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Abstract: Spinel-structured magnesium manganate (MgMn2O4) possesses a three—
dimensional tunnel structure that enables fast ion transport and exhibits a relatively high
charge—discharge plateau. Therefore, it is a high—performance cathode material with great
application potential for magnesium—ion batteries. However, the Jahn—Teller effect induced
by high—valence ions such as Mn*" in the material, together with the easy dissolution of Mn?*
ions into the electrolyte, severely deteriorates its electrochemical cycling stability and rate
capability. To address these issues, in this work, spinel-type MgFeMnyOs nanomaterials
were synthesized via the sol-gel method. Using 0.5 M MgCl. aqueous solution as the
electrolyte, different amounts of manganese acetate were added to effectively inhibit the
Jahn-Teller effect and Mn?" dissolution, and the influence of Mn salt concentration in the
electrolyte on the electrochemical performance of the electrode material was systematically
studied. X-ray diffraction (XRD), scanning electron microscopy (SEM), and nitrogen
adsorption/desorption measurements were employed to characterize the phase composition
and microstructure of the prepared materials. The results show that the material exhibits
optimal electrochemical performance when the concentration of manganese acetate in the
electrolyte is 2.45 mM. In this study, the dual regulation of electrode materials and
electrolytes effectively improves the magnesium ion storage performance and cycling
stability of electrodes, which is of great significance for the development and application of
aqueous magnesium—ion batteries.

1. Introduction

In recent years, with the increasing intensification of the energy crisis and growing prominence of
environmental issues, the research and development of renewable energy (such as solar and wind
power generation) have attracted widespread global attention. However, such energy sources
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generally suffer from the inherent defect of intermittent energy supply, so it is necessary to rely on
energy storage equipment to realize energy storage and on—demand utilization!!!. Energy storage has
thus become a key core means to achieve comprehensive, clean and efficient utilization of energy,
and has become a research focus of researchers around the world. In the field of energy storage,
chemical power sources occupy a pivotal position. Among them, lithium—ion batteries have achieved
widespread commercial application, but with the rapid development of social science, technology and
economy, they have gradually been unable to meet people's demand for higher energy density.
Moreover, lithium—ion batteries currently using graphite as the negative electrode material have a
serious problem of lithium dendrite growth, which greatly affects the safety and cycle life of the
batteries!>*). In addition, with the large—scale development and consumption of lithium resources,
their reserves are becoming increasingly scarce, leading to high production costs; in contrast,
magnesium resources on earth are extremely abundant, making metallic magnesium low—cost.
Furthermore, magnesium ions carry two units of positive charge and can provide higher energy output.
Therefore, the research and development of rechargeable magnesium—ion batteries have gradually
become the focus of researchers' attention!*. To further optimize the environmental friendliness,
safety of the magnesium—ion battery system and reduce production costs, the research direction of
using aqueous solutions as electrolytes has received widespread attention and in—depth exploration!®!.
In summary, aqueous magnesium—ion batteries, with their unique advantages, are expected to become
the ideal energy storage device for the next generation.

Since magnesium and lithium metals possess similar chemical properties, and the ionic radii of
Mg?" and Li" are 0.43 nm and 0.38 nm, respectively, which are quite close, magnesium—ion batteries
can be investigated based on the existing research foundation of lithium—ion batteries!®"). Although
the theoretical volumetric energy density of magnesium—ion batteries is higher than that of lithium—
ion batteries, practical studies have revealed that their actual energy density is significantly lower.
This is mainly due to the sluggish diffusion kinetics of Mg*" in electrode materials, which prevents
sufficient intercalation and deintercalation of magnesium ions"l.

In the early research on cathode materials for magnesium—ion batteries, Chevrel-phase compounds
were a typical system that attracted considerable attention. However, Aurbach et al. found that the
use of Chevrel-phase compounds as cathodes for magnesium—ion batteries resulted in relatively low
energy densityl®l. In addition, many researchers have applied transition metal sulfides and oxides
(such as M0Os, MoS:, TiS2, MnO-, etc.) as cathode materials for magnesium—ion batteries, but their
cycling stability was generally poor™. In recent years, spinel-type transition metal oxides have been
widely used as cathode materials for lithium—ion batteries, among which LiMn204 is the most
representativel!® 121, On this basis, researchers have further explored the feasibility of using spinel—
structured magnesium manganese oxide MgMn.Os as a cathode material for magnesium—ion
batteries!'?!. Nevertheless, studies have shown that such materials are prone to crystal structure
distortion due to the significant Jahn—Teller effect. Meanwhile, manganese in the electrode tends to
dissolve into the electrolyte. These two factors together lead to severe capacity fading of spinel
manganese—based oxides during cycling!'¥). Extensive experimental results confirmed that partial
substitution of manganese sites with other metal elements can effectively suppress the Jahn—Teller
effect, enhance the structural stability of the material, and thereby significantly improve its
electrochemical performance!!*>!®l, Tron is abundant on Earth and low in cost, making it an ideal
candidate for manganese substitution, in particular, MgFe204 has been confirmed to exhibit excellent
structural stability, yet its relatively compact three—dimensional ion channels are unfavorable for the
transport and storage of metal ions!!7l. Therefore, the preparation of MgFe,MnyO. electrode materials
by combining the respective advantages of the two materials is expected to effectively improve the
magnesium—ion storage properties.

As a critical component of magnesium—ion batteries, the electrolyte plays a vital role in ion

51



transport, interfacial stability, and overall electrochemical performance of the battery. Zhang et al.
conducted systematic studies on aqueous magnesium—ion battery systems!'8]. Their results showed
that when the concentration of acidic electrolytes such as MgCl. is excessively high, obvious
corrosion and dissolution of electrode materials will occur, thereby leading to significant degradation
of the cycle life of the battery. On the other hand, an overly low electrolyte concentration cannot
guarantee sufficient Mg?* transport and effective intercalation/deintercalation, making it difficult for
the battery to achieve an ideal discharge specific capacity. It is worth noting that the introduction of
an appropriate amount of manganese ions into the aqueous electrolyte can effectively suppress the
dissolution of manganese from spinel-type manganese—containing electrodes during cycling,
stabilize the crystal structure of the material, and thus significantly improve the cycle stability and
electrochemical performance of the battery!!”. However, most relevant studies have focused on
conventional factors such as electrolyte type, concentration, and pH value. The intrinsic influence
mechanism of manganese ion concentration in the electrolyte on the structural evolution, interfacial
stability, and long—cycle performance of spinel manganese—containing electrodes still lacks
systematic investigation, which has become one of the key issues restricting the further improvement
of the performance of aqueous magnesium—ion batteries.

In summary, based on MgMn2O4 and MgFe:0. electrode materials, this work combines their
advantages to prepare MgFe.MnyOas electrodes. Coupled with the strategy of regulating manganese
ion concentration in the electrolyte, it suppresses electrode manganese dissolution from the electrode,
improves the structural stability of the electrode material, and further enhances the electrochemical
energy storage performance of aqueous magnesium—ion batteries. Firstly, the binary spinel—-structured
nanomaterial MgFe,MnyOs was prepared via a sol—-gel method. A 0.5 M MgCl. aqueous solution was
used as the electrolyte, and manganese acetate was employed as the manganese source to adjust the
manganese concentration by controlling the amount of added manganese acetate. The electrochemical
performance was tested using a three—electrode system, and the synergistic influence of iron doping
and manganese concentration regulation in the electrolyte on the electrochemical properties of the
material was systematically investigated.

The results show that the material exhibits optimal electrochemical performance at a manganese
acetate concentration of 2.45 mM: at a current density of 1000 mA-g™!, its discharge specific capacity
reaches 116.6 mAh-g™', and after 250 charge—discharge cycles, the specific capacity only loses 3.77%,
showing excellent cycle stability.

2. Experimental Section
2.1 Reagents and Instruments

The main chemical reagents used in the experiment are as follows: magnesium nitrate hexahydrate
(Mg(NOs)2-6H20) and magnesium chloride hexahydrate (MgCl.-6H20) (analytical grade, Sinopharm
Chemical Reagent Co., Ltd.); manganese nitrate hexahydrate (Mn(NOs).-6H20) (analytical grade,
Shanghai Macklin Biochemical Co., Ltd.); iron(III) nitrate nonahydrate (Fe(NOs)s;-9H20) (analytical
grade, Tianjin Tianli Chemical Reagent Co., Ltd.); ethylene glycol (analytical grade, Tianjin Fuyu
Fine Chemical Co., Ltd.); citric acid (analytical grade, Tianjin Tianda Chemical Reagent Factory);
polyvinylidene fluoride (analytical grade, SOLVAY, France); N-methylpyrrolidone (analytical grade,
Tianjin Guangfu Fine Chemical Research Institute). All the above chemical reagents were obtained
through commercial channels and used directly in the experiment without any processing or
purification.
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2.2 Preparation of Electrode Materials and Test Electrodes

In this work, spinel-structured MgFexMnyO4 was prepared by the sol-gel method. The preparation
process is shown in Figure 1. First, appropriate masses of Mg(NOs):-6H20, Fe(NOs)s:-9H:20,
Mn(NO:s):-6H-0, citric acid and ethylene glycol were weighed respectively according to a certain
molar ratio, and the weighed reagents were dissolved in deionized water. Then, a magnetic stirrer was
used for stirring until all solids were dissolved. Subsequently, the resulting solution was heated to
70 °C and continuously stirred for 12 h to convert the solution into a gel. Thereafter, the obtained gel
was placed in a blast drying oven and incubated at 200 °C for 12 h. After cooling to room temperature,
it was ground into powder with a mortar. Finally, the powder was placed in a muffle furnace and

incubated at 550 °C for 12 h to obtain the spinel-structured MgFexMnyO4 nanomaterials.
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Fig. 1 Preparation flow chart of MgFe,MnyOs electrode material.

The prepared electrode material was mixed uniformly with Super P and PVDF glue at a mass ratio
of 8:1:1, and then uniformly coated on the carbon cloth. Finally, the carbon cloth coated with the
electrode material was incubated in a vacuum oven at 80 °C for 24 h to obtain the required test
electrodes.

2.3 Characterization and Testing

In the experiment, the following instruments were mainly used for structural characterization and
performance testing of the electrode materials. X—ray diffraction (XRD, Empyrean, Netherlands) with
Cu—Ka radiation was operated at 40 kV and 40 mA, and phase analysis was performed in 6—20 scan
mode with a 20 range of 10°-90°; Scanning electron microscope (SEM, S—3400N, Hitachi, Japan);
X-ray energy dispersive spectrometer (Bruker Corporation, Germany); BET specific surface area
analyzer (Model F—Sorb2004, Gold APP Instrument Co., Ltd., Beijing, China); Electrochemical
workstation (CHI660E, Chenhua Instrument Co., Ltd., Shanghai, China); Battery test system
(LANHE—CT2001A, LAND Electronic Co., Ltd., Wuhan, China).

A three—electrode system was adopted for electrochemical performance testing in this experiment.
Specifically, the prepared MgFexMnyOs material was used as the working electrode, a calomel
electrode as the reference electrode, and a carbon rod as the counter electrode. 0.5 M MgCl. aqueous
solutions with different contents of manganese acetate were used as electrolytes. Specifically, 0 g, 0.3
g, 0.4 g and 0.5 g of manganese acetate were added to 500 mL of 0.5 M MgCl. aqueous solution,
corresponding to the molar contents of manganese element of 0 mM, 2.45 mM, 3.26 mM and 4.08
mM, respectively. The above four electrolytes were labeled as M, MM—1, MM-2 and MM-3 in turn.
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Cyclic voltammetry tests were performed on a Chenhua CHI660E electrochemical workstation.
Galvanostatic charge—discharge cycles and rate performance tests were carried out using a LANHE—
CT2001A battery test system.

3. Results and Discussion

First, X—ray diffraction (XRD) and scanning electron microscopy (SEM) were used to characterize
the phase structure and morphology of the electrode materials, and the results are shown in Figure 2.
It can be seen from the XRD pattern of the electrode material in Figure 2(a) that the diffraction peaks
of the prepared electrode sample are completely consistent with the standard card JCPDS Card No:
88-1936, without any impurities, and the intensity of each diffraction peak is relatively strong,
indicating that the prepared material has complete crystallization, high phase purity and intact crystal
structure?”). Figure 2(b) is the SEM image of the electrode material. It can be seen from the image
that the sample has a relatively uniform particle shape with a nanometer—scale size, about 50 nm, and
there are pores between the particles.
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Fig. 2 Structure characterization of the MgFe,MnyOs electrode material. (a) XRD pattern; (b) SEM
image.
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To further analyze the chemical composition, specific surface area and other characteristics of the
material, EDX and BET measurements were performed. As shown in Figure 3(a), the EDX spectrum
of the MgFeMnyOs material confirms the presence of Mg, Mn and Fe elements. The atomic
percentages of Fe and Mn are measured to be 20.06% and 8.5%, respectively, and the calculated
molar ratio of Fe to Mn is approximately 1.4:0.6, verifying the successful preparation of the
MgFeMnyO. electrode material. Figure 3(b) shows the N: adsorption—desorption isotherm of
MgFeMnyOs, which can be classified as Type IV, indicating the nanoporous characteristic of the
as-prepared electrode material, in good agreement with the BJH pore-size distribution shown in the
inset of Figure 3(b)!!. The specific surface area and average pore diameter are determined to be
46.49 m? g! and 17.84 nm, respectively.

In previous studies, the voltage window for Mg?* storage in such materials was confirmed to be
—0.8 Vto 1.1 V. On this basis, galvanostatic charging—discharging tests of the electrode material were
first performed using a LANHE battery tester with a three—electrode configuration in four electrolytes:
M, MM-1, MM-2, and MM-3. Figures 4(a)—(c) show the first three galvanostatic charge—discharge
curves of the active electrode in electrolytes M, MM-1, and MM-2, respectively. The electrode
exhibits an initial discharge specific capacity of 127.8 mAh g! in pure MgCl. electrolyte (M), while
the addition of manganese acetate gives an initial discharge specific capacity of 229.7 mAh g in
electrolyte MM-2 and only 167.4 mAh g in electrolyte MM-3. Figure 5(d) presents the initial
charge curve of the active electrode in electrolyte MM-3, in which severe voltage fluctuation occurs
during charging as shown in the inset, and the upper charging voltage limit is not reached even after
12 h of charging, resulting in abnormal charge—discharge behavior. This is mainly caused by the
formation of abundant deposits on the active electrode surface during cycling, which prevents Mg*
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from inserting into the electrode material (Figure 4(e)), and the measured capacity is thus a false
capacity arising from continuous deposition. Figure 5(a) shows the pristine working electrode without
any test; Figure 5(b) shows the working electrode after galvanostatic charging—discharging testing in
electrolyte M with no deposits observed on the surface; Figures 5(c) and 5(d) show the electrodes
after testing in electrolytes MM—1 and MM-2, respectively, with no visible deposits on either surface.
By comparison, an obvious deposition layer is formed on the working electrode surface during
electrochemical tests when the concentration of manganese acetate in the electrolyte is 4.08 mM
(Figure 5(e)).
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Fig. 3 EDX spectrum of MgFe,MnyOs (a); N2 absorption and desorption of MgFe,MnyOa (b); The
illustration of (b) shows the BJH pore size distribution of MgFe,MnyOa.
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Fig. 4 The first three charge—discharge curves of the MgFeMnyOs active electrode. (a) Electrolyte
M; (b) Electrolyte MM—1; (c) Electrolyte MM-2; (d) Electrolyte MM-3.

Since the prepared electrode was found unable to work normally in MM-3 during the above tests,
only three electrolytes, M, MM-1, and MM-2, were used in the subsequent research to further
investigate the effect of manganese content in the electrolyte on the electrochemical performance of
MgFeMnyOa. Figure 6 shows the cyclic voltammetry curves of the electrode material tested in the
above three electrolytes. When the active electrode was tested in electrolyte M, its CV curve exhibited
only one pair of distinct redox peaks, as shown in Figure 6(a). In contrast, after adding manganese
acetate into the electrolyte, the CV curves exhibited two pairs of distinct redox peaks, as shown in
Figures 6(b)—(c). This indicates that the electrochemical reactions of the active material are
significantly enhanced during charge—discharge processes in manganese—containing electrolytes,
which is beneficial for the electrode material to achieve a higher charge—discharge energy density.
Furthermore, at the same scan rate, the peak current measured in electrolyte MM—1 was the largest,
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indicating a higher capacity of the electrode material, while the peak current decreased slightly in
electrolyte MM—2. For instance, at a scan rate of 5 mV s7', the peak currents of the active material in
electrolytes M, MM—1, and MM-2 were 18.88 mA, 24.44 mA, and 22.18 mA, respectively.

(a) (b)

Fig. 5 Photographs of the working electrodes. (a) Working electrode without tested; (b) Working
electrodes after tested in electrolyte M; (c) Working electrodes after tested in electrolyte MM—1; (d)
Working electrodes after tested in electrolyte MM-2; (e)Working electrodes after tested in
electrolyte MM-3.
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Fig. 6 CV curve of MgFexMnyOs active electrode. (a) Electrolyte M; (b) Electrolyte MM—1;
(c)Electrolyte MM-2.

To illustrate the effect of manganese content in the electrolyte on the Mg?* storage performance of
the active material, charge—discharge curves at various current densities were further measured using
a LANHE battery tester, with the results shown in Figure 7. Figures 7(a)—(c) display the charge—
discharge curves of the electrode material at different current densities (50-1000 mA g') in
electrolytes M, MM-1, and MM-2, respectively. In electrolyte M, the electrode delivers a discharge
specific capacity of 134.6 mAh g at 50 mA g', which decreases gradually with increasing current
density, reaching 74.9 mAh g ' at 1000 mA g!, corresponding to 55.64% of the capacity at 50 mA
g '. In electrolyte MM-1, the discharge specific capacity reaches 321.5 mAh g ! at 50 mA g and
remains 116.5 mAh g at 1000 mA g, nearly 40 mAh g higher than that in electrolyte M. In
electrolyte MM-2, the discharge specific capacity is 259.1 mAh g' at 50 mA g ! and 69.7 mAh g' at
1000 mA g', which are 62.4 mAh g' and 46.8 mAh g' lower than those in MM-1, respectively.
These results confirm that a manganese acetate concentration of 2.45 mM in the electrolyte is optimal,
endowing the electrode with the highest discharge specific capacity and best rate capability.
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Fig. 7 Charge—discharge curves at different current densities (50—1000 mAh g—1) for electrode
materials in three electrolytes. (a) Electrolyte M; (b) Electrolyte MM—1; (c) Electrolyte MM-2.

To further investigate the electrochemical stability of the active electrode in different electrolytes,
the rate cycling performance of the MgFexMnyO. active electrode was tested in three different
electrolytes, as shown in Figure 8(a). It can be seen that at relatively low current densities (below 200
mA g'), the discharge capacity of the electrode material is significantly improved after adding
manganese acetate, and the highest discharge specific capacity is achieved in electrolyte MM-1.
When tested at current densities above 200 mA g™, the electrode still delivers the highest discharge
specific capacity in electrolyte MM-1, whereas the capacity in electrolyte MM-2 decreases obviously
and even becomes lower than that in electrolyte M. These results indicate that the electrode exhibits
the best rate cycling performance in 0.5 M MgCl. aqueous electrolyte with 2.45 mM manganese
acetate. Figure 8(b) presents the long-cycle performance of the electrode material at a current density
of 1000 mA g! in different electrolytes. Similar to the rate performance, the electrode achieves the
maximum discharge specific capacity of 116.6 mAh g! in electrolyte MM-1, and remains at 112.2
mAh g after 250 cycles, corresponding to a capacity retention rate of 96.23%. Moreover, the
coulombic efficiency in this electrolyte is closest to 100%, indicating excellent electrochemical
performance. This is mainly attributed to the presence of Mn?* in the electrolyte, which effectively
suppresses the dissolution of manganese from the electrode material and thus maintains the structural
stability of the material. In contrast, when tested in electrolyte MM-2, the discharge specific capacity
decays rapidly and even falls below that in electrolyte M.

£~500 — 120 —~200 - 105
L]
_g’ o MM-1 (a) | ;\? _g’ ® MM-1 (b) =
L 400 Jpm aE® | o oM. o B [ =
é P P Bl aaaatis Ao s s adadn s ML bt 1008 5150- -;,,;, e \""“‘*"""‘;"“’*“)-"‘""-100 a.
2 50 mA Ig g 2 _ S
g 300 1 £ g J 1000mA /g o
= 100 80 © o =
o | esosesiane o 8 95
© 200 : 200 5 91004 o o
Q 400 £ g 2
= AddAdadAAL ELACTAGTD = s
100 - 2 00160 2 S ] §
2 100 - ‘ 3 2 S — i =
& | i TR sl 90 3
——————— —
0 10 20 30 40 50 60 0 50 100 150 200 250
Cycle number Cycle number

Fig. 8 Magnesium—ion storage performance of the active electrode. (a) Rate performance test chart
of electrode materials in three electrolytes; (b) cycle performance test chart in three electrolytes.

4. Conclusion

In this study, spinel-type MgFe,MnyO. nanomaterials were successfully prepared via the sol—gel
method. Characterization techniques including N: adsorption—desorption, scanning electron
microscopy (SEM), and energy—dispersive X-ray spectroscopy (EDX) confirmed that the as—
prepared material is a nanocrystalline substance, and also verified the presence of iron and manganese
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elements in the electrode material, thus confirming the success of material preparation. By adjusting
the concentration of manganese acetate added to the 0.5 M MgCl. electrolyte, this study
systematically investigated the effect of manganese content in the electrolyte on the magnesium—ion
storage performance of MgFe.MnyOs electrode materials. The electrochemical test results show that
the concentration of manganese acetate in the electrolyte has a significant regulatory effect on the
charge—discharge specific capacity, rate capability, and cycling stability of the electrode material:
when the concentration of manganese acetate is 2.45 mM (electrolyte MM—1), the electrode material
exhibits the optimal electrochemical performance, with a discharge specific capacity of 116.6 mAh
g ' at a current density of 1000 mA g!, and a capacity retention rate of as high as 96.23% after 250
charge—discharge cycles, with a Coulombic efficiency close to 100%. However, an excessively high
concentration of manganese acetate (4.08 mM, electrolyte MM-3) leads to the formation of a large
amount of deposits on the electrode surface, which hinders the intercalation of magnesium ions and
prevents the battery from charging and discharging normally. A too low concentration or no addition
of manganese acetate results in low discharge specific capacity and insufficient cycling stability of
the electrode material. This study provides experimental basis and theoretical reference for the
preparation of high—performance magnesium—ion battery cathode materials and the optimization of
electrolyte systems.
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