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Mn3O4 powders with nanometer size are successfully synthesized by a simple one-step method via flame spray pyrolysis. The precursor droplet is generated by heating under high temperature flame with fixed flow rate, and the exothermic reaction is induced to form nanosized Mn3O4 powders. When used as anode material for lithium-ion battery, the Mn3O4 exhibits good cycling capacity and rate performance. It delivers a specific capacity of 1,182 mA h g−1 over 110 cycles at a current density of 200 mA g−1, and has a high capacity of 140 mA h g−1 at 5,000 mA g−1.
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INTRODUCTION
Lithium-ion battery (LIB) is widely used in people’s daily life in portable electrical appliances such as mobile phones, cameras, and notebook computers, and is also rapidly expanding to the field of electric vehicles. This is due to the excellent performance of lithium-ion batteries compared with other batteries, such as high operating voltage (3.2–3.7 V), high specific energy (140 Wh/Kg), no memory effect, small self-discharge, and long cycle life, which makes it the most ideal power source in the 21st century. To satisfy the demands of electric vehicles and advanced electronics, the performance of LIB needs to be improved continuously. This leads to the significant demand for developing high performance electrode materials (Li et al., 2018; Mao et al., 2022; Wu et al., 2019). Transition metal oxides (TMOs) such as Co3O4, (Reddy et al., 2014; Wen et al., 2018) ZnO, Wang et al. (2018) CuO, (Huang et al., 2013; Reddy et al., 2013; Zhang et al., 2014; Zhang et al., 2014; Xu et al., 2016; Zhang et al., 2016) Fe3O4, (Ma et al., 2015; Petnikota et al., 2015; Li et al., 2019; Wang et al., 2019) Fe2O3 (Wang et al., 2015; Teng et al., 2018) and MnOx have attracted widespread attention as promising anode materials for LIB due to their low cost and high theoretical capability. However, the electrode volume changes greatly during the lithiation/delithiation processes, which leads to the continuous and accumulated pulverization, resulting in rapid capacity decay.
In order to overcome the issues of transition metal oxides, many methods have been adopted to prepare transition metal oxides by modifying or controlling the morphology (Qiu et al., 2019; Liu et al., 2022; Zhao et al., 2022).
Among these methods, the development of nanostructured metal oxide materials has attracted extensive attention for improving the cycling and rate performance. The preparation of nanosized metal oxides has proven to be an effective strategy because the nanomaterials can better accommodate the strain of lithium ion insertion/extraction and provide a shorter path for lithium ion and electron transfer.
In recent years, manganese oxides have attracted much attention due to their high theoretical capacity, non-toxic, rich content and low cost. The preparation of manganese oxides with different stoichiometric components, such as manganese oxide: MnO2, Mn2O3, and Mn3O4, still has certain limitations in the rate performance and cycle stability, so it is still a challenge for researchers to develop new MnOx. (Deng et al., 2012; Wang et al., 2013; Wei et al., 2020) The method to synthesis special structure manganese oxides with high electrochemical performance is considered as a major research focus for lithium ion battery anode materials. At present, there are many methods to prepare various nanostructured materials, but wet phase-based methods require significant solvent costs, generate large amounts of waste water and require calcination steps after synthesis, adding to their costs.
Here, nanosized Mn3O4 powders were synthesized by flame spray pyrolysis as anode materials for LIB. The solution is a mixture of Mn(NO3)2 and sucrose. The droplets formed in the high temperature of the flame are dried and dehydrated to form Mn3O4 powder with nanometer size. These Mn3O4 nanoparticles demonstrated high reversible capacity of 1,182 mA h g−1 at 200 mA g−1 over 110 cycles and retained a capacity of 140 mA h g−1 at a high current density of 5,000 mA g−1.
EXPERIMENTAL SECTION
Materials
Mn(NO3)2·4H2O, sucrose (C12H22O11), and hydrogen peroxide (MW:30%wt) were purchased from Sigma-Aldrich.
Synthesis of nanosized Mn3O4 powders via flame spray pyrolysis method
To fabricate the nanosized Mn3O4, a flame spray pyrolysis method was employed as illustrated in Figure 1. 0.4 M Manganese nitrate with 0.5 M sucrose and 5 ml hydrogen peroxide solution were mixed in 15 ml distilled water as the precursor, among which sucrose and hydrogen peroxide were the blowing agents. The flow rates of the fuel, oxidizer, and carrier gas of the flame spray pyrolysis system were fixed at 5, 40, and 10 L min−1, respectively.
[image: Figure 1]FIGURE 1 | Schematic of the flame spray pyrolysis process.
Assembly of the batteries
To prepare the electrode, the nanosized Mn3O4 powder materials, carbon black and sodium carboxymethyl cellulose (CMC) binder were mixed together at a weight ratio of 7.5:1.5:1.5 in water to form a slurry and was pasted onto a piece of Cu foil using a doctor blade. The electrode was vacuum-dried at 100°C for 6 h, rolled under pressure, and then punched to match the desired size of a CR2032 coin cell. The active material loading was 0.8 (±0.2) mg cm−1. Coin cells were assembled, with lithium foil as counter electrode, 1 M LiPF6 in a mixture of ethylene carbonate/diethyl carbonate (EC/DEC, volume 1/1) as electrolyte, and Selgard ®2,400 (Selgard, LLC, United States) as the separator.
CHARACTERIZATION
X-Ray diffraction
X-ray diffraction (XRD) data were collected on a Rigaku Smartlab SE using Cu Kα radiation.
Scanning electron microscope
The morphology of nanosized powders was imaged on a FEI Scios 2 HiVac scanning electron microscope (SEM). The accelerated voltage was 15 kV. And the electrode material after 110 cycles of charge/discharge at a density of 200 mA g−1 was investigated.
Transmission electron microscope
The ultrastructure of the nanosized powder was imaged on a JEOL JEM-2100F transmission electron microscope (TEM).
Electrochemical performance
Cyclic voltammetry (CV) was performed using a double potentiostat (CH, CHI760E) between 0 and 3.0 V with a potential sweep rate of 0.1 mV s−1. A Neware battery tester (CT-4008, China) was used to evaluate the electrochemical performance. Rate capability was examined at various current densities from 200 to 10,000 mA g−1.
RESULTS AND DISSCUSSION
Synthesis of the nanosized Mn3O4 materials: Reaction mechanism of flame spray pyrolysis and formation mechanism of nanoparticles
After the precursor solution is atomized, the droplet will undergo the following process: the solvent evaporates, the droplet diameter becomes smaller, the solute concentration on the droplet surface increases continuously and reaches the critical supersaturated concentration at a certain point, and the nucleation process will occur in the droplet. The result of nucleation is that the concentration anywhere in the droplet is less than the equilibrium concentration of the solute. After nucleation, the solvent in the droplet continues to evaporate, the droplet continues to decrease, and the mass percentage of solute in the droplet continues to increase. At the same time, the crystal nucleus also diffuses to the center of the droplet. With the further diffusion of crystal nuclei and the further reduction of droplet diameter, crystal nuclei with a certain size on the surface of the droplet contact with each other and solidified until they completely cover the droplet surface, then the droplet shell is formed. Thereafter, the droplet diameter does not change. After the shell is formed, the solvent in the droplet continues to evaporate, and the solute exceeding its equilibrium concentration precipitates on the crystal nucleus surface outside the droplet shell (excluding the shell), which promotes the growth of this part of crystal nucleus. If there is a crystal nucleus in the droplet center when the shell is formed, the generated particles are solid particles. If there is no crystal nucleus in the center of the droplet, the resulting particles are hollow particles. The particle shell is formed by the contact and solidification of crystal nuclei.
This process is realized by the flame spray pyrolysis of the precursor solution from “droplets to particles” in the high temperature process of flame heating, that is, the precursor solution which contains manganese metal salts, sucrose and H2O2, is atomized and thermally decomposed to form a hollow particle under the condition of low supersaturation under the condition of evaporation, chemical reaction and sintering. As is shown in Figure 1, the key to the formation of manganese oxide structure with small nanoparticles as components is to introduce sucrose and hydrogen peroxide (H2O2) into the initial solution of manganese nitrate as an in situ blowing agent.
Morphology and phase analysis of nanosized Mn3O4 powder
In order to have a deeper understanding of the morphology and substance equality of the synthesized material, we characterized the product by using SEM, XRD and TEM. From the Figure 2, we can see the SEM image of the morphologies of the nanosized Mn3O4 powders synthesized by flame spray pyrolysis method. At a low magnification, irregular powders can be seen in Figure 2A; At a higher magnification, the clear nanostructure was illustrated in Figure 2B. Some nano-sized spheres were also observed. Besides, Figure 3 is the X-ray diffraction pattern of the Mn3O4 material. All of the diffraction peaks can be indexed to the hausmannite (Mn3O4) tetragonal crystal structure (JCPDS file No. 80–0382) with lattice constants a = 5.762, b = 5.762, c = 9.470, which means good crystallinity and high purity of synthesized material.
[image: Figure 2]FIGURE 2 | SEM images of the nanosized Mn3O4 powders: (A) low magnification,(B) higher manification.
[image: Figure 3]FIGURE 3 | XRD pattern of nanosized Mn3O4 powders.
In order to have a more detailed structure of the nanoscale powder. TEM test was performed on it and the image was illustrated in Figures 4A,B, the Figure 4A is the low resolution, which exhibited the various morphologies and nonuniform distribution of the Mn3O4 crystal structures. And the high resolution TEM image as shown in Figure 4B revealed the crystalline structure of the Mn3O4 nanosized powders, with ultra-thin walls. The sizes of Mn3O4 powders measured from TEM images vary from 10 to 30 nm.
[image: Figure 4]FIGURE 4 | TEM images. (A) TEM image, (B) High-revolution TEM image.
Electrochemical performance
After the preliminary exploration of the physical properties of the material, the electrochemical properties of the material was studied. Figure 5 showed the CV curves in the initial 3 cycles of the nanosized Mn3O4 electrode materials between 0.0 and 3.0 V at a scan rate of 0.1 mV s−1. There was a wide reduction peak around 1.5 V in the first scan but disappeared on the second cycle. This is because of the decomposition of electrolyte and formation of solid-state interface films and the reduction of Mn3+ to Mn2+. In the first cycle, an obvious reduction reaction occurred near 0.15 V, and it shifted to 0.3 V in the following two cycles, corresponding to the reduction reaction to Mn0 and the formation of Li2O. The different reduction peak is a common feature of the manganese oxide electrode materials resulting from the structure changes of the lithium insertion process during the first cycle. During the anodic oxidation process, the oxidation of Mn0 to Mn2+ occurred at about 1.3 V, while a wide peak occurred after 2 V is allocated to Mn2+ for further oxidation to Mn3+. The results showed that the composite materials have good reversibility and stability.
[image: Figure 5]FIGURE 5 | Cyclic voltammograms of the initial three cycles of Mn3O4. (scan rate 0.1 mV s−1
Figure 6A showed the charge and discharge curves of the nanosized Mn3O4 powders in the first three cycles. In the discharge curve of the first circle, the voltage curve above 0.4 V showed that it was caused by the formation of SEI film and the initial reduction of Mn3O4. It can be attributed to the irreversible electrochemical decomposition of the liquid electrolyte. The main lithiation reaction of the Mn3O4 spheres leads to the formation of voltage plateau at 0.4 V. However, from the second cycle, the platform shifted upward to a higher voltage (over 0.5 V), this is related to the structure changes as analyzed in the CV diagram above. The structural changed in the first cycle reduce the subsequent lithium resistance. In the charging process of the first cycle, there were two slope platforms in 1.0–1.5 V and 2.5–3.0 V, which can form Mn2+ and Mn3+ for the oxidation of Mn0. Gao et al. (2011)And in the first cycle, charge and discharge capacities came to 1,500 and 944 mA h g−1, respectively. The Coulombic efficiency for the second cycle is higher than 95%. The conversion reaction: Mn3O4 + 8Li+ + 8e−→3Mn + 4Li2O directed the formation of the plateau around 0.4V.
As is shown in Figure 6B, charge and discharge tests were carried out between 0.0 and 3.0 V at the current density of 200 mA g−1 to evaluate the cycling stability of the prepared materials. There is little capacity loss on cycling stability except the first cycle. Like many other kinds of oxide anodes, the capacity increased during the cycle. After 110 cycles, the capacity is increased to ∼1,182 mA h g−1, while the Coulombic efficiency remained close to 100% after the fifth cycle, indicating that it had a very stable reversibility. Obviously, the nanosized Mn3O4 benefits the superior electrochemical performance.
[image: Figure 6]FIGURE 6 | Electrochemical performance of nanosized Mn3,O4 as electrode materials: (A) Charge/discharge profiles for the initial three cycles at a current density of 200 mA g I, (B) Cycling performance at a current density of 200 mA g−1. (C) Rate performance at various current densities.
The rate capacity of the naonosized Mn3O4 powders materials was showed in Figure 6C, at current rates of 200–10000 mA g−1. It could deliver capacities of 140 mA h g−1, and 40 mA h g−1, even at a superior high current density of 5,000 mA g−1 or 10,000 mA g−1, Apparently, the special rate capability benefits from the nanostructure, which provides a greatly reduced path for electron and ion transport.
In general, the nano structure improved the electrochemical performance of the material. The morphology of the materials after 110 cycles was investigated with SEM. As shown in Figure 7, the overall structure has not changed much after cycling. The results showed that the nanosized Mn3O4 is robust in structure, effectively reduced the structural strain and adapted to the large volume change in the process of repeated lithiation/delithiation.
[image: Figure 7]FIGURE 7 | SEM images of nanosized Mn3O4 powders as anode materials after 110 cycles at a current density of 200 mA g−1: (A) micron scale, (B) nanometer scale.
CONCLUSION
In summary, the nanosized Mn3O4 powder was prepared by flame spray pyrolysis. As an anode material for lithium-ion batteries, the Mn3O4 exhibits superior electrochemical performance in terms of stability and capacity. After 110 cycles, the Mn3O4 can still maintain a high capacity of more than 1,180 mA h g−1. The Mn3O4 has also a good rate performance, which is due to the nanosized features.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
This work has been supported by the College of Chemistry and Chemical Engineering, Shanghai University of Engineering Science, China.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Deng, Y., Li, Z., Shi, Z., Xu, H., Peng, F., and Chen, G. (2012). Porous Mn2O3 microsphere as a superior anode material for lithium ion batteries. RSC Adv. 2 (11), 4645–4647. doi:10.1039/C2RA20062G
 Gao, J., Lowe, M. A., and Abruna, H. D. (2011). Spongelike nanosized Mn3O4 as a high-capacity anode material for rechargeable lithium batteries. Chem. Mat. 23 (13), 3223–3227. doi:10.1021/cm201039w
 Huang, H., Liu, Y., Wang, J., Gao, M., Peng, X., and Ye, Z. (2013). Self-assembly of mesoporous CuO nanosheets–CNT 3D-network composites for lithium-ion batteries. Nanoscale 5 (5), 1785–1788. doi:10.1039/c3nr34070h
 Li, J., Li, Y., Chen, X., Kierzek, K., Shi, X., Chu, P. K., et al. (2019). Selective synthesis of magnetite nanospheres with controllable morphologies on CNTs and application to lithium‐ion batteries. Phys. Status Solidi A 216 (11), 1800924. doi:10.1002/pssa.201800924
 Li, M., Lu, J., Chen, Z., and Amine, K. (2018). 30 Years of lithium-ion batteries. Adv. Mat. 30 (33), 1800561. doi:10.1002/adma.201800561
 Liu, Y., Liu, H., Cai, X., Li, X., Chen, Y., Ye, N., et al. (2022). Self‐supported CuO in‐situ‐grown on copper foil as binder‐free anode for lithium‐ion batteries. ChemistrySelect 7 (12), e202104614. doi:10.1002/slct.202104614
 Ma, F., Hu, H., Wu, H., Xu, C., Xu, Z., Zhen, L., et al. (2015). Formation of uniform Fe3O4 hollow spheres organized by ultrathin nanosheets and their excellent lithium storage properties[J]. Adv. Mat. 27 (27), 4097–4101. doi:10.1002/adma.201501130
 Mao, J., Ye, C., Zhang, S., Xie, F., Zeng, R., Davey, K., et al. (2022). Toward practical lithium-ion battery recycling: Adding value, tackling circularity and recycling-oriented design. Energy Environ. Sci. 15, 2732–2752. doi:10.1039/D2EE00162D
 Petnikota, S., Marka, S. K., Banerjee, A., Reddy, M. V., Srikanth, V. V. S. S., and Chowdari, B. V. R. (2015). Graphenothermal reduction synthesis of ‘exfoliated graphene oxide/iron (II) oxide’composite for anode application in lithium ion batteries. J. Power Sources 293, 253–263. doi:10.1016/j.jpowsour.2015.05.075
 Qiu, N., Chen, H., Yang, Z., Sun, S., Wang, Y., and Cui, Y. (2019). A high entropy oxide (Mg0. 2Co0. 2Ni0. 2Cu0. 2Zn0. 2O) with superior lithium storage performance. J. Alloys Compd. 777, 767–774. doi:10.1016/j.jallcom.2018.11.049
 Reddy, M., Prithvi, G., Loh, K., and Chowdari, B. (2014). Li storage and impedance spectroscopy studies on Co3O4, CoO, and CoN for Li-ion batteries. ACS Appl. Mat. Interfaces 6 (1), 680–690. doi:10.1021/am4047552
 Reddy, M., Yu, C., Jiahuan, F., Loh, K. P., and Chowdari, B. (2013). Li-cycling properties of molten salt method prepared nano/submicrometer and micrometer-sized CuO for lithium batteries. ACS Appl. Mat. Interfaces 5 (10), 4361–4366. doi:10.1021/am400579q
 Teng, X., Qin, Y., Wang, X., Li, H., Shang, X., Fan, S., et al. (2018). A nanocrystalline Fe2O3 film anode prepared by pulsed laser deposition for lithium-ion batteries. Nanoscale Res. Lett. 13 (1), 60–67. doi:10.1186/s11671-018-2475-8
 Wang, J., Zhou, H., Nanda, J., and Braun, P. V. (2015). Three-dimensionally mesostructured Fe2O3 electrodes with good rate performance and reduced voltage hysteresis. Chem. Mat. 27 (8), 2803–2811. doi:10.1021/cm504365s
 Wang, L., Liu, N., and Zhao, Y. (2019). Nanoporous TiO2/MoO2/Fe3O4 composite as anode for high-performance lithium-ion batteries. Solid State Sci. 95, 105930. doi:10.1016/j.solidstatesciences.2019.105930
 Wang, L., Zhang, G., Liu, Q., and Duan, H. (2018). Recent progress in Zn-based anodes for advanced lithium ion batteries. Mat. Chem. Front. 2 (8), 1414–1435. doi:10.1039/C8QM00125A
 Wang, T., Peng, Z., Wang, Y., Tang, J., and Zheng, G. (2013). MnO nanoparticle@ mesoporous carbon composites grown on conducting substrates featuring high-performance lithium-ion battery, supercapacitor and sensor. Sci. Rep. 3 (1), 2693–2699. doi:10.1038/srep02693
 Wei, Y., Zhu, S., Bai, J., Ma, X., Zhao, B., Dai, J., et al. (2020). Enhanced electrochemical performances of porous MnO as anode material for lithium ion batteries prepared by magnetic field assisted hydrothermal method. Int. J. Electrochem. Sci. 15, 9081–9087. doi:10.20964/2020.09.36
 Wen, H., Shi, C., Gao, Y., Rong, H., Sha, Y., Liu, H., et al. (2018). 2D coordination polymer derived Co3O4 nanocrystals as high performance anode material of lithium-ion batteries. Nano 13 (12), 1850139. doi:10.1142/S1793292018501394
 Wu, J., Cao, Y., Zhao, H., Mao, J., and Guo, Z. (2019). The critical role of carbon in marrying silicon and graphite anodes for high-energy lithium-ion batteries. Carbon Energy 1 (11), 57–76. doi:10.1002/cey2.2
 Xu, S., Lu, L., Zhang, Q., Jiang, Q., Luo, Z., Wang, S., et al. (2016). A facile synthesis of flower-like CuO as anode materials for lithium (sodium) ion battery applications. J. Nanosci. Nanotechnol. 16 (7), 7655–7661. doi:10.1166/jnn.2016.11593
 Zhang, H., Zhang, G., Li, Z., Qu, K., Wang, L., Zeng, W., et al. (2016). Ultra-uniform CuO/Cu in nitrogen-doped carbon nanofibers as a stable anode for Li-ion batteries. J. Mat. Chem. A Mat. 4 (27), 10585–10592. doi:10.1039/c6ta02875f
 Zhang, Q., Wang, J., Xu, D., Wang, Z., Li, X., and Zhang, K. (2014a). Facile large-scale synthesis of vertically aligned CuO nanowires on nickel foam: Growth mechanism and remarkable electrochemical performance. J. Mat. Chem. A Mat. 2 (11), 3865–3874. doi:10.1039/c3ta14767c
 Zhang, Q., Xu, D., Zhou, X., Wu, X., and Zhang, K. (2014b). In situ synthesis of CuO and Cu nanostructures with promising electrochemical and wettability properties. Small 10 (5), 935–943. doi:10.1002/smll.201302368
 Zhao, X., Zhang, Z., Zhang, H., Xu, X., Fan, X., and Wang, S. (2022). 3D hollow ZnO spheres embedded with TiO2 nanoparticles as anodes for high-performance of lithium-ion batteries. Int. J. Electrochem. Sci. 17 (22057), ArticleID:22057. doi:10.20964/2022.05.11
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Wang, Zhao, Xie, Huang, Rao and Mao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-10-990548-g005.gif





OPS/images/fchem-10-990548-g006.gif





OPS/images/fchem-10-990548-g003.gif





OPS/images/fchem-10-990548-g004.gif





OPS/images/fchem-10-990548-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Facile synthesis of nanosized Mn3O4 powder anodes for high capacity Lithium-Ion battery via flame spray pyrolysis		Introduction

		Experimental section		Materials

		Synthesis of nanosized Mn3O4 powders via flame spray pyrolysis method

		Assembly of the batteries





		Characterization		X-Ray diffraction

		Scanning electron microscope

		Transmission electron microscope

		Electrochemical performance





		Results and disscussion		Synthesis of the nanosized Mn3O4 materials: Reaction mechanism of flame spray pyrolysis and formation mechanism of nanoparticles

		Morphology and phase analysis of nanosized Mn3O4 powder

		Electrochemical performance





		Conclusion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
, frontiers ‘ Frontiers in Chemistry

Facile synthesis of nanosized
MnzO,4 powder anodes for high
capacity Lithium-lon battery via
flame spray pyrolysis





OPS/images/fchem-10-990548-g001.gif





OPS/images/fchem-10-990548-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
2 frontiers | Frontiers in Chemistry





