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Abstract: Hollandite-type α-MnO2 exhibits exceptional promise in current industrial applications and in advancing next-generation green energy technologies, such as multivalent (Mg2+, Ca2+, and Zn2+) ion battery cathodes and aerobic oxidation catalysts. Considering the slow diffusion of multivalent cations within α-MnO2 tunnels and the catalytic activity at edge surfaces, ultrasmall α-MnO2 particles with a lower aspect ratio are expected to unlock the full potential. In this study, ultrasmall α-MnO2 (<10 nm) with a low aspect ratio (c/a ~ 2) is synthesized using a newly developed alcohol solution process. This material demonstrated exceptional performance across various multivalent battery systems, primarily due to the significantly reduced cation diffusion distance. Notably, an ultrasmall α-MnO2-graphene composite achieved high capacity with low overpotential when paired with an F-free electrolyte in Ca battery. Regarding aerobic oxidation catalysis, the nanosizing of α-MnO2 had a profound impact on aerobic oxidation catalysis. The increased efficiency of oxidative conversion reactions, such as the oxidation of 1-phenylethanol, was attributed to the greatly expanded active surface area of the catalyst. The versatile functionality of ultrasmall α-MnO2 underscores its potential to revolutionize energy storage and catalysis, offering broad applicability in next-generation green energy technologies.
Introduction
Owing to its numerous advantages toward industrial use, manganese dioxides (MnO2) have attracted significant attention as promising functional materials.[1] MnO2 possesses a diverse range of crystalline structures with multiple valence states (Mn2+, Mn3+, and Mn4+),[2] where MnO6 octahedral units are arranged in various configurations influenced by the presence of other cations and the thermodynamic conditions during crystallization.[3] This diversity results in a wide selection of crystal structures, including α (hollandite),[4] β (pyrolusite),[5] R (ramsdellite),[6] γ (a mixture of β and R),[7] δ (birnessite),[8] and λ (defect spinel),[9] each possessing distinct physical and chemical properties. Among various crystal structures, the hollandite-type (α-type) stands out as a commonly utilized high-performance material with versatile applications, such as cathode for energy storage,[10] aerobic oxidation catalysis,[11] sensing materials,[12] and absorbents.[13]
In the electrode applications, α-MnO2 has been deeply investigated as a cathode for monovalent cation intercalation host (Li+, Na+, and K+).[10a, 14] However, the host structure tends to be distorted and collapsed after a large amount of cation insertion;[15] its application has been limited to the primary battery.[16] These days, the potential use of α-MnO2 cathode toward multivalent cation (Mg2+, Ca2+, and Zn2+) battery systems, possessing cost-effectiveness and high-energy density, have been extensively investigated, since the amount of cations required is halved compared with the monovalent battery systems, enabling the reversibility of α-MnO2 cathode.[17] In addition, the redox cycling of Mn4+/Mn3+ ions occurs at high voltage,[18] which can compensate for the disadvantage of lower reduction potential (Ca; –2.89 V, Mg; –2.36 V, and Zn; –0.763 V) compared to Li.[19] Indeed, previous studies have indicated that α-type materials are relatively suitable for cathode materials capable of reversible magnesium intercalation.[3d] Moreover, many researchers focus on zinc battery systems because of the superior performance in aqueous electrolytes,[20] demonstrating impressive capacity retention and high-rate capabilities.[21]
In the field of catalysis, α-MnO2 exhibits great potential as an eco-friendly aerobic oxidation catalyst in various oxidative functional group transformations[11, 22] because it can oxidize a variety of substrates by the Mars-van Krevelen mechanism, which directly utilizes its lattice oxygen, or by the one-electron transfer (SET) oxidation mechanism. This approach eliminates the demand for hazardous reagents and the generation of substantial quantities of inorganic by-products, thereby paving the way for environmentally responsible synthesis.
In both electrode and catalyst applications, a key to unlocking the full potential of α-MnO2 lies in nanoparticulation, but simply reducing particle size is not sufficient. Considering multivalent cations diffuse in the direction of the tunnel much slower than monovalent cations, and catalysts show high activity on the edge of tunnels, achieving a lower aspect ratio (c/a), having low cation diffusion distance and many edge surfaces, holds considerable potential for enhancing material performance significantly. Moreover, α-MnO2 involves cations like K+, NH4+, and Ag+ to maintain the tunnel structure;[14b, 23] the type and the amount of introduced cations should affect the host capability. To harness the full potential of α-MnO2 as an electrode material, a removable guest cation, i.e., NH4+ is the most promising choice. To date, numerous attempts have been made to achieve nanoparticulation of α-MnO2 through a wide range of metal-doping.[11a, 14b, 24] While their approaches have successfully led to an increase in the specific surface area, the doped metal is likely to enter the guest site of the tunnel structure and distort the structure significantly, which might compromise the host capability as the cathode. Therefore, nanoparticulation techniques without metal doping are required.
Typically, α-MnO2 is synthesized using a hydrothermal approach, which has a challenge toward nanoparticulation, since the dissolution and recrystallization of the nucleus easily occur during synthesis. Here, we have innovatively combined our extensively reported alcohol reduction method for Mn-based spinel/todorokite/buserite synthesis[25] and the conventional hydrothermal approach,[3a, 8a] enabling the nanoparticulation of α-MnO2. Our developed alcohol solution process, devoid of any calcination steps, successfully produces ultrasmall α-MnO2 particles (<10 nm) with a low aspect ratio (c/a ~2). Thus obtained ultrasmall α-MnO2 shows a superior performance both in multivalent battery cathode and aerobic oxidation catalyst.
Results and Discussion
Synthesis and Characterization of Ultrasmall α-MnO2
Figure 1 illustrates the alcohol solution process of ultrasmall α-MnO2 synthesis. In the process, alcohol is just a solvent that suppresses the dissolution and recrystallization of oxides, and α-MnO2 is synthesized by the redox reaction of Mn7+ (permanganate MnO4–) and Mn2+ in primary (n-PrOH, EtOH, or MeOH; PrOH: propanol, EtOH: ethanol, MeOH: methanol) or secondary (i-PrOH) alcohol solution. Note that NaMnO4 was used as a permanganate salt in this work instead of the generally used KMnO4, since NaMnO4 has higher solubility in an organic solvent compared to KMnO4.[26] Additionally, sodium-containing manganese oxides usually form a layered structure;[8a] they serve as precursors for various tunnel-type manganese oxides containing α-MnO2.[3a] On the other hand, the permanganate should react with alcohol rapidly. Therefore, NaMnO4 was dissolved in acetonitrile (stable against oxidation) to prepare a precursor solution. In the precursor solution, water and NH4Cl were added for nucleation of α-MnO2. This precursor solution was then added dropwise to an alcohol solution containing MnCl2. A brown precipitate promptly formed, followed by refluxing for an hour to obtain ultrasmall α-MnO2.
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Figure 1. Schematic illustration of ultrasmall α-MnO2 synthesis.
Figure 2a shows X-ray diffraction (XRD) patterns of α-MnO2 synthesized via the hydrothermal process (α-MnO2-hydro) and the alcohol solution process with different alcohol solvents (α-MnO2-i-PrOH, α-MnO2-n-PrOH, α-MnO2-EtOH, and α-MnO2-MeOH). All the XRD patterns, except α-MnO2-MeOH, well-matched the single-phase of tetragonal α-MnO2 with the I4/m space group through Rietveld refinements (Table S1). Compared with XRD patterns of α-MnO2-hydro, α-MnO2 synthesized via the alcohol solution process presented markedly broad XRD patterns, suggesting the formation of nanoparticles. The variation in particle size can be attributed to variations in the dielectric constant of the alcohol solvent, as well as disparities in reflux temperatures. For instance, comparing α-MnO2-i-PrOH to α-MnO2-EtOH having a similar reflux temperature, EtOH has the higher polarity, strengthening the hydrogen bonds with the permanganate anion. Consequently, this lowers the activation energy required for α-MnO2 nucleation, favoring nucleation over the growth of larger α-MnO2 particles. This is in line with a previous report on δ-MnO2 nanoparticle formation.[27]
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Figure 2. α-MnO2 XRD patterns with fitting curves by Rietveld refinement with differences of (a) alcohol solvent and (b) differences of water content in i-PrOH reaction solution.
Figure 2b displays the XRD pattern of α-MnO2, illustrating the influence of varying water contents in the synthesis process. Samples were labeled as α-MnO2-i-PrOH-x (x is the volume ratio of H2O/(i-PrOH+H2O)) to clarify the amount of H2O in the reaction solvent. As well as Figure 2a, all the XRD patterns well-matched the single-phase of tetragonal α-MnO2 through Rietveld refinements (Table S1). Moreover, the selected area electron diffraction (SAED) analysis of α-MnO2-hydro, α-MnO2-i-PrOH-2.4%, and α-MnO2-i-PrOH-1.3% shown in Figures S1a-S1c reveals the diffraction rings correlating to the obtained XRD pattern, supporting the formation of α-MnO2. To further investigate the crystalline phase of the α-MnO2, a pair distribution function (PDF) analysis using X-ray total scattering data (Figure S2) was conducted. The total correlation function T(r) of the α-MnO2-i-PrOH-1.3% and α-MnO2-EtOH clearly shows both edge-shared and corner-shared Mn-Mn peaks. However, α-MnO2-MeOH exhibits a weak and broad peak of edge-shared Mn-Mn, suggesting the existence of both tunnel and layered phases.
As the water content decreases, the XRD patterns become broader (Figure 2b), indicating the downsizing of nanoparticles, also supported by the Rietveld refinement (Table S1). A large specific surface area (SSA) of more than 150 m2 g–1 supports the nanoparticulation (Table S2); the SSA of hydrothermally synthesized α-MnO2 is typically 70~100 m2 g–1.[23a] Figure 3 presents high-resolution transmission electron microscopy (HR-TEM) images of α-MnO2-hydro, α-MnO2-i-PrOH-2.4%, and α-MnO2-i-PrOH-1.3%. The low-magnified images are shown in Figure S1c-S1i. In all the samples, clear lattice fringes were observed with evenly spaced intervals, indicating the formation of α-MnO2 crystals. Additionally, primary particles of α-MnO2 synthesized through the alcohol solution process underwent significant nanoparticulation, as summarized in Figure 3d. By adjusting the water content in the reaction solution, not only the particle size but also the aspect ratio (c/a) changed significantly. Interestingly, α-MnO2-EtOH exhibited a needle-like particle morphology with a longer c-axis direction and a larger aspect ratio shown in Figure S3, though it shows a similar XRD pattern shape and lattice constants to α-MnO2-i-PrOH-1.3%. This discrepancy may derive from the amount of water. During the crystallization process from amorphous manganese oxide to α-MnO2 and subsequent crystal growth along the c-axis direction, the presence of an adequate amount of water is crucial. Although the high dielectric constant of EtOH contributes to an overall reduction in the particle size, the presence of sufficient water in the reaction solution may have promoted crystal growth along the c-axis direction. From the above discussions, the mechanism of this nanoparticulation can derive from the reduced amount of water in the reaction solution; the crystal growth of α-MnO2 via the dissolution/recrystallization process is successfully suppressed. 
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Figure 3. HR-TEM images of (a) α-MnO2-hydro, (b) α-MnO2-i-PrOH-2.4%, (c) α-MnO2-i-PrOH-1.3%. (d) Summary of a and c axis length for each α-MnO2 particle.
In addition to the crystallite size, the lattice constants also changed as shown in Figure S4 and Table S1. The lattice constants a and c increase as the particles become nanoparticles; the trend in c has a threshold of crystallite size. This is possibly due to the increase in the surface region of the particles, which have O defect regions and lower valence of Mn. The lower valence of Mn forces lattice expansion compared to the bulk, leading to an increase in the bulk lattice parameters. Figure 4a, Figure S5 and S6 display the Mn valence state of α-MnO2 as determined by X-ray absorption spectroscopy (XAS) and X-ray photoelectron spectroscopy (XPS) analyses, respectively. As the particle size decreases, the Mn valence state decreases as well, evinced by both the Mn K-edge X-ray absorption near edge structure (XANES) and the Mn 2p XPS spectra, as evinced by lower energy shifts. Figure 4b shows the relative amount of NH4+ cation in the tunnel of α-MnO2, estimated from CHN and inductively coupled plasma atomic emission spectroscopy (ICP-AES) elemental analyses. The NH4+/Mn ratio of 0.108 for α-MnO2-hydro aligns with previous research findings.[10c, 28] As the particle size decreases, the NH4+/Mn ratio decreases. These results imply that despite the reduced NH4+ content inside the tunnel, the Mn valence state becomes smaller, suggesting the formation of oxygen vacancies. The O 1s XPS spectra (Figure 4c) show larger peaks (around 532 eV) for α-MnO2-i-PrOH-2.4% and -1.3% compared to α-MnO2-hydro, supporting the presence of oxygen defects. In addition, EPR spectra of α-MnO2-i-PrOH-1.3% (Figure S7 ) confirm the presence of oxygen defect since the single width (ΔB) has a positive correlation with the amount of oxygen defect [29]. These findings are summarized in Figure 4d. Ultrasmall α-MnO2 exhibits a large surface area, which is associated with oxygen vacancies, lower NH4+ content, and a lower Mn valence state.
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Figure 4. (a) Mn K-edge XANES spectra. (b) NH4+/Mn ratio calculated by CHN and ICP-AES elemental analyses. (c) O 1s XPS spectra. (d) Illustration of Nanosized α-MnO2 surface and bulk.
Furthermore, highly porous α-MnO2 nanoparticles are obtained using tetrabutyl ammonium (TBA) permanganate salt instead of NaMnO4, as shown in Figure S6. Such organic ammonium cations are introduced into a layered MnO2 precursor to form mesoporous structures.[30] Both α-MnO2-i-PrOH-2.4% and -1.3% synthesized using TBAMnO4 exhibited broader XRD patterns and smaller primary particles according to TEM images compared to those synthesized with NaMnO4. Notably, α-MnO2-i-PrOH-2.4% synthesized with TBAMnO4 (Figure S8c) has a smaller aspect ratio particle compared to that synthesized with NaMnO4 (Figure 3b). The SSAs of α-MnO2-i-PrOH-1.3% is 263 m2 g–1, a larger value synthesized from NaMnO4.
Electrochemical Multivalent-Ion Intercalation Hosts
Ultrasmall α-MnO2 (α-MnO2-i-PrOH-2.4% and -1.3%) exhibits superior cathode performances to hydrothermally synthesized α-MnO2 (α-MnO2-hydro) in multivalent (Zn, Mg, and Ca) battery full-cells (Figure 5), indicating that nanoparticulation of the active material reduces multivalent ion diffusion distance, thereby enhancing cathode performance without being hindered by the sluggish diffusion of multivalent ion.
Aqueous Zn-battery, using a 1.0 M ZnSO4 + 0.05 M MnSO4 electrolyte, is more easily cyclable compared with nonaqueous batteries. Even at the 50th cycle (Figure 5a), α-MnO2-i-PrOH-2.4% achieved the discharge capacity of more than one electron reaction (308 mAh g–1) with a clear discharge plateau at around 1.3 V attributable to Zn2+ intercalation,[20a] significantly improved compared with α-MnO2-hydro. Note that the cathode performance of α-MnO2-i-PrOH-1.3% was lower than α-MnO2-i-PrOH-2.4%, despite its smaller particle size. It is probably due to a strong particle aggregation, especially occurring in ultrasmall nanoparticles.[31] Such aggregation increases the resistance of multivalent ion migration between particles as the interfacial resistance of α-MnO2-i-PrOH-1.3% is large as shown in EIS spectra in Figure S9, resulting in inferior cathode properties, which is also a similar trend with nanosized-LiCoO2 for Li-ion battery case [32]. Therefore, α-MnO2 with smaller particle size without severe aggregation is suitable for multivalent ion battery cathodes as illustrated Figure S10. α-MnO2-i-PrOH-2.4% holds a higher capacity compared with previous works [33] [34] and a high-capacity retention rate of around 100 cycles (Figure S11), while α-MnO2-hydro and α-MnO2-i-PrOH-1.3% exhibit capacity degradation. Furthermore, as Figure 5b shows, α-MnO2-i-PrOH-2.4% exhibits superior rate performance; even at 1 A g–1, it exhibits a reversible capacity of around 150 mAh g–1. In addition, the nanosizing effect positively influences the liquid-solid reaction involving dissolved Mn2+, as reported in a previous study [35]. After discharge, Mn2+ readily dissolves into the electrolyte and returns to the α-MnO2 core during charging, accompanied by the formation of ZnMn2O4 on the core surface. This indicates that the cathodic performance, driven by H+ and Zn2+ co-intercalation as well as the liquid-solid reaction involving dissolved Mn2+, is strongly dependent on the size of the α-MnO2 core.
In nonaqueous Mg-battery, nanosized α-MnO2 also exhibits higher discharge capacity and cyclability (Figures 5c, 5d and Figure S12), indicating that nanoparticulation of the active material reduces Mg2+ diffusion distance, thereby enhancing cathode performance without being hindered by the sluggish diffusion rate of Mg2+.Moreover, galvanostatic intermittent titration technique (GITT) measurements (Figure S13) exhibit that α-MnO2-i-PrOH-2.4% has the smallest overvoltage at discharge. 
To evaluate the impact of oxygen defects on charge/discharge performance, EPR spectra of α-MnO2 were measured before and after annealing at 300°C. The annealed sample of α-MnO2-i-PrOH-1.3% exhibited a greater ΔB in the EPR spectra, indicating an increased amount of oxygen defects (Figure S14a). This observation aligns with the previous report[36]. When comparing the voltage profiles of α-MnO2-i-PrOH-2.4%, which demonstrated the best cathodic performance, with its annealed counterpart, the cathodic performance significantly deteriorated after annealing. The annealed sample showed a lower operating voltage and reduced discharge capacity, attributed to a higher concentration of oxygen defects. These defects impair the structural stability required for Mg-ion insertion, reducing structural tolerance. We estimate that the increased oxygen defects accelerate the phase transition from the hollandite structure to the halite phase, resulting in diminished capacity and a lower operating voltage. Note that there is no significant change in its specific surface area before and after annealing; annealed α-MnO2-i-PrOH-2.4% possess 122 m2 g-1. Despite optimizing α-MnO2 particle size, controlling aggregation and changing the amount of oxygen defect, degradation occurred during cycling. According to the recent DFT calculations, the insertion of Mg ions into α-MnO2 distorts the tunnel structure from square to rhombus.[37] Consistently, ex-situ XRD measurements of α-MnO2-hydro, exhibiting the most severe cycle degradation, revealed a broadening of the 310-plane peak after discharge, failing to revert to its pristine state (Figure S15). This observation suggests the entrapment of Mg2+ ions within the tunnel structure, impeding their deintercalation during charging, consequently leading to capacity degradation. Thus, even with optimized particle conditions as in α-MnO2-i-PrOH-2.4%, complete deintercalation of Mg ions remains a challenge.
For nonaqueous Ca-battery cell tests as shown in Figure 5e, α-MnO2-i-PrOH-2.4% and -1.3% demonstrate superior cathodic performance, as well as the Mg-battery cell, primarily due to the reduction in the diffusion distance of Ca2+. On the contrary to the Mg and Zn-battery cases, α-MnO2-i-PrOH-1.3% exhibits a larger charge capacity, suggesting that nanoparticulation may contribute rather to charge performance, specifically in Ca2+ deintercalation.
Furthermore, upon comparing the voltage profiles at 10 mA g–1 and 100 mA g–1, there appears to be no significant deviation in capacity and polarization between discharge and charge (Figure S16), implying that Ca2+ undergo intercalation and de-intercalation more rapidly than Mg2+, possibly due to differences in their charge density. 
Concerning the cyclability of α-MnO2-i-PrOH-1.3% in the Ca-battery system, assessing its cathode performance with Ca[B(HFIP)4]2 electrolyte presents challenges due to the formation of a CaF2 passivation layer on Ca metal,[38] resulting in substantial cycle degradation. To address this issue, a Ca full-cell test using Ca[CB11H12]2 electrolyte was conducted; a fluorine-free electrolyte having high anodic stability (> 4 V vs. Ca2+/Ca).[39] As shown in Figure 5f and Figure S17, Ca[CB11H12]2 electrolyte notably enhances the cyclability of the cathode compared with Ca[B(HFIP)4]2 electrolyte, suggesting that most cycle degradation stems from anodic issues and α-MnO2-i-PrOH-1.3% was found to be superior host material for Ca-battery. Note that the coulombic efficiency of Ca[CB11H12]2 electrolyte is around 84 % and the passivation layer, which is mainly CaH2, is gradually formed. This is the main reason for capacity degradation shown Figure 5f. In addition, the coulombic efficiency in the first cycle was far from ideal even with using an F-free electrolyte. Figure S18 presents the XRD patterns of α-MnO2-i-PrOH-1.3% after discharge and charge. Even though DFT calculation expect no structural distortion for Ca2+ insertion, the 310 peak shifted to a lower angle, indicating its structural change and Ca ions were trapped within the structure. Then, this causes low coulombic efficiency in the first cycle and the charge capacity is significantly dependent on the particle size, suggesting that the short migration path facilitate the Ca ion de-insertion.
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Figure 5. (a) 50th-cycled voltage profile of Zn-battery cell at a current density of 100 mA g–1). (b) Rate capability of Zn-battery cell. (c) 1st voltage profile of Mg-battery cell at a current density of 10 mA g–1. (b) Discharge capacity of Mg-battery cell during cycles at a current density of 100 mA g–1. (e) 1st voltage profile of Ca-battery cell at a current density of 10 mA g–1. (f) Discharge capacity of Ca-battery cell with different electrolytes during cycles at a current density of 100 mA g–1.
In charge-discharge reactions using organic electrolytes such as Ca- and Mg-battery, in addition to cation insertion reactions, side reactions such as electrolyte reductive decomposition reactions[40] and O2– desorption[41] are likely to occur, hence the contribution ratio of cation insertion to capacity is important. Scanning electron microscopy (SEM)-energy dispersive X-ray spectroscopy (EDX) analyses were applied to quantify the cation insertion levels. Figure S19 presents the ratio of Mg2+ and Ca2+ intercalation reaction per whole discharge reaction. Concerning Mg2+ intercalation ability, α-MnO2-i-PrOH-2.4% exhibits the highest Mg2+ contribution of 78% to discharge capacity; more than 20% of side reactions occur. In particular, only 60 % of capacity is contributed by Mg2+ insertion in the case of α-MnO2-i-PrOH-1.3%. In contrast, Ca2+ intercalation rather proceeds in all α-MnO2 cathodes. Particularly noteworthy is α-MnO2-i-PrOH-1.3%, showing a remarkable 91% cation contribution to capacity. Moreover, α-MnO2-i-PrOH-1.3% shows excellent selectivity in both Ca2+ intercalation and de-intercalation reactions. As displayed in Table S3, almost all charging capacity stems from Ca2+ de-intercalation, highlighting the superior performance of nanosized α-MnO2 as a host material for Ca2+ at room temperature compared to Mg2+. This host performance owes not only to the low charge density of Ca2+ and facile diffusion through its solid phase but also to previous DFT calculations[42] indicating that Ca2+ insertions cause minimal distortion to the tunnel structure of α-MnO2. Additionally, as shown in Figure S20, Mn K-edge XANES analysis, tracing the redox reactions of Mn during the intercalation and deintercalation of Ca ions, indicates semi-reversible redox processes, consistent with the observed voltage profile in the first cycle. Notably, compared with spectra of other samples, α-MnO2-i-PrOH-1.3% possess the highest Mn re-oxidation ability.
As discussed above, α-MnO2-i-PrOH-1.3% exhibits excellent properties as a Ca-battery cathode. However, there is still potential for further performance improvement. As shown in the TEM images (Figures 3c and S1f), the primary particles are strongly aggregated. Additionally, electrochemical impedance spectroscopy (EIS) data presented in Figure S21 indicated a large cathodic interfacial resistance for α-MnO2-i-PrOH-1.3%. This aggregation thereby causing the lack of conductivity likely contributes to the reduced performance. To address this issue, we aimed to suppress particle aggregation by compositing nanoparticles with some porous dispersant materials. Since the alcohol solution process is a wet process, the composite is easily obtained by mixing dispersant into the solution. Here we selected conductive graphene nanosheets. Figure 6a displays HR-TEM images of the α-MnO2-i-PrOH-1.3%-graphene composite, denoted as α-MnO2-i-PrOH-1.3%-G. The primary α-MnO2 nanoparticles were homogeneously dispersed on the graphene sheet, and particle aggregation was scarcely observed. The SAED patterns (Figure 6b) and XRD patterns (Figure S22) show diffraction rings corresponding to the XRD patterns, confirming the crystalline phases of α-MnO2 and graphene. Regarding its cathodic performance in Ca-battery tests (Figure 6c), α-MnO2-i-PrOH-1.3%-G exhibited significantly superior charge-discharge performance, especially in the charge curve. The polarization at 150 mAh g–1 was reduced from 2.60 V to 1.87 V, achieving the fully reversible charge. When comparing the polarization of nanosized α-MnO2-graphene composite cathodes with different particle sizes and aspect ratios, the most significant reduction in polarization was observed with the α-MnO2-i-PrOH-1.3% cathode (Figure 6d). This implies that the graphene composite is a highly effective method for fully utilizing the strongly aggregated nanoparticles as cathodes. As shown in Figure S23, its capacity degradation at first few cycles was significantly suppressed by compositing with graphene.
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Figure 6. (a) HR-TEM images and (b) SAED patterns of α-MnO2-i-PrOH-1.3%-G. (c) Voltage profiles of Ca-battery cell at a current density of 100 mA g–1 and (d) polarizations at the point of 150 mAh g–1.
Aerobic Oxidation Catalysis
In general, it is known that the catalytic activity increases with decreasing the SSA of manganese oxides, but there is no detailed discussion on how the aspect ratio of α-MnO2 affects the catalytic performance for the oxidation reactions. Firstly, the catalytic activities of three manganese oxide catalysts prepared in this study, α-MnO2-hydro, α-MnO2-i-PrOH-2.4%, and α-MnO2-i-PrOH-1.3%, were compared for the oxidation of 1-phenylethanol (secondary alcohol) to acetophenone using O2 as a model reaction. Figure 7a shows the reaction profiles, where the order of the catalytic activities was α-MnO2-hydro < α-MnO2-i-PrOH-2.4% < α-MnO2-i-PrOH-1.3%. In all cases, the reactions proceeded selectively, and no byproducts other than acetophenone were detected. The initial reaction rates determined at less than 10% 1-phenylethanol conversion were 1.25 mM min–1, at 2.21 mM min–1, and 3.05 mM min–1 for α-MnO2-hydro, α-MnO2-i-PrOH-2.4%, and α-MnO2-i-PrOH-1.3%, respectively, and the relationship between initial reaction rates and the SSAs was found to be a nearly first order (Table S2). This means that the oxidation of 1-phenylethanol by α-MnO2 (in other words, the reduction of α-MnO2) can be considered to depend simply on just their SSA, without regard to the aspect ratios. However, comparing the reaction profiles of α-MnO2-hydro and α-MnO2-i-PrOH-1.3%, for example, a clear difference can be observed in the latter half of the reaction that cannot be explained by the difference in their SSAs alone. This result is considered to be due to the fact that more c planes are exposed in the case of α-MnO2 with a low aspect ratio (c/a), where electron transfer from the reduced manganese species to O2 proceeds smoothly to complete the catalytic cycle. Based on these results, designing α-MnO2 with a small SSA and small aspect ratio (c/a) is a very effective strategy for oxidation reactions of this type of substrate.
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Figure 7. α-MnO2-catalyzed aerobic oxidations of (a) 1-phenylethanol, (b) benzyl alcohol, (c) di-p-tolyl disulfide, (d) N,N-dimethyl octylamine, (e) fluorene, and (f) thioanisole. Reaction conditions were described in the experimental section. For the reactions (b)-(f), α-MnO2-i-PrOH-1.3% was used as a catalyst. In reactions (b), (c), and (f), benzamide (25% yield), methylene cyanated product (11% yield), and methyl phenyl sulfone (5% yield) formed as byproducts, respectively.
Finally, the substrate scope of ultrasmall α-MnO2 catalysts to various oxidation reactions was investigated. With ultrasmall α-MnO2 catalysts, the selective oxidation of not only secondary alcohols but also primary alcohols to aldehydes proceeded efficiently. The reaction of benzyl alcohol with α-MnO2-i-PrOH-1.3% as a catalyst in the presence of NH3 gave benzonitrile in 74% yield for 30 min (Figure 7b); this reaction consists of oxidation of benzyl alcohol to benzaldehyde, the reaction of benzaldehyde with NH3 to form an aldimine, followed by the oxidation to the corresponding nitrile. In this case, benzamide was also formed in 25% by nitrile hydration.[43] When the reaction of benzyl alcohol with α-MnO2-i-PrOH-2.4% (otherwise conditions were the same) was carried out for 1 h, the selectivity switch occurred to afford benzamide in 93% yield. α-MnO2-i-PrOH-1.3% was also extremely effective for reactions originating from SET oxidation (Figures 7c and 7d). In the reaction of a disulfide, a thiol and target thiocyanate were first formed by the nucleophilic addition of CN– to the disulfide substrate, but α-MnO2-i-PrOH-1.3% showed extremely high catalytic activity for thiol homocoupling via SET oxidation, resulting in selective production of the thiocyanate product (Figure 7c). The α-methyl-selective oxidative cyanation was achieved through the α-MnO2-i-PrOH-1.3%-mediated SET/deprotonation/SET sequence followed by the nucleophilic addition of CN– (Figure 7d). Moreover, α-MnO2-i-PrOH-1.3% was effective for the oxygenation reactions of various substrates such as alkylarenes (Figure 7e) and sulfides (Figure 7f).
Conclusion
Ultrasmall α-MnO2 (<10 nm) with a low aspect ratio (c/a ~2) was, for the first time, successfully synthesized using an alcohol solution process, without any metal doping. Its potential as a host material for multivalent ion (Mg2+, Ca2+, and Zn2+) battery cathodes and as an aerobic oxidation catalyst was fully demonstrated. In the realm of battery application, ultrasmall α-MnO2 demonstrates superior cathodic performance compared to conventional-sized counterparts in all the battery systems, primarily due to the significant reduction in cation diffusion distance within the solid structure. In particular, ultrasmall α-MnO2 homogeneously dispersed onto graphene nanosheets was found to be a promising cathode material for Ca-battery. Regarding aerobic oxidation catalysis, the impact of nanosizing is profound, leading to a substantial increase in the efficiency of oxidative conversion reactions of various molecules, such as 1-phenylethanol oxidation, attributable to the vastly expanded active surface area of the catalyst. Thus, the ultrasmall α-MnO2 has made a significant impact not only in the field of batteries but also in catalysis. It can be anticipated that this material will not only find applications in next-generation green energy technologies but also set new standards for technologies across various industrial sectors.
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An ultrasmall α-MnO2 (<10 nm) with a low aspect ratio (c/a~2) is synthesized using an alcohol solution process. It exhibits superior performances in both multivalent-ion battery cathodes and aerobic oxidation catalysts. The versatile functionality of ultrasmall α-MnO2 underscores its potential to revolutionize energy storage and catalysis, offering broad applicability in next-generation green energy technologies.
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