
transfer, and the suppression of the diffusion mechanism. Hence, the electrochemical
performance of the material becomes poor [17]. Therefore, it is important to tune the core
structure with an effective material to mitigate the issue by stabilizing the m-Fe3O4. To this
end, manganese oxide was chosen from among other transition-metal oxides because of
its identical atomic properties and higher oxidation state, of up to seven. Furthermore, it
is very compatible with iron oxides, with a similar crystal symmetry. In addition, its ease
of preparation and high stability are important features in the selection and formation of
a nanoarchitectonic hybrid nanostructure [18]. The electrochemical features and surface
characterization of MnO, through the influence of various additives as a cathode for
aqueous battery systems were investigated by Minakshi et al. [19-24]. However, the
fabrication of metal-oxide electrodes with defined morphologies and structures to buffer
the volume expansion during the charging—discharging cycles, and also to meet the demand
for good lifetime performance still needs to be improved.

In this report, highly crystalline mesoporous magnetite (m-Fe304) nanoparticles
were synthesized via a simple one-pot sonoelectrochemical method in a very short time.
The m-Fe;04 was successfully anchored with MnO, planes via ultrasound-induced self-
organization, in which the nano-sized mesoporous Fe3O4 was uniformly dispersed or
anchored in a desired pattern over the MnO; planes to form the m-Fe30;@MnO; nanoar-
chitectonic hybrid nanostructure. This structure was then utilized as an anode material
for a laboratory-fabricated lithium coin cell (CR2032). The electrochemical performance of
the magnetite nanoparticles and magnetite-doped MnO, were studied. The effect of the
doping of the MnO, with the m-Fe30O4 on the structural rearrangements, enhancements
in surface area, and stability were analyzed. The nanoarchitectonic hybrid structure was
studied for its thermal stability and surface area, which might influence electrochemical
performance at high current densities.

2. Materials and Methods

Pure iron plates with 99.87% purity (0.5 milli meter thick) were procured from Tiruchi-
rappalli industrial area, India. Electrolyte-salt sodium sulfate (Nap;SOy), stabilizer thiourea
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(CH4N>S), additive potassium chloride (KCl), and precursor potassium permanganate
(KMnOy) were obtained from Merck, India. Chemicals of high-purity grade were pur-
chased and used without additional purification procedures. Water obtained after two
distillations was used with 18.2 MQ) of resistance to prepare the required solutions for the
synthesis of m-Fe;0,@MnO, nanoarchitectonic hybrid nanostructure.

2.1. Sonoelectrochemical Nanoarchitectonic Synthesis of m-Fe30,@MnO, Hybrid Nanostructure

The nanoarchitectonic m-Fe;O4@MnO, hybrid nanostructure was created in a two-
step ultrasonic processes. In the first step, magnetite nanoparticles were synthesized
by employing sonoelectrochemical technique, as previously reported, under optimized
conditions [25], in which the electrolyte volume was taken as 200 mL, which contained
0.25 M Nap5S0y, 0.04 M thiourea, and 0.014 M KCl, and was maintained at 60 °C. The pure
iron plates with known surface areas (1 cm? and 4 cm?) were taken as working electrode
(WE) and counter electrode (CE), respectively. They were preactivated by following ASTM
standards to eliminate the unwanted oxide layer. Next, the surface preactivated electrodes
were dried, insulated, and mounted at a distance of 1 cm inside the electrochemical cell. The
combined driving force of constant current density (0.8 A cm™~2) and ultrasonic irradiation
(60% amplitude) were introduced from galvanostat (PGSTAT302N, Metrohm Autolab,
Netherland) and ultrasonic processor (Elma Transonic Digital T490DH, Gottlieb-Daimler-
Strafle 17, 78224 Singen (Hohentwiel), Germany, Emission frequency = 40 kHz). The
schematic representation of experimental setup is shown in Figure 1. Once the system
was sonoelectrochemically activated, the combined effect of redox reaction and cavitation
phenomenon helped the rapid formation of magnetite nanoparticles as precipitates, which
was verified by black color of solution. The product was magnetically collected and washed
multiple times with water and ethanol.

Power supply

WE= Working Electrode
CE= Counter Electrode

Ultrasound bath
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Figure 1. Schematic representation of experimental setup for m-Fe30,@MnO, nanoarchitectonics.

In the second step, the nanoarchitectonic structures of m-Fe;0,@MnO, were synthe-
sized via ultrasound method with a slight modification of previously reported work [26]:
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m-Fe3O4 nanoparticles were dispersed in an aqueous solution of 0.03 M KMnO, and
subjected to less-amplitude sonication for 15 min, in which the ultrasound induced self-
arrangement of mesoporous Fe3O4 nanoparticles over an intended configuration of MnO,
nano planes, forming a nanoarchitectonic hybrid nanostructure. The final product was
magnetically collected, and dried at 45 °C in vacuum condition overnight.

2.2. Material Characterizations

The elemental composition-based purity analyses of working and counter electrodes
carried out by X-ray fluorescence (XRF) (Olympus, Center Valley, PA, USA). Crystallo-
graphic plane positions of the prepared m-Fe30,@MnO, hybrid nanostructure were identi-
fied in a range between 10° and 80° 26 by X-ray Diffractometer (XRD) (Rigaku-Ultima-IV,
Akishima-shi, Tokyo 196-8666, Japan), with the help of monochromatic CuKe; radia-
tion. The presence of functional groups over the surface of the nanocomposite was noted
at wavenumbers between 4000 and 400 cm ! through Fourier Transform-Infrared Spec-
troscopy (FTIR) (Perkin Elmer, Waltham, MA, USA). The morphology studies with respect
to shape and size patterns were conducted using electron-microscopic techniques (field-
emission scanning electron microscope (FESEM) (ZEISS, Sigma, 73447 Oberkochen, Ger-
many) and high-resolution transmission-electron microscope (HR-TEM) (JEM 2100, Tokyo,
Japan)). Pore size and specific surface area were determined from nitrogen-adsorption—
desorption-isotherm studies, using Quantachrome Nova Station, performed at 77 K. The
enhancement in thermal stability was observed between room temperature (~30 °C) and
700 °C through thermogravimetric analysis (TGA) (Perkin Elmer, USA) in nitrogen atmo-

sphere at a scan rate of 10 °C min .

2.3. Electrochemical Characterization

The electrochemical performance of the sonoelectrochemically synthesized m-Fe;0,@MnO,
hybrid nanostructure was measured by utilizing it as an anode in a laboratory-fabricated
coin cell (CR2032), with Li metal chip acting as counter and reference electrode. The
working electrode was formulated by mixing active material (m-Fe30,@MnQO;), binder
(PVDF), and conducting agent (Acetylene black) in 80:10:10 wt% with an appropriate
volume of solvent, NMP (N-methyl-2-Pyrrolidone). The mass loading of the prepared
slurry on 16-um-thick copper foil was kept between 1.2 and 1.5 mg cm 2. Lithium cells
were assembled as a coin cell (CR2032) inside argon-filled vacuum glove box, in which
the humidity and moisture were controlled at <10 ppm. The Celgard 2325 and LiPFg
(EC:DMC:DEC = 1:1:1) were used as separator and electrolyte, respectively. The assembled
cells were submitted to voltammetric studies in a potential window between 0.01 and
3.0 V at a scan rate of 0.1 mV s~ ! via electrochemical workstation (PGSTAT302N, Metrohm
Autolab, The Netherland). The galvanostatic charge-discharge was tested with a universal-
battery-testing system (BTS4000-NEWARE).

3. Results and Discussion
3.1. Element-Based Purity Test

The element-based purity test on the iron-metal plates was carried out with a compact
X-ray fluorescence spectroscopy. It was confirmed that the purity of the iron in the procured
samples was 99.87%, with a very low manganese percentage. Therefore, it might be possible
to utilize the metal plate as a working and counter electrode, which could be able to produce
high-quality Fe3O4 nanoparticles in pure form through the sonoelectrochemical method.

3.2. Presence of Elements in the Nanocomposite

The presence of manganese oxide and magnetite through atomic vibrational stretching
was confirmed by the FTIR spectrum, as shown in Figure 2. The decisive peak at 551 cm ™!
depicts the Fe-O vibrational stretching of the magnetite nanoparticles, which moved slightly,
to 609 cm ™1, as the transmittance value increased in the case of the sonoelectrochemical
m-Fe304,@MnO, hybrid nanostructure, where remarkable peaks at 566 and 545 cm !
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were observed for the strong Mn-O stretching vibrations. This reduction and remarkable
shift in the absorption value with respect to the wavenumber in the Fe-O stretching may
have been due to the successful coordination of the Fe304 nanoparticles with the highly
active manganese—oxygen group. This confirmed the presence of manganese oxide and
magnetite together in the sonoelectrochemically prepared nanocomposite. The additional
peaks around ~3400 cm~! were ascribed to hydroxyl groups and ~1129, ~1645 cm ™!
wavenumbers correspond to the carbon-oxygen stretching vibrations.
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Figure 2. FTIR spectrum of m-Fe304 and m-Fe30,@MnO, nanocomposites.

3.3. Material Characteristics of m-Fe304 and m-Fe30,@MnO,

The crystallographic studies of the samples were compared through X-ray diffrac-
tometric patterns, which are shown in Figure 3. It was observed that the samples were
pure and amorphous in nature, with the predominant crystal planes (220), (311), (400),
(422), (511), (440), and (533) located at 30.1°, 35.5°, 43.1°, 53.4°, 57°, 62.4°, and 74.2°, re-
spectively, as shown in Figure 3A, corresponding to the inverse cubic spinel structure of
Fe304 nanoparticles (JCPDS no. 00-19-0629). The average crystallite size was theoretically
calculated from Scherrer’s formula and found to be 41.42 nm. This result was clearly in line
with the FESEM results, which are shown in Figure 4. In the case of the m-Fe;O;@MnO,
hybrid nanostructure, the XRD patterns revealed many similar patterns, but with lower-
intensity reflections (Figure 3B). This may have resulted from the lower concentration of
the manganese precursor. However, with the slight shift, the less-intense peaks obtained
at12.3°,21.1°,30.1°, 36.6°, 57.1°, and 58.9°, ascribed to the (110), (200), (310), (211), (600),
and (521) planes of manganese oxide, respectively, shown on the inset graph, represent the
stoichiometric alteration between iron and manganese oxides (JCPDS no. 00-44-0141). The
nonappearance of miscellaneous peaks reveals the purity and successful formation of the
hybrid nanostructure.
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Figure 3. (A) Combined XRD patterns of m-Fe30, and m-Fe;04@MnO, nanocomposite and (B) crystal
planes of MnO, in the nanocomposite (JCPDS-00-44-0141).
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Figure 4. FESEM (I), HRTEM (II), and elemental mapping (III) of (A) m-Fe304 and (B) m-Fe304,@MnO,
nanocomposites.

The morphological studies to determine the shape and size characteristics of the
nanocomposite through FESEM, HR-TEM analysis, and elemental mapping analysis were
performed and the results are shown in Figure 4. The FESEM and HRTEM results showed
that the sonoelectrochemically prepared m-Fe3;04 nanoparticles (Figure 4A) were spherical
in shape, with a mean diameter of 45 = 10 nm. The mean size of the magnetite was in
good agreement with the crystallite size theoretically calculated from the XRD results. The
synergetic effect of the cavitation processes led to the sudden increase in high temperatures
after the bubble collapse, which, consequently, produced shock waves under extreme
pressure conditions. All these mechanisms together accelerated the spherical formation of
Fe304 nanoparticles. Further, the ultrasound induced the self-organization of the m-Fe;Oy4
over the surfaces of the MnO, planes with an average length of 420 & 30 nm to form a
nanoarchitectonic configuration (Figure 4B). The iron and oxygen elements in the mixture
of the pure m-Fe;0, were identified through the colors red and green, respectively, and,
in the case of the m-Fe30,@MnO, nanocomposite, the colors red, yellow and green were
used to identify the presence of iron, oxygen, and manganese, respectively. It is believed
that the anchoring effect of iron oxide nanoparticles on the MnO; planes can obviate the
agglomeration nature of Fe304 nanoparticles during charge-discharge studies.
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The porous nature of the prepared samples was determined through nitrogen-
adsorption—desorption studies under isothermal conditions (77 K) after degassing at 110 °C
for 12 h. The inferences of the surface area and pore characteristics are shown in Figure 5.
Based on the results, the m-Fe3O4 nanoparticles and the m-Fe;O04@MnO, hybrid nanostruc-
ture possessed type IV isotherms and loops with a H3 hysteresis structure. This confirms
that both samples were of a mesoporous nature. The individual contributions of the planes
and spherical nanoparticles during the isotherm kinetics caused the enhancement of the
surface area from 121.876 to 385.704 m? g~!. This was mainly because of the nucleation
of the nanocrystallites after the induction caused by the ultrasound resulting in the rapid
‘Ostwald ripening’ process which formed highly ordered manganese planes with active
sites. As a summary of the BJH desorption, the pore volume and pore diameter of the
m-Fe30,@MnO, hybrid nanostructure were measured as 0.587 cm’ g_1 and 2.098 nm,
respectively.

o ] —e— m-Fe;0,@MnO, /o
g o
§, 200 /./
= /.,./.
_—o—9 °
5 100 I ././.’. /././
9 0 o—0—00-08 _a—o—0—0—0—0°
g . , | | | .
[
8 1% m-Fe,0,
(1}
o 124 |
£
3
o 62|
>
0L
1 . | . 1 I | | | | |
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (P/P°)

Figure 5. BET results of m-Fe3O, and m-Fe30,@MnO, nanocomposites.

The thermal stability of the m-Fe;O4 and Fe30,@MnO, hybrid nanostructures were
and the results are shown in Figure 6. The overall weight loss of the m-Fe;04 was found
to be 10.4%, while the preliminary weight loss (3.57%) from room temperature to 150 °C
was identified as the elimination of the oxygen-hydrogen (-OH) linked functional groups,
which might have been adsorbed on the surface of the material in connection with aqueous
solution and residue from the ethanol washing. The removal of organosulfur from the
electrolytes occurred between 150 °C and 300 °C, and weight loss of 5.15% was observed.
The additional removal of weight from 300 °C to 700 °C (1.58%) might have cleared the
halide off the KCl salt. Finally, the physical transition of the magnetite to hematite occurred
after 700 °C. With the addition of the manganese salt, the thermal stability of the Fe3O4
was enhanced from 89.61 to 94.04%, with almost negligible weight loss, which might
have been due to the formation of a hybrid nanostructure resulting from the effective
cavitation induced by the ultrasound radiation. Because of the nanosized nature and
narrow distribution of the m-Fe3Qy, it easily reacted with the surfaces of the MnO, planes,
which acted as a thermal resistive layer. Additionally, this layer stabilized the physical
transition of the magnetite against further losses.
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Figure 6. TGA results of m-Fe3O4 and m-Fe;0,@MnO, nanocomposite.

3.4. Electrochemical Performance of m-Fe3Oy4 and m-Fe30,@MnO,

Figure 7 (left) shows the cyclic voltametric results of the m-Fe3O4 and m-Fe304,@MnO,
electrodes for three scans carried out at a scan rate of 0.1 mV s~ 1. Major reduction peaks
were observed for both samples at around ~1 V, and the oxidation peaks were near ~0.5 V
for the m-Fe3O4 and 1.67 V for the m-Fe;0,@MnO; electrodes, with respect to the standard
lithium reduction potential. The discharge process for the first scan revealed the reduction
peak for the m-Fe;O; electrode at 0.965 V, which shifted and started to overlap at 0.96 V
in the two subsequent scans. For the m-Fe304@MnO,, the reduction peaks were obtained
at 0.482 V for the first cycle, and the shift and overlap occurred at 0.46 V. During the
discharge process, the shifting and overlapping of the voltametric curves occurred due to
the formation of the solid-electrolyte interface layer (SEI) after the Li-ions were inserted into
the mesoporous metal oxide and through the formation of Li;O dendrites. At the same time,
the reduction of the trivalent metal ions (Fe (IIT) and Mn(III)) into zero valent metal (Fe (0)
and Mn (0)) occurred during the Li insertion. In the case of charging, the reversible process
took place and vice versa; the oxidation peak was observed at 0.48 V for the m-Fe3O4, and
further, it was smoothened in the case of the m-Fe304;@MnO; electrode. This may have been
due to the strong structural rearrangement between the active material and the electrolyte
during the oxidation process. During the oxidation process, the active materials returned
to their oxide form (Fe3O4 and MnQO;). These cyclic voltammograms were agreeable with
the voltage plateau in the galvanostatic charge-discharge (GCD) studies.

The Li storage properties were identified for the sonoelectrochemically prepared
nanocomposite through the laboratory-fabricated coin cells in a half-cell configuration, and
the GCD studies were performed at a current density of 200 mA cm 2 in the range between
0.01 and 3.0 V (Figure 7 right). The voltage platform occurred at nearly 0.7 V with a sloping
tendency for the m-Fe3Oy electrode, and it delivered 1278 mAh g’l as a maximum first-
discharge-specific capacity and 868 mAh g~! as a charge-specific capacity with a coulombic
efficiency of almost 68%. The m-Fe;0,@MnQO; electrode delivered the first maximum
discharge and charge capacities of 1513 mAh g~! and 1290 mAh g~ !, with a coulombic
efficiency of 85%. The increment in the first-discharge capacity might have been due to
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the structural enhancement of the m-Fe;O, with MnO;, resulting in the enhancement of
the material properties in terms of the increasing surface area and stability of the m-FezOy
nanoparticles, according to the BET and TGA results. The overlapping of the curves for the
next two consecutive cycles with a coulombic efficiency of ~99% demonstrates the stable
formation of the solid-electrolyte -interface (SEI) layer.

3.0
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Figure 7. Cyclic voltammetry (left) and GCD (right) results of m-Fe3O, and m-Fe;0,@MnO,
nanocomposites.

Figure 8 shows the cyclability of the prepared nanocomposite; the charge-discharge
cycles were performed at a current density of 1.0 A g~! for 100 cycles. At the end of
the100 cycles, the nanocomposite manifested a reversible capacity of 660 mAh g~!, with a
coulombic efficiency of almost 99%.

Table 1 shows the comparative data of various recent synthesis methods for the
Fe304,@MnO, nanocomposite with respect to various synthesis factors, such as the syn-
thesis time, temperature, atmosphere, and material properties, for multiple applications.
The comparative data clearly depict that the sonoelectrochemical synthesis method is an
effective method to prepare high-purity m-Fe;04@MnO, nanocomposites in less synthesis
time, at low temperatures, and under open-atmosphere conditions. Table 2 and Figure 9
display the performance-comparison data of various different anode materials for various
energy applications. The electrochemical comparison data of the sonoelectrochemically self-
assembled nanocomposite were comparatively good, suggesting that this nanocomposite
could be a better replacement anode for graphite electrodes in current Li-ion batteries.
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Table 1. Comparative data of various synthesis methods for Fe;0,@MnO, nanocomposite with the current method.
Size Surface A
Material Method Synthesis Time T(e:g? Atmosphere Fe;04 MnO, u(rmazcz,lsea Application Reference
(nm) (nm)

PR-Fe@MnO, Carbonization 2h 800 °C N, - - 1073 Supercapacitor [27]
OC_MHOZ/F%.O‘L Hydrothermal 4h 110°C Open 22 +5 50 £ 10 dia, - Degradation [28]
nanocomposite ~1 plength

Fe304-MnO, Co-precipitation 2h 70 °C Open - - 127 Catalyst [29]
Fe304-0-MnO, Hydrothermal 2+10h 80°C, 120 °C Open 50-60 - - Catalyst [30]

nanoflower
Core-shell
nanoflowers Solvothermal 8+6h 200 °C, 120 °C Open - - - Detector [31]
Fe3O4@Mn02
m—Fe3O4@Mn02
hybrid Sonoelectrochemical 15 + 15 min 60 °C Open 45+ 10 420 + 30 385.7 Anode This paper

nanostructure




RT for 15 min
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Table 2. Performance-comparison data of different recent anode materials for various energy applications.
1%t Cycle Cyclic Stability
Material Structure Synthesis Method Synthesis Duration Ccd Cbischarge Ccharge Cvdles Cd CRrev Ref.
Agl mAh g1 mAh g1 y Agl mAh g1
Hydrothermal 200°C for 8 h
MnFe,O4/C Hollow nanospheres yer i 160 °C for 4 h 0.2 1219 ~980 60 0.2 973 [32]
carbonization, self-etching
RT for 15h
. . . . RT for9h
MnFe,O4 Porous microrods Microemulsion, annealing 500 °C for 2 h - 1336 ~937 1000 1 630 [33]
MnFe,O4/GN NPs decorated on sheet Hydrothermal 180°Cfor12h 0.2 1369 838 200 1 768 [34]
MnFe,O4/rGO NPs decorated on sheet Co-precipitation 90 °C for4 h 0.05 1256.5 794 200 1 581.2 [35]
. Solvothermal and 150 °C for 12 h,
Mn,03/Fe;O3 Microspheres anmealing 800 °C for 5 h 1 1403 886 500 1 750 [36]
600 °C for 3 h
Fep,O3/MnO, Microspheres Hydrothermal 80°Cfordh 0.1 1675.6 1051.3 500 0.5 494 [37]
600 °C for 3 h
180 °C for 6 h,
. . Hydrothermal, sintering, 400 °C for 3 h,
Fe;0,@(C-MnO;) Cubic encapsulation ultrasonication 600 °C for 4 h, 0.1 1786 ~1200 150 0.1 979 [38]
180 °C for 6 h
Precipitation, calcination, RT for 1h,
MnMoO,@C Nanorods eaph i 0 tﬂc “1 on, 500 °C for 3 h, 0.1C 1482 1021 200 0.1 1050 [39]
ydrotherma 180 °C for 12 h
NiMoOg4 Nanordods Solution combustion 300°C for3h 0.05 665 365 100 0.05 245 [40]
. High-temperature 1000 °C for 8 h under
Fe;Mo3Og Block-like structure solid-state reaction 8 MPa pressure 0.05 898.7 ~870 800 0.5 240 [41]
ZnMoQ, /GO Irregular plate Hydrothermal 160 °C for 8 h 0.1 2391.2 ~850 100 0.1 632 [42]
m-Fe;04/MnO, NPs decorated on sheet Sonoelectrochemical 60 °C for 15 min 0.2 1513 1290 100 1 660 This work
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Figure 9. Electrochemical performance-comparison chart of manganese-based anodes.

4. Conclusions

In summary, the preparation of a highly crystalline mesoporous magnetite @ man-
ganese oxide hybrid nanostructure was performed via the synergetic sonoelectrochemical
approach over a very short synthesis time, and it was utilized as an anode material for a
laboratory-fabricated Li-ion coin cell (CR2032). The results show that the prepared hybrid
nanostructure not only improved the material quality in terms of stability and surface area,
but also improved the electrochemical performance. Since the structural modifications ob-
viated the volume expansion of m-Fe3O4, enhancement, which produced stable, reversible
capacity, was observed. As a result, the m-Fe;04@MnO, delivered a maximum specific
discharge and charge capacity of 1513 mAh g~! and 1290 mAh g !, respectively, with
a coulombic efficiency of 85%. The cyclic-performance results, which were obtained at
1.0 A g~ ! over 100 cycles, proved that the nanocomposite manifested a reversible capacity
of 660 mAh g~!, with a coulombic efficiency of almost 99%. Based on the delivery of stable
and reversible capacity with greater electrochemical performance by the the sonoelectro-



Crystals 2023, 13, 557 14 of 15

chemically fabricated m-Fe3;04@MnO,; hybrid nanostructure, it can be appropriately and
favorably advanced as an anode material for future Li-ion-battery technology.
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