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The cationic effect on δ-MnO2 nanosheets for oxygen reduction reaction (ORR) is investigated by intercalating different interfacial cations (Li, Cs, diallyldimethylammonium (DADMA) and polydimethyl diallyl ammonium (PDDA)). Experimental and theoretical analyses demonstrate that interfacial cations can modulate the catalytic activity by tailoring the electronic structure and spatial water molecules distribution between δ-MnO2 nanosheets.
[bookmark: _Hlk196428711]Driven by the urgent demands for large-scale energy consumption and environmentally sustainable development, the increasing need for clean and renewable energy has underscored the significant potential of fuel cells as alternatives to conventional fossil fuels.1–3 In the key processes of fuel cells, the ORR occurring at the cathode exhibits sluggish kinetics due to its complex four-electron transfer mechanism.4,5 Although platinum demonstrates exceptional performance in ORR within alkaline solutions and remains the benchmark catalyst for commercial applications, the scarcity and high cost of noble metals have impeded their widespread adoption.6 In recent years, extensive research efforts have been directed toward developing abundant and cost-effective alternative catalysts.
While much attention has been given to material modification, the electrolyte environment remains a key factor in catalytic performance. Among these factors, variations in material properties induced by different cations in the electrolyte are commonly referred to as the "cation effect," which is typically investigated by testing the same material in electrolytes containing distinct cations. Currently, studies on the cation effect in ORR predominantly focus on noble metals (e.g., Pd, Pt) and carbon-based materials, with limited exploration of other metal compounds.7–10 Furthermore, this approach has inherent limitations: comparative testing across different cationic electrolytes often neglects the influence of variations in electrolyte composition on catalytic performance, such as ionic strength, pH, and viscosity. Therefore, it is essential to decouple the specific contributions of cation properties (e.g., ionic radius, charge density, hydration capability) at non-reaction interfaces to the overall catalytic performance.
[bookmark: _Hlk196465656][bookmark: _Hlk196301752][bookmark: _Hlk196428738][bookmark: _Hlk196485978][bookmark: _Hlk196301877][bookmark: _Hlk196465752][bookmark: _Hlk194266430]Manganese has gained significant attention as an electrocatalytic element due to its abundant reserves in the Earth's crust, low toxicity, and multivalent states. MnO2 forms various crystal structures by sharing corners or edges of MnO₆ octahedra. These crystal texture can be categorized into 1D tunnel structures (α, β, γ and ɛ-MnO2), 2D layered structures (δ- MnO2), and 3D network structures (λ-MnO2). The different structures lead to variations in porosity, which in turn affect the electrocatalytic activity of MnO₂.11 Among various crystalline phases of manganese oxides, the ORR activity follows the order: β-MnO2 < λ-MnO2 < γ-MnO2< α-MnO2 ≈ δ-MnO2.12 The superior catalytic activity can be ascribed to the unique lamellar structure of δ-MnO2 which provides a larger accessible surface area compared to the other two types of MnO2.  Of particular interest, δ-MnO2 (referred to MnO2) is a typical layered material composed of alternately stacked negatively charged layers (containing MnO6 octahedra) and charge-balancing gallery cations, whose unique structure enables the accommodation of diverse cations within its galleries.13 since reactions in layered materials predominantly occur within the interlayer space, they provide abundant reaction interfaces to amplify cation effects. These characteristics make δ-MnO2 an ideal model system for this investigation.
 The intercalation of various cations into manganese oxides can affect their ORR performance. Studies have shown that
[bookmark: _Hlk194266885][image: ]
Figure 1. schematic illustration of the synthesis of MnO2 monolayers, MnO2-Li, MnO2-Cs, MnO2-DADMA, MnO2-PDDA.
[bookmark: _Hlk196465761]replacing K⁺ with electrocatalytically active cations such as Cu2+, Co2+, and Ce3+ significantly enhances ORR activity, as these cations can serve as additional active sites during the reaction.14-16 In contrast, when inert cations like K+ and Li+ occupy the interlayer spaces, the resulting ORR activity is notably reduced—but still differs between the two. This indicates that even non-electrocatalytically-active cations can exert distinct effects on the catalytic performance of MnO₂.17 In light of this, we engineered a series of MnO2-M materials (M = Li, Cs, DADMA, PDDA) through cation-guided flocculation of MnO2 monolayers. Compared to the common ion-exchange or liquid-phase synthesis methods which are typically limited to small cations like alkali metal cations, the proposed layer reassembly strategy overcomes the limitation and achieves intercalation control of large-sized and structurally complex cations cluster.14,18-20 The catalytic test was conducted in identical electrolyte to eliminate the activity variations induced by electrolytes differences. This variable control enables us effectively eliminate the interference caused by electrolyte differences, enabling a more accurate assessment of the impact of interfacial cations on ORR performance.
[bookmark: _Hlk194266460]In this study, the MnO2 monolayers were obtained via a one-step liquid-phase method (Fig. 1) and exist in colloidal form. Atomic force microscopy (AFM) image (Fig. 2a and Fig. S1a) indicate that the synthesized nanosheets exhibit the lateral dimension of ~100 nm and the height of ~0.81 nm, confirming their monolayer nature.13 Actually, the measured thickness of 0.81 nm slightly exceeds the crystallographic thickness (~0.52 nm), which can be attributed to the adsorption of positively-charged cationic polymers on the negative-charged substrate, along with the presence of water molecules.21 Furthermore, the hexagonal arrangement of diffraction spots in selected area electron diffraction (SAED) pattern (Fig. S1b) provides additional evidence for the single-crystalline structure of the MnO2 monolayer. 
The colloidal solution containing negative-charged monolayers was dropwise added into various solutions with
[image: ]
Figure 2. (a) AFM image of exfoliated MnO2 nanosheets. (b) XRD patterns of (i) MnO2-Li, (ii) MnO2-Cs, (iii) MnO2-DADMA, (iv) MnO2-PDDA. (c) high-resolution XPS spectrum of MnO2-M samples. (d) TEM image, (e, f) high resolution TEM images, (g) SAED pattern and (h, i) EDS mapping of MnO2-Li.
[bookmark: _Hlk196485412]different cations (Li+, Cs+, DADMA+, PDDA+), where the monolayer nanosheets and cations subsequently self-assembled through electrostatic interactions to form artificially engineered layered materials. The scanning electron microscopy (SEM) images (Fig. S2) reveal that MnO2-Li, MnO2-Cs, MnO2-DADMA and MnO2-PDDA all exhibit a well-stacked nanosheet morphology, a direct consequence of electrostatic interactions between the negative-charge nanosheets and intercalated cations. As shown in Fig. 2b, the X-ray diffraction (XRD) patterns of the newly assembled layered materials display characteristic multi-order diffraction peaks, confirming their layered structures. The layer spacing between MnO2 layers can be calculated to be 7.06, 7.23, 7.17 and 24.43 Å for MnO2-Li, MnO2-Cs, MnO2-DADMA and MnO2-PDDA according to the Brag equation, respectively. Surprisingly, the measured spacing is quite larger than the actual size of these cations, which can be attributed to the incorporation of water molecules during the aqueous electrostatic-assembly process. The XPS was also conducted to investigate the valence states of Mn in MnO2-M system as shown in Fig. 2c. The peaks located at 642.0 eV and 643.3 eV can be indexed to Mn3+ and Mn4+, respectively.22 The average valence of Mn obtained via the ratio of peak area in MnO2-Li, MnO2-Cs, MnO2-DADMA and MnO2-PDDA can be calculated to be 3.29, 3.27, 3.30 and 3.38, respectively. The variations in Mn valence states demonstrate that different interface cations can effectively modulate the electronic structure of the catalyst and the increased ratio of Mn3+/Mn4+ of MnO2-Li is supposed to enhance ORR catalytic activity.2,6,23 The morphology and structure of MnO2-Li were further characterized with transmission electron microscopy (TEM). As depicted in Fig. 2d, the TEM images reveal that MnO2-Li consists of flexible and ultrathin nanoflakes with a stacked structure. The lattice fringes (Fig. 2e and 2f) in the high-resolution transmission electron microscopy (HRTEM) images of 0.68 nm and 0.25 nm corresponding to the interplanar spacing of (001) planes and interlayer distance of (100) planes of MnO2-Li, respectively. The slightly decreased interlayer spacing compared to the XRD results may result from dehydration under vacuum conditions during TEM measurement. As shown in Fig. 2g, the diffraction rings in the SAED patterns can be indexed to (110) and (100) planes of MnO2-Li, respectively. Additionally, the elemental mapping images confirmed the homogenous distribution of corresponding Mn, O and intercalating cations throughout the sample (Fig. 2h-i and S3). However, due to the low atomic number and weak signal of Li, it is difficult to detect Li using EDS. Therefore, the presence of Li was confirmed through XPS survey spectra (Fig. S4). The comprehensive characterizations not only verify the successful preparation of manganese oxide layered materials with differently sized interlayer cations, but also demonstrate that interfacial cations can significantly influence the electronic structure in the catalysts. 
[bookmark: _Hlk196485503]The ORR catalytic activity of MnO2 assembled with various cations intercalated was evaluated with polarization curves obtained in 0.1 M KOH electrolyte at the rotating speed of 1600 rpm. Polarization current was determined by subtracting the current measured in N2-saturated electrolyte from that in O2-saturated electrolytes (Fig. S5 and 3a). The MnO2 assemblies with different cationic interfaces exhibited distinct catalytic activities, following the order: MnO2-Li > MnO2-Cs > MnO2-DADMA > MnO2-PDDA. The most positive onset potential (Eonset) and half-wave potential (E1/2) of MnO2-Li indicate its superior catalytic activity toward ORR (Fig. S6). The limiting current densities of MnO2-Li, MnO2-Cs, MnO2-DADMA and MnO2-PDDA are determined to be 3.8, 3.0,2.2 and 1.4 mA cm−2 at -0.4 V vs. RHE, respectively. In addition, kinetic analysis using Tafel plots (Fig. 3b) reveal consistent trends with the polarization curves. MnO2-Li shows the best kinetic process with the lowest Tafel slope of 157 mV dec−1, while MnO2-Cs, MnO2-DADMA and
[bookmark: _Hlk194304341][image: ]
[bookmark: _Hlk194305320]Figure 3. ORR performance of MnO2-Li, MnO2-Cs, MnO2-DADMA, MnO2-PDDA conduced in 0.1 M KOH. (a) LSV curves, (b) Tafel plots, (c) calculated transfer electron number from RRDE methods (d) EIS spectrum (inset is the simulated equivalent circuit) of MnO2-M (M=Li, Cs, DADMA, PDDA) nanosheets.
[bookmark: OLE_LINK1]MnO2-PDDA show more sluggish kinetics with Tafel slopes of 182, 202 and 221 mV dec−1, respectively. To elucidate the reaction mechanism, we employed the Koutecky-Levich (K-L) method to calculate the electron transfer number (n). The polarization curves measured at different rotation speed (Fig. S7) enable calculation of n from the linear relationship between the negative reciprocal current density (-1/j) and the inverse square root of rotation speed (ω−1/2) at fixed potentials (Fig. S8a). The calculated n values are 3.19, 2.92, 2.43 and 1.73 for MnO2-Li, MnO2-Cs, MnO2-DADMA and MnO2-PDDA, respectively. N value closer to 4 indicates 4-electron pathway producing H2O, while those approaching 2 suggest preferential 2-electron pathway generating H2O2.9,16,24 The transfer electron number was also test with rotating ring disk electrode (RRDE) methods as shown in Fig. 3c and Fig. S8b. MnO2-Li exhibits the highest n of 3.75 compared to that of 3.67, 3.38 and 3.27 for MnO2-Cs, MnO2-DADMA and MnO2-PDDA, respectively. The corresponding yields of H2O2% (Fig. S8c) are 10.28%, 17.37%, 27.81% and 33.54%, respectively. It can be seen that when Li ions are present at the MnO2 interface, the ORR tends to follow the 4e− transfer process, whereas when DADMA and PDDA ions present at the reaction interface, the ORR tends to proceed via a 2e− pathway. Electrochemical impedance spectroscopy (EIS) provided additional kinetic insights. Fig. 3d displays the typical Nyquist plots of these as-prepared catalysts and the fitting parameters obtained from the equivalent circuit are listed in Table S1. Among the series, MnO2-Li exhibits the smallest charge transfer resistance (Rct), confirming the fastest charge transfer at the Li-modified interfaces. The electrochemical surface area (ECSA) was estimated from cyclic voltammetry (CV) measurements in the non-faradaic region at different scan rates (Fig. S9). As shown in Fig. S10, MnO2-Li delivers the highest ECSA of 29.75 cm−2 based on the slope of Δj vs. scan rate, indicating abundant active sites at Li-incorporated interfaces.
[image: ]
Figure 4 (a-d) differential charge transfer images of MnO2-Li, MnO2-Cs, MnO2-DADMA and MnO2-PDDA, (e) transfer electron number calculated from Bader charge analysis and (f) calculated Gibbs free energy diagram during ORR for MnO2-Li, MnO2-Cs, MnO2-DADMA and MnO2-PDDA.
[bookmark: _Hlk196426327][bookmark: _Hlk196485532][bookmark: _Hlk196485558]Density functional theory (DFT) calculations were employed to elucidate the influence of interfacial cations on the electronic structure and catalytic mechanism of MnO2-M during ORR process. Charge differential density (CDD) and Bader charge analyses was applied to investigate electron transfer in catalysts (Fig. 4a-e). The purple and green electron clouds in CDD maps represent electron depletion and accumulation, respectively. Notably, the spatial extent of purple electron clouds around Mn follows the increasing order: MnO2-Li < MnO2-Cs < MnO2-DADMA < MnO2-PDDA, suggesting the lowest oxidation states of MnO2-Li. The Bader charge analysis quantitatively shows that the electron loss of Mn increases along the same sequence, which is consistent with the XPS results. The optimized structure of adsorbed intermediates (Fig. S11) shows the different water spatial distribution within the MnO2-M system. When a single cation occupies the interlayer space, water molecules distribute around the cation, whereas larger cation clusters in the interlayer force water molecules to be compressed near the MnO2 host layers, consequently reducing the available space for water distribution. The reaction pathway of MnO2-M in alkaline condition was considered as follows: *+O2 → *OO → *OOH → *O →*OH →* +OH−.25-27 The calculated Gibbs free energy is listed in Fig. 4f. The negative adsorption energy of O2 indicates a spontaneous process. The rate-determining step for MnO2-M is the step from *OO to *OOH. MnO2-Li exhibits the lowest maximum Gibbs energy barrier of 1.21 eV, significantly outperforming MnO2-Cs (1.70 eV), MnO2-DADMA (1.95 eV) and MnO2-PDDA (2.64 eV), confirming optimal reaction kinetics with Li at the interface. The superior performance of MnO2-Li can be ascribed to the charge redistribution within MnO2 layers and the more available spatial for water molecules in the gallery region, both induce by the cationic effects at the interface, as illustrated in Fig. S12.
In summary, leveraging the electrostatic attraction between MnO2 monolayers and cations, we prepared manganese oxide catalysts with different intercalated cations via flocculation, aiming to investigate the influence of interfacial cations on the ORR performance of MnO2-based materials. Experimental and DFT calculations manifest that the cationic effects at the interface of MnO2 system can modulate the electronic structure of host layers and spatial distribution of water molecules within the galley regions, consequently affecting the reaction energy barrier in catalytic process. This strategy offers novel insights into the cationic effects at MnO2 interfaces and advances the mechanistic understanding of cation-mediated regulation.
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