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Abstract: Rechargeable magnesium batteries (RMBs) are expected to serve as alternatives to lithium-ion batteries (LIBs) due to their advantages in high volumetric energy density, low cost, and safety, associated with using the magnesium metal anode. Tunnel-type manganese dioxides have been intensively explored as cathode materials due to their robust host structure and high operating potential. However, Hollandite (a-MnO2), a standard tunnel-type MnO2 having 2 × 2 channels, shows an irreversible structure change during magnesium intercalation, from symmetric tunnel structure to asymmetric tunnel structure, due to the deviated Mg site from the tunnel center. Herein, an asymmetric 3 × 2 tunnel-type MnO2, Romanechite, is synthesized using a room-temperature alcohol solution process. The obtained Romanechite has plate-like nanoparticles and exhibits a discharge capacity of 130 mAh g–1 with no significant structure change during the discharge and recharge, demonstrating superior electrochemical magnesium intercalation/extraction efficiency and capacity retention at room-temperature operation. 
Introduction
As the demand for lithium-ion batteries (LIBs) rises with the increasing prevalence of portable devices and electric vehicles, rechargeable magnesium batteries (RMBs) are emerging as a noteworthy alternative to alleviate this demand. RMBs are cost-effective compared to LIBs due to the abundance of magnesium in the earth's crust. Furthermore, the magnesium metal anode has a potential for high volumetric capacity (higher than lithium metal) and safety (not forming dendrites) to enhance the battery life.[1] 
One of the major challenges in the practical application of magnesium batteries is the strong Coulombic interaction between magnesium ions and anions in host structures at cathodes; it brings low-rate capability and irreversible structure changes in the cathode active materials.[2] Although metal sulfide cathodes, such as Chevrel-type Mo6S8 reported by Aurbach et al., can exhibit high reversibility due to relatively weak interaction compared with metal oxides, they suffer from a low operating voltage.[3] Hence, overcoming the slow magnesium-ion diffusion of oxide cathode materials is urgently required for high-voltage operation. Nanoparticulation is an effective solution to operate oxide cathode materials. For instance, in the spinel oxide MgMn2O4 cathode, magnesium ions can only intercalate within 1 nm of the particle surface at room temperature; we reported that the full magnetisation (270 mAh g–1-discharge) is achieved using the ultrasmall MgMn2O4 nanoparticles (ca. 2 nm).[4] Enhancing the specific surface area and shortening the ion pathway through nanoparticulation can achieve a high capacity close to the theoretical value even at room temperature.
Manganese dioxides, MnO2, have been investigated as a cathode material due to their high potential and capacity benefits.[5] MnO2 shows polymorphs; determining an ideal host structure against the magnesium ion insertion is important. During magnesium insertion, spinel-type l-MnO2 undergoes a structural transformation to an electrochemically inactive rock-salt structure, whereas layered d-MnO2 strongly captures magnesium ions, inhibiting the extraction. Conversely, the tunnel structure, having a robust host framework with a one-dimensional diffusion path, enables reversible intercalation/extraction of magnesium ions. The tunnel structure holds promise as a cathode material for magnesium batteries.
Among tunnel-type MnO2 polymorphs, Hollandite (a-MnO2), characterized by 2 × 2 channels composed of MnO6 units, has been extensively studied through density functional theory (DFT) calculations and charge-discharge characteristics, not only for Li,[6] Na,[7] and Zn batteries,[8] but also for Mg batteries.[9] However, Hollandite exhibits low reversibility due to a phase transition from tetragonal to orthorhombic during Mg2+ insertion; the inserted Mg2+ is not located at the center of the channel (2a/2b sites), but the deviated 8h site, forming strong Coulomb interaction to cause lattice distortion.[10] This loss of reversibility highlights the necessity of selecting tunnel structure materials that do not undergo lattice distortion during Mg insertion. 
In this study, we focus on Romanechite, one of the tunnel-type MnO2 polymorphs, having an asymmetric 3 × 2 tunnel-type structure. Romanechite has been applied as a cathode material for Li[11] and Na batteries,[11b, 12] exhibiting high-rate performance and robust cycling capability as a host structure. The asymmetric tunnel inherently incorporates Ba2+ ions, which are expected to act as structural support pillars and alleviate strong Coulombic interactions between Mg2+ and O2–. Additionally, the intrinsic low-symmetry tunnel structure is similar to the distorted structure of Mg2+-intercalated Hollandite, as mentioned above. This asymmetric tunnel features two Mg2+ conduction paths, including a one-dimensional path deviated from the center, as shown in Figure S1. In other words, during discharge, Mg2+ is likely to occupy the same sites as the Ba2+ ions. Due to these structural and compositional characteristics, this unique design holds promise for magnesium-ion applications, with its asymmetry expected to mitigate phase transitions during Mg insertion. Here we succeed in synthesizing Romanechite nanoparticles via an alcohol solution process at room temperature, enabling superior magnesium ion intercalation/extraction compared with Hollandite nanoparticles.
Results and Discussion
Structure and morphology 
Romanechite nanoparticles were synthesized at a room-temperature alcohol solution process using a redox reaction of MnO4– and Mn2+ with a hydrated Ba2+ cation as a template. Figure 1a shows X-ray diffraction (XRD) patterns of Romanechite and Hollandite nanoparticles. Note that the synthesis of Hollandite nanoparticles is reported in our previous work in detail,[13] and the XRD pattern matches (NH4)Mn8O16 (PDF No. 01-082-1450). The synthesized Romanechite was identified as Ba0.66Mn5O10(H2O)1.18 (PDF No. 01-084-1683). These XRD patterns were fitted using the Rietveld refinement (Table S1). Romanechite with a different crystallite size was also synthesized using the conventional hydrothermal method for comparison, as shown in Figure S2.[14] Although the hydrothermal product contains some impurities, the similarity of the XRD patterns supports the successful synthesis of Romanechite by the alcohol solution process. The elemental ratio of Ba/Mn (mol/mol) is 0.05, calculated from both the inductively coupled plasma atomic emission spectroscopy (ICP-AES) and scanning electron microscopy (SEM)/energy dispersive X-ray spectrometry(EDX) (shown in Figure S3) analyses. Notably, Na was hardly detected from the SEM/EDX, suggesting the absence of precursor NaMnO4 or birnessite-type MnO2. The broad XRD peaks suggest the low crystallinity of particles, since the reaction proceeds at room temperature within 60 min, in a 2-propanol solution, in which crystal growth hardly proceeds via the dissolution/recrystallization process compared with hydrothermal condition.[11a] The low Ba content is probably due to the small particle size (i.e., the edges-rich structure), and suggests the capability of a large amount of Mg insertion into the tunnel.
Figure 1b displays the Mn K-edge X-ray absorption near-edge structure (XANES) spectra. The edge position and the white line of Romanechite are almost the same as those of Hollandite, indicating the similarity of Mn valence state. Since the edge position is between Mn2O3 and MnO2, the Mn valence state is between trivalent and tetravalent. This finding elucidates the capability of Romanechite to accommodate guest cations within its tunnel structure. Note that the white line peak intensity of Romanechite is weak compared with Hollandite, suggesting lower crystallinity. 
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Figure 1. (a) XRD patterns with fitting curves and (b) Mn K-edge XANES spectra of Romanechite and Hollandite nanoparticles.
Figure 2 shows transmission electron microscopy (TEM) images of Hollandite and Romanechite nanoparticles. SEM images are displayed in Figure S4. The observed d value is 0.534 nm, corresponding to the (201) plane of Romanechite (Figure 2d). Usually, tunnel-type oxides have needle-like morphology, as shown in Hollandite (Figures 2a and 2b), due to the preferable crystal growth along the c-axis. The particle morphology of obtained Romanechite (Figures 2c and 2d) is different from Hollandite or reported crystalline Romanechite,[11a] a plate-like morphology, suggesting that the crystal growth proceeds along with not the c-axis but the ab-plane. This difference in the particle morphology should affect the Mg2+ diffusion. The Mg2+ diffusion path is located in the tunnel as shown in Figure S1, and the diffusion length in solids is quite slow. The plate-like particle has a shortened length along the c-axis, enabling rapid Mg2+ insertion/extraction. A Brunauer–Emmett–Teller (BET) specific surface area of Romanechite is 72 m2 g–1, suggesting the nanoparticle. 
[image: ]
Figure 2. TEM images of (a-b) Hollandite, (c-d) Romanechite nanoparticles.
Electrochemical Mg2+ intercalation and extraction 
Figure 3a shows the first discharge-charge curves of the Hollandite and Romanechite cathodes. Voltage drops were observed at the beginning of the discharge, attributed to an overvoltage arising from the magnesium metal anode. The discharge capacities were 231 mAh g–1 for Hollandite and 130 mAh g–1 for Romanechite. The lower discharge capacity of Romanechite compared to Hollandite probably stems from the presence of template Ba2+ cations inside the tunnel that can inhibit the Mg2+ insertion. On the other hand, the recharging process proceeded up to the theoretical capacity of ca. 300 mAh g–1; it is noteworthy that electrolyte decomposition should occur as a side reaction.
The electrochemical reaction in the RMB involves not only magnesium intercalation/extraction but also side reactions such as electrolyte decomposition catalyzed by MnO2 and another cation insertion (e.g. traceable proton). Therefore, identifying the amount of Mg in the electrode during the discharge-charge is necessary for clarifying the redox reaction. We measured the Mg/Mn molar ratio from the SEM/EDX analysis, and the quantified value is documented in Figure 3a and 3c. At the fully discharged state, the rate of Mg intercalation reaction per total electrochemical reaction (MgD/) is mentioned. Although Hollandite exhibits higher discharge capacity, the discharge reaction involves 28% of side reactions; on the other hand, the side reaction was suppressed to 12% in the Romanechite cathode. At the recharged state, the rate of extracted Mg per intercalated Mg (MgC/MgD) of Romanechite was also higher than Hollandite. These results suggest that Mg intercalation/extraction into Romanechite proceeds with fewer side reactions during discharge-charge, despite its lower crystallinity. On the other hand, given the high specific surface area of Romanechite, it is also possible that capacitive reactions contribute to the observed discharge capacity, occurring in parallel with Mg intercalation. Figure 3b presents the Mn K-edge XANES analysis of Romanechite, tracing the redox behavior of Mn during the discharge-charge process. The results indicate a semi-reversible redox process, consistent with the voltage profile shown in Figure 3a. Specifically, the reoxidation of Mn is observed, confirming that the decrease in Mg detected by EDX during the charging process, as shown in Table 1.
[image: グラフ

AI によって生成されたコンテンツは間違っている可能性があります。]
Figure 3. (a)Voltage curves of Hollandite and Romanechite cathodes with elemental ratio of Mg/Mn estimated from SEM/EDX, (b) magnified Mn K-edge XANES of Romanechite and (c) Estimated Mg intercalation/extraction contributions during discharge-charge.
To support the reversible redox reaction, XRD patterns of the electrodes before and after the discharge-charge are presented in Figure 4. The Hollandite electrode exhibits broad peaks at 26°, 35°, and 41° after discharge; the former single peak is possibly attributed to an asymmetrically distorted tunnel phase in which magnesium was inserted into the 8h site of Hollandite considering the similarity of the XRD pattern with the Romanechite electrode as discussed later, while the latter two peaks are attributable to the rocksalt (MgxMn1–x)O, a fully discharged phase. Additionally, the peak at 29° also disappeared due to the structural distortion induced by magnesium insertion.[5] These peaks remain even after the full recharge; only peak shifts of the rocksalt phase to a higher angle were observed. These indicate that the extraction of Mg from the discharged phases hardly occurs. On the other hand, no distinct peak shifts/changes are observed in the Romanechite electrode during the first discharge-charge; no formation of the electrochemically inactive rocksalt phase. The reversible Mg intercalation/extraction is enabled by the stable distorted tunnel structure. 
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Figure 4. XRD patterns of (a) Hollandite and (b) Romanechite before and after discharge-charge.
Although the electrolyte decomposition reaction caused dramatic capacity degradation from the first to the second cycle, Romanechite exhibited superior cycle performance as shown in Figure 5. Capacity retention is 21.3 % for Hollandite and 45.7% for Romanechite, demonstrating the latter’s superior electrochemical and structural stability during magnesium intercalation and extraction. However, for both Romanechite and Hollandite, significant electrolyte decomposition was observed during the charging process, and in all cycles, the charge capacity reached the cutoff corresponding to the theoretical capacity. The side reactions during the charging process should be mitigated by addressing the interface between the electrolyte and the cathode.
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Figure 5. Discharge capacity of Romanechite and Hollandite during 20 cycles at a current density of 10 mA g–1
Conclusion
Nanosized Romanechite, synthesized using an alcohol solution process at room temperature, exhibits a plate-like morphology, having a shortened Mg diffusion length along the c-axis. It enables a reversible electrochemical Mg intercalation/extraction at room temperature with fewer side reactions compared with Hollandite. The MnO2 cathode with an asymmetric tunnel structure has an advantage in terms of structural reversibility, and a promising host structure for room-temperature rechargeable magnesium batteries. 
Experimental
Sample preparation. Romanechite and Hollandite were prepared via the alcohol solution process. For the synthesis of Romanechite, a solution of NaMnO4•H2O (3.6 mmol) and BaCl2•2H2O (3.9 mmol) in 45 mL of water was added to the MnCl2•4H2O (4.5 mmol) solution in 2-propanol (125 mL) under vigorous stirring, followed by stirring for 1 h at room temperature. The precipitate was filtered, washed with ethanol and water, and dried at 60 °C overnight. For the synthesis of Hollandite,[13] a solution of NaMnO4•H2O (3.1 mmol) and NH4Cl (6.4 mmol) in a mixture of 3 mL water and 15 mL acetonitrile was added to the MnCl2•4H2O (4.5 mmol) solution in 2-propanol (125 mL) under vigorous stirring. The solution was refluxed under vigorous stirring for 1 h, followed by filtration and washing with ethanol and water, then dried at 60 ºC overnight. As a trace of previous studies on Romanechite, with minor modifications, Birnessite was synthesized from Mn(NO3)2, NaOH, and H2O2, followed by a hydrothermal process to synthesize Romanechite.[14]
Materials characterization. The X-ray diffraction (XRD) patterns were obtained using Bruker D2 PHASER XE-T Edition. Rietveld refinement was performed using RIETAN-FP.[15] The scanning electron microscopy (SEM) images and energy dispersive X-ray spectrometry (EDS) were obtained using JSM-IT510A. The transmission electron microscopy (TEM) images were obtained using JEM-2100. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was using ICPE-9000. The Brunauer-Emmett-Teller (BET) specific surface areas using N2 absorption were measured using BELSORP MAXG. The X-ray absorption spectroscopy (XAS) analyses were conducted at AichiSR. Data were analyzed using Athena.[16] TEM and ICP-AES were measured at the Open Facility, Global Facility Center, Creative Research Institution, Hokkaido University. The conduction pathway was estimated using the bond valence-based energies, with the softBV software[17], and plotted with VESTA[18].
Electrochemical tests. Samples were mixed with acetylene black (AB; Denka Black, Denka Co., Ltd.) and polyvinylidene fluoride (PVdF; Kureha Co.) at a respective weight ratio of 60:30:10 in N-methyl-2-pyrrolidone (NMP). The obtained slurry was coated on a Ti foil or a carbon-coated Al foil (Nippon Graphite Industries, Ltd.) current collector, followed by cutting into 10 mm diameter disks to make electrodes. The electrodes were dried at 120 °C under vacuum and transferred into an Ar-filled glovebox. The cathode, Mg ribbon anode, and 0.3 M Mg[B(HFIP)4]2/diglyme (HFIP: hexafluoroisopropyl) electrolyte were assembled in a 2032 coin-type cell with a glass-fiber separator (GF/A). The charge-discharge tests were performed at 10 mA g–1, 25 °C in the constant-current (CC) mode using TOSCAT-3100.
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Nanosized Romanechite, synthesized using an alcohol solution process at room temperature, exhibits a reversible electrochemical Mg intercalation/extraction at room temperature with fewer side reactions. The MnO2 cathode with an asymmetric tunnel structure has an advantage in terms of structural reversibility, and a promising host structure for room-temperature rechargeable magnesium batteries.
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