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Abstract: The electrochemical oxidation of 5-hydroxymethylfurfural (HMFOR) in alkaline electrolyte is a promising strategy for producing high-value chemicals from biomass derivatives. However, the disproportionation of aldehyde groups under strong alkaline conditions and the polymerization of HMF to form humic substances can impact the purity of 2,5-furandicarboxylic acid (FDCA) products. The use of neutral electrolytes offers an alternative environment for electrolysis, but the lack of OH− ions in the electrolyte often leads to low current density and low yields of FDCA. In this study, a sandwich-structured catalyst, consisting of Ru clusters confined between unilamellar MnO2 nanosheets (S-Ru/MnO2), was used in conjunction with an electrochemical pulse method to realize the electrochemical conversion of 5-hydroxymethylfurfural into FDCA in neutral electrolytes. Pulse electrolysis and the strong electron transfer between Ru clusters and MnO2 nanosheets help maintain Ru in a low oxidation state, ensuring high activity. The increased *OH generation led to a groundbreaking current density of 47 mA/cm2 at 1.55 V vs. reversible hydrogen electrode (RHE) and an outstanding yield rate of 98.7% for FDCA in a neutral electrolyte. This work provides a strategy that combines electrocatalyst design with an electrolysis technique to achieve remarkable performance in neutral HMFOR.
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1 Introduction
5-Hydroxymethylfurfural (HMF) is a common biomass derivative used in several applications, including fuel processing and the manufacturing of pharmaceutical intermediates. Specifically, 2,5-furandicarboxylic acid (FDCA), obtained through the electrochemical oxidation reaction of HMF (HMFOR), is an important monomer for replacing petroleum-derived polyethylene terephthalate and producing poly(ethylene 2,5-furandicarboxylate) [1–3]. Most studies on HMFOR have utilized strong alkaline electrolytes, which require electrochemical reactors with high corrosion resistance.[4–9] However, HMF easily degrades under alkaline conditions, leading to the formation of humins, which are challenging to separate, and a trace amount of humins (tens of ppm) can irreversibly discolor the resulting FDCA.[10,11]
[bookmark: _Hlk169521131][bookmark: _Hlk169521201]Using a neutral electrolyte could resolve this issue, as HMF exhibits greater stability in neutral solvents than in alkaline solvents. However, the lack of OH- ions in the electrolyte leads to low current density and reduced FDCA yield. For example, in one study, Co8Ce2OX and Ru single atoms supported on NiO achieved a selectivity of ~90% toward 2,5-diformylfuran (DFF) under neutral conditions.[12,13] However, the subsequent oxidation of aldehyde groups on DFF to formyl-2-furancarboxylic acid (FFCA) is characterized by slow kinetics, significantly hindering FDCA production in the absence of OH-. Subsequently, RuO2/MnO2/ Carbon nanotubes catalysts were employed, yielding FDCA at a high rate of 72.1%, although the current was limited to 5 mA/cm2 and necessitated a charge that far exceeded the theoretical coulomb quantity.[14] Recently, Gong’s group introduced a two-step method was proposed for converting HMF to FDCA under neutral conditions,[15]involving the conversion of HMF to FFCA at room temperature and then from FFCA to FDCA at 60℃. However, challenges remain, including an unclear mechanism and the need for additional heating. Moreover, our group achieved FDCA yields exceeding 99% over the organic radical homogeneous catalyst 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) paired with Co3O4.[10] However, the low current density, challenges in product separation, and poor catalyst stability of TEMPO have impeded its further development. Therefore, developing electrocatalysts capable of selectively oxidizing HMF into FDCA under high current density in neutral electrolytes is vital.
MnO2 has demonstrated the ability to catalyze oxygen evolution reaction (OER) and the oxidation of small organic molecules (hydrazine and HMF) in neutral environments.[14,16–19] However, its poor electrocatalytic efficiency and low electrical conductivity impede its further advancement. Ru is an effective OER catalyst and can be applied efficiently to oxidize small-molecule alcohols.[20–22] Nonetheless, its activity diminishes owing to irreversible over-oxidation at high applied potentials.[23,24]
Recently, superlattice-structured materials, integrating genuine 2D unilamellar nanosheets (~1 nm), have garnered widespread attention as superior and effective electrocatalysts.[25] These materials exhibit layer-by-layer heterogeneity at the molecular scale, inducing strong lattice strain and efficient electron redistribution between adjacent unilamellar nanosheets, thereby enhancing physicochemical properties. Furthermore, the integration of conductive nanosheets (e.g., graphene, transition metal dichalcogenides, and sulfides) and redox-couple nanosheets (e.g., layered transition metal oxides and layered double hydroxides) ensures rapid electron transport across the architecture and abundant electrocatalytic active sites. This design also modulates the adsorption of catalytic intermediates through vast interfaces, resulting in exceptional electrocatalytic performance.[26–28] Consequently, the heterogeneous assembly using unilamellar MnO2 nanosheets might compensate for the shortcomings of bulk MnO2 and enhance the electrooxidation of HMF in HMFOR.
In this study, a sandwich-structured catalyst, composed of Ru clusters confined between single-layer MnO2 nanosheets (S-Ru/MnO2), was combined with an electrochemical pulse method to facilitate the electro-conversion of HMF into FDCA in a neutral electrolyte. The pulse electrolysis, fostering robust electron transfer between the Ru cluster and the MnO2 nanosheet, maintained Ru in a low oxidation state, ensured highly active conditions, and slowed down Ru dissolution. Consequently, an increased generation of *OH occurred, resulting in a remarkable current density of 47 mA/cm2 and a conversion rate of 98.7% to FDCA in the neutral electrolyte. This study introduces a novel strategy integrating electrocatalyst design with electrolysis methodology to achieve record performance in neutral HMFOR.

2. Experimental
2.1. Reagents.
All reagents used in the experiments were of analytical grade and commercially purchased without the need for further purification. The chemicals including absolute ethanol, CaCl2, and (NH4)2S2O8 were procured from Sinopharm Chemical Reagent Co., Ltd. Tetramethylammonium hydroxide (TMA) hydroxide, RuCl3·xH2O, KMnO4, MnCl2, KOH, K2HPO4·3H2O, and KH2PO4 were obtained from Aladdin. Additionally, HMF (98%), 5-hydroxymethyl-2-furancarboxylic acid (HMFCA, >98%), DFF (>98%), 5-formyl-2-furancarboxylic acid (FFCA, >98.0%), FDCA (98%), methanol (HPLC grade), ammonium formate (HPLC grade), and were purchased from Aladdin.
[bookmark: _Hlk169535421]2.2. Preparation of MnO2 nanosheets 
Colloidal suspension of MnO2 nanosheets was prepared via exfoliation of the polycrystalline layered Birnessite.[29,30] Briefly, 5.75 mmol of KMnO4, 11.5 mmol of MnCl2 and 3 mol KOH in 150 cm3 of H2O were used to synthesize birnessite nanoribbons (K-MnO2) in a reaction autoclave at 205 °C for 48 h. Then, 250 mL of 0.5 mol/L (NH4)2S2O8 was used twice to convert 1 g of K-MnO2 into protonated birnessite (H-MnO2) at 60°C for 3 h. Finally, 0.1 g of H-MnO2 was shaken and exfoliated in 25 mL of aqueous TMA hydroxide solution to obtain monolayer MnO2 nanosheets. 2.3. Preparation of S-Ru/MnO2
0.028 g CaCl2 was added to 16 mL of 0.05 mol/L RuCl3·xH2O aqueous solution, most of Ru formed chloro-complexes [RuCl4(H2O)2]-,[31,32] after continuous stirring for 30 min, 4 g/L negative charged MnO2 nanosheet colloidal suspension was added drop by drop, [RuCl4(H2O)2]- electrostatically self-assembled with MnO2 and Ca2+, and formed flocculation products. After freeze-drying, it was annealed at 200 °C for 3 h in an argon/hydrogen mixture containing 10% hydrogen.
2.4. Preparation of H-Ru/MnO2
[bookmark: _Hlk160875317][bookmark: _Hlk161406794]H-MnO2, as the precursor of MnO2 nanosheets, can be described as MnO2 nanosheets with hydrated protons arranged periodically along the c-axis direction.[30] In this sense, H-MnO2 can be considered as the bulk counterpart of MnO2 nanosheets. First, 0.05 g H-MnO2 sample was dispersed in 100 mL aqueous solution. The 23 mL of 0.05 mol/L RuCl3·XH2O solution and 0.040 g CaCl2 was slowly dropped into H-MnO2 aqueous solution, continuous stirring and then dried at 80 °C. Subsequently, the Ru cluster impregnated H-MnO2 was annealed at 200 °C for 3 h in an argon/hydrogen mixture containing 10% hydrogen.
2.5. Electrochemical characterization
[bookmark: _Hlk169083661]Operando electrochemical impedance spectroscopy (EIS) measurements were performed in Autolab (PGSTAT302N, Switzerland) with a frequency range of 10-1 to 105 Hz and an alternating current amplitude of 10 mV. Apart from EIS, other electrochemical tests were performed using a CHI 760e electrochemical analyzer. For the preparation of the catalyst slurry, 10 mg of the powdered catalyst was dispersed ultrasonically in a total volume of 950 µL of an isopropanol/water solution with a volume ratio of 7:3, with an additional 50 µL of nafion solution. All tests were performed in a three-electrode cell directly using catalyst coated on Ti mesh as working electrode with a catalyst loading of 0.8 mg/cm2, and graphite rods and Ag/AgCl as the counter and reference electrodes. Linear sweep voltammetry (LSV) measurements were performed at a scan rate of 5 mV/s in undivided cells and electrochemical pulse electrolysis tests were performed in divided cells with Nafion 117 membrane as separator, with an electrolyte volume of 10 ml. The electrochemical pulse method was used to drive the catalyst to oxidize HMF. “Multi-potential steps” was utilized as an electrochemical pulse program on CHI 760 electrochemical workstation. 
2.6. Operando ATR-SEIRAS
[bookmark: _Hlk161407126]The silicon crystal was immersed in aqua regia (HCl:HNO3 = 3:1; v:v), then it was polished using 0.05 μm alumina slurry and rinsed with double deionized water and acetone to remove alumina residues. 0.105 g of NaOH was added to 3 mL of HAuCl4 solution (0.1 g/mL) and then added to 67 mL of double deionized water to form solution A. 0.6205 g of Na2S2O3·5H2O, 0.1337 g of NH4Cl, and 0.9653 g of Na2SO3 were added into 30 mL of double deionized water to form solution B. Solutions A and B were mixed overnight until the solution became clear. Before gold plating, soak the Si crystals in NH4F for 90 s. Subsequently, the Si crystal was immersed in a mixed solution containing 4 mL of gold plating solution (A+B) and 68 μL of HF at 328 K for 5 min. The attenuated total reflectance surface-enhanced infrared absorption spectroscopy (ATR-SEIRAS) test was performed in a single electrochemical cell. The electrocatalyst was carefully dropped on the gold film as the working electrode, and a graphite rod was used as the counter electrode and Ag/AgCl as the reference electrode in all experiments.
2.7. HPLC analysis
[bookmark: _Hlk161407198]High-performance liquid chromatography (HPLC, Shimadzu Prominence LC-2030C system, Japan) with an ultraviolet-visible detector and Shim-pack GWS 5 μm C18 column was used to analyze HMF oxidation products. Specifically, sampling 50 μL of electrolyte and diluted to 1 mL double deionized water and analyzing it by HPLC. The wavelength was set to 265 nm, mobile phase was methanol and 5 mmol/L ammonium formate aqueous solution (1:9) with 0.7 mL/min. The calculation of HMF conversion, FDCA yield and Faradaic efficiency using Eqs. (1)–(3), respectively.
HMF conversion (%) = [n(HMF consumed) / n(HMF initial)] × 100                 (1)
FDCA yield (%) = [n(FDCA formed) / n(HMF initial)] × 100                           (2)
Faradaic efficiency (%) = [n(FDCA formed) / (C / (6 × F))] × 100            (3)
where F is the Faraday constant (96485 C/mol) and n is the mol of reactant calculated from the concentration measured by HPLC. The unit of electric charge is the coulomb (C), defined as the charge transferred by a current of 1 ampere (A) in 1 s (1 C = 1 A × 1 s). The true electric charge in coulombs (C) is defined as the net oxidation charge, which is calculated by subtracting the reduction charge from the oxidation charge observed during pulse electrolysis.
2.8. Calculation method
The Vienna Ab-initio Simulation Package (VASP) [33] was used to perform periodic DFT calculations within the Perdew–Burke–Ernzerhof (PBE) formulation for the exchange–correlation energy functional.[34] The projector augmented-wave (PAW) method was used for the core–valence interactions.[35,36] The energy cutoff for the wavefunction was 400 eV. DFT + U method with U-J = 2.5 eV for Mn was adopted to better describe the on-site coulomb (U) correlation of the localized 3d electrons.[37]
The MnO2 and Ru bulk lattice was optimized using the 5×4×2 and 12×12×6 Monkhorst-Pack K point sampling[38] and 2×2×1 for MnO2 (001) period slab models and 2×2×1 for Ru (100) period slab models. The MnO2-Ru period slab models was constructed by placing Ru6 clusters on one or two layers of MnO2 (001). A vacuum of 15 Å was used between the slabs and the periodic structure to avoid interaction. DFT-D3 method and dipole corrections were included in all calculation.[39,40] When the changes in total energy and force are less than10-6 eV and 0.05 eV/Å, respectively, all atoms in the system are considered fully relaxed.
The adsorption energies (Eads) were calculated as follows:
Eads = Etotal - Eslab - Eadsorbed species. (4)
The charge differential analysis was carried out to investigate the charge redistribution and transfer. 

3 Results and discussion
3.1 Identification of nanosheet-confined sandwich structures
The S-Ru/MnO2 catalyst was prepared using a solution-phase exfoliation and Ar/H2 reduction method. Negatively charged monolayer MnO2 nanosheets were derived from the solution-phase exfoliation of layered MnO2 materials. These nanosheets then interacted with negatively charged ruthenium chloride hydrate and positively charged calcium ions, resulting in electrostatic self-assembled flocculation (Fig. 1a). Subsequently, a low-temperature Ar/H2 reduction process was employed to eliminate impurities and form Ru clusters, yielding the S-Ru/MnO2 catalyst. Additionally, for comparative analysis of the catalyst structure’s impact on electrocatalysis, counterparts of Ru and Ca impregnated in H-MnO2 bulk materials were also prepared (H-Ru/MnO2). The impregnated method involved loading ruthenium chloride hydrate and calcium ions onto bulk MnO2 via a liquid-phase impregnation method. This was followed by drying and low-temperature Ar/H2 reduction, resulting in Ru clusters dispersed on the surface of the bulk MnO2 (Fig. S1 online). 
[image: ]
Fig. 1. (Color online) Physical and chemical characterization of S-Ru/MnO2. (a) Scheme of the fabrication of S-Ru/MnO2. (b) AFM image of MnO2 nanosheet. (c)–(e) TEM images of S-Ru/MnO2; the inset shows the distribution of the Ru clusters. HRTEM images of S-Ru/MnO2: (f) top view; (g) side view. (h) Mn K-edge XANES spectra. (i) FT-EXAFS spectra of the Mn K-edge. (j) Ru K-edge XANES spectra. (k) FT-EXAFS spectra of the Ru K-edge. (l) Wavelet transform for the Ru foil, RuO2, and S-Ru/MnO2. 

[bookmark: _Hlk173494392]First, the atomic force microscopy (AFM) image of the exfoliated monolayer MnO2 (Fig. 1b) displayed a thickness of 1.2 nm and a sheet-like morphology. This thickness is slightly larger than the theoretical sheet thickness of MnO2 owing to the adsorption of water molecules on the surface.[41,42] The presence of a monolayer of MnO2 was further confirmed via transmission electron microscopy (TEM, Fig. S2), and the lattice space in the high-resolution TEM (HRTEM) was measured as 0.27 nm, corresponding to that of MnO2 (001). The X-ray diffraction pattern of S-Ru/MnO2 did not exhibit crystalline peaks, owing to the long-range disordered stacking of the overall crystal structure (Fig. S3). The TEM images of the S-Ru/MnO2 composite (Fig. 1c) showed a sheet appearance, with an estimate of 5–10 layers. A significant number of uniform Ru clusters were dispersed over the surface of MnO2 (Fig. 1d-e), with an average size of ~1.8 nm. The lattice fringes of 0.237 nm corresponded to the Ru(100) plane. Fig. 1f illustrates the TEM image taken from the side of the unilamellar nanosheet-confined S-Ru/MnO2. Notably, the length between the two was ~3 nm, indicating a combination of MnO2 (~0.8 nm) and Ru clusters (~1.8 nm). The HRTEM images at the lower part of Fig. 1g and S4 confirm the presence of Ru clusters between the MnO2 layers, demonstrating a distinct sandwich structure comprising Ru clusters and unilamellar MnO2 nanosheets. Additionally, high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) also illustrates this sandwich structure (Fig. S5), while the elemental mapping further substantiates this arrangement, showing an even distribution of Ru and Mn elements (Fig. S6). According to the inductively coupled plasma-atomic emission spectrometry (ICP-MS) results, the Ru/Mn molar ratio of S-Ru/MnO2 was approximately 0.96:1 (Table S1), which indicates a high loading of Ru in the composite.
The electronic structure and coordination environment of S-Ru/MnO2 were elucidated through X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) analysis (Fig. 1h–i). The Mn K-edge in S-Ru/MnO2 falls between those of MnO2 and Mn2O3 and is comparable to that of Mn2O3, indicating that the oxidation valence state of Mn likely ranged between +2 and +3, tending toward +3 (Fig. 1h). As shown in the Fourier transform of extended X-ray absorption fine structure (FT-EXAFS) spectra and the first shell fitting spectra (Fig.1i, Table S2–S3, and Fig. S7), S-Ru/MnO2 featured two types of chemical bonds with lengths measuring 1.89 and 2.26 Å. The former bond corresponded to MnO2 and Mn2O3, while the longer Mn–O bond was due to the strong attraction of oxygen atoms to Ru clusters, inducing pronounced crystalline deformation. This indicates robust interactions between MnO2 and Ru clusters. As depicted in Fig. 1j–k, the K-edge and R-space of Ru in S-Ru/MnO2 exhibited a rightward deviation from the Ru foil, indicating an increased oxidation state. The coordination number of Ru–Ru approached 5.4, with a bond length of 2.67 Å, identical to that of the Ru–Ru bond observed in the metallic Ru foil, confirming the formation of Ru clusters. The wavelet transform EXAFS data are presented in Fig. 1l. The S-Ru/MnO2 exhibited a partial Ru–O bond longer than that in RuO2. This finding confirms the presence of Ru–O bonds at the Ru/MnO2 interface and supports the results of nanosheet-confined sandwich structures.

3.2 Pulse and constant potential electrolysis for HMFOR in neutral electrolytes
The electrochemical activities of H-Ru/MnO2 and S-Ru/MnO2 were measured to highlight the influence of the catalyst structure on HMFOR performance. As depicted in Fig. 2a, S-Ru/MnO2 demonstrated a current density approximately an order of magnitude higher than that of H-Ru/MnO2, owing to the higher density of active sites within the molecularly assembled nanoscale material. The electrochemically active surface area (ECSA) of S-Ru/MnO2 (0.24 mF/cm2) was five times that of H-Ru/MnO2 (0.047 mF/cm-2). Additionally, the intrinsic activities of S-Ru/MnO2 and H-Ru/MnO2 were assessed by normalizing the current with ECSA (Fig. S8). Even after normalization, S-Ru/MnO2 displayed a significantly higher current density, indicating superior intrinsic electrochemical reactivity than its bulk counterparts. Tafel plots were employed to analyze the differences in electron–proton transfer kinetics between S-Ru/MnO2 and H-Ru/MnO2 (Fig. 2b). The Tafel slope of S-Ru/MnO2 (58.1 mV dec-1) was smaller than that of H-Ru/MnO2 (90.1 mV dec-1), indicating more efficient kinetics for FDCA formation in S-Ru/MnO2. 
[image: ]
[bookmark: _Hlk169118985][bookmark: _Hlk173248928][bookmark: _Hlk169118976]Fig. 2. (Color online) HMFOR performances of S-Ru/MnO2 and H-Ru/MnO2 in neutral electrolyte. (a) LSV curves of H-Ru/MnO2 and S-Ru/MnO2. (b) Corresponding Tafel slope. (c) Constant-potential electrolysis (CPE) and pulse electrolysis curves of S-Ru/MnO2 in 1 mol/L PBS with 10 mmol/L HMF. (d) XPS spectra of Ru 3p for S-Ru/MnO2 at OCP, CPE, and pulse. (e) HMF conversion and the FDCA yield of S-Ru/MnO2 under CPE and pulse electrolysis. Concentrations of substrates, intermediates, and products during HMFOR for (f) MnO2, (g) H-Ru/MnO2, and (h) S-Ru/MnO2 in 1 mol/L PBS (pH 7). (i) FE and the FDCA yield after six successive pulse electrolysis cycles. 

[bookmark: _Hlk173494651]However, a noticeable decrease in the constant-potential electrolysis (CPE) curves occurred owing to the significant reduction in stability caused by the irreversible Ru overoxidation and deactivation during HMFOR (Fig. 2c). The electrochemical pulse approach offers an effective solution to enhance catalyst durability.[43–45] The electrochemical behavior of restacked MnO2 nanosheets (MnO2) and Ru/C in 1 M PBS with and without 50 mM HMF was investigated to precisely determine the suitable range of pulse potential (Fig. S9). During the production and exfoliation processes of MnO2 nanosheets, oxygen defects were formed. Consequently, a portion of the low-oxidation-state Mn was oxidized to Mn4+ at 1.0 VRHE [V vs. reversible hydrogen electrode (RHE)], while Ru exhibited three peaks at 1.2 VRHE, 1.45 VRHE, and 1.56 VRHE, corresponding to the oxidation peaks of Ru0/Ru3+, Ru3+/Ru4+, and Ru4+/Ru6+, respectively. It is important to note that the onset potential for HMFOR is associated with the oxidation peaks of either Ru0/Ru3+ or Mn3+/Mn4+. Coupled with the in-situ electrochemical and spectral results (Fig. 3a-b and e), a strong HMFOR ability is observed at 1.55 VRHE, while 0.95 VRHE may correspond to the reduction potential of high-valent Mn or Ru. Consequently, the pulse potential window for the S-Ru/MnO2 composite material is established at 0.95 to 1.55 VRHE. Furthermore, following a series of optimizations of electrolysis time, as illustrated in Fig. S10, the electrocatalytic duration at 1.55 VRHE was set to 1.0 s, while the duration at 0.95 VRHE was fixed at 0.5 s, yielding the highest FDCA production. This outcome may be attributed to the extended high voltage period of 1.0 s, which allows sufficient time for charging the electrical double layer, activating the electrocatalyst surface, and initiating the electrooxidation of HMF. The shorter duration at the low potential was adequate to reduce most Ru4+ and Ru3+ to Ru0. As depicted in Fig. 2c and S11, the sustained current during long-term pulse electrolysis demonstrates the efficacy of the electrochemical pulse method in stabilizing Ru-based catalysts for HMFOR in neutral electrolytes. 
[bookmark: _Hlk169537963][bookmark: _Hlk173494967][bookmark: _Hlk169082631]The electronic structure and surface states of Mn and Ru before and after pulse electrolysis and CPE were analyzed using X-ray photoelectron spectroscopy (XPS, Fig. 2d and S12). The high-resolution Ru 3p spectra of S-Ru/MnO2 at the open-circuit potential (OCP) revealed Ru 3p3/2 splitting into two peaks at 462.2 and 464.5 eV, corresponding to Ru0 and Ru3+, respectively. Additionally, three peaks of Mn 2p3/2 corresponded to Mn2+, Mn3+, and Mn4+ (Fig. S12). Following pulse electrolysis and CPE in the presence of 50 mM HMF, a new peak appeared at 462.7 eV in the Ru 3p3/2 spectrum, indicating the formation of Ru4+. During CPE, Mn 3p3/2 shifted to a higher energy level by 0.2 eV, while Ru 3p3/2 moved up by 1.0 eV, attributed to the increased presence of Ru4+ and decreased Ru0. Conversely, during pulse electrolysis, the Ru 3p3/2 peak showed a modest shift to 0.4 eV higher binding energy, suggesting the existence of a smaller amount of Ru4+ than in the case before electrolysis. This indicates that a significant portion of Ru remained in the low oxidation state. The Mn 3p3/2 peak exhibited no significant shift compared with OCP, indicating that Mn primarily remained in a low oxidation state in S-Ru/MnO2. ICP-MS and HAADF-STEM results of S-Ru/MnO2 after electrolysis also showed that the electrochemical pulse method prevented effectively mitigates the large-scale dissolution of Ru (Table S1, S4 and Fig. S13). Consequently, the electrochemical pulse method effectively maintained Ru and MnO2 at low valence states and stabilized the catalyst structure. This stabilization significantly enhanced the electrooxidation abilities of Ru and MnO2 for HMFOR. High-performance liquid chromatography (HPLC) was utilized to quantify standard substances and products to identify the conversion and selectivity rate of HMF to FDCA (Fig. S14). As illustrated in Fig. 2e and S15, the conversion rate of HMF under pulse electrolysis reached nearly 100%, with an FDCA yield of 98.7% at 73.7 C. This achievement represents ~40% higher conversion (59.0%) and a 27 times higher yield (3.6%) compared with CPE. These results show that the combination of S-Ru/MnO2 with pulse electrolysis efficiently delivered excellent FDCA performance under neutral conditions. 
[bookmark: _Hlk169515756][bookmark: _Hlk169073373][bookmark: _Hlk169074306][bookmark: _Hlk169511986][bookmark: _Hlk169537546]The intermediates of MnO2, H-Ru/MnO2, and S-Ru/MnO2 with pulse electrolysis for HMFOR are delineated in Fig. 2f-2h. Both S-Ru/MnO2 and H-Ru/MnO2 exhibited superior HMF conversion compared with MnO2, signifying the enhancement in HMF conversion owing to the addition of Ru clusters. At 60 C, the primary HMFOR products on MnO2 predominantly consisted of FFCA, with a yield of 55.2%, and minor amounts of DFF and FDCA. In contrast, at the same coulomb quantity, HMF was almost entirely converted to FFCA and FDCA over the H-Ru/MnO2 catalyst, exhibiting a substantial improvement in performance compared with MnO2 (Fig. 2g). However, as the coulomb quantity increased, only a small proportion of FFCA was oxidized to FDCA, resulting in 70.0% FDCA and 28.6% FFCA yield at 90 C (Fig. 2h). Conversely, FFCA was efficiently converted into FDCA over S-Ru/MnO2 under neutral conditions, achieving nearly 100% HMF conversion and a 98.7% yield of FDCA at 73.7 C, representing the state-of-the-art system for HMF conversion under neutral electrolyte (Table S5). Moreover, the electrolysis using carbon-based Ru/C exhibited a notably lower FDCA yield compared to S-Ru/MnO2 (Fig. S16), highlighting the synergistic effect of MnO2 nanosheets and Ru clusters in HMFOR. After five cycles, S-Ru/MnO2 maintained a yield close to 98.0% and a Faradaic efficiency (FE) of 79.0% under electrochemical pulse conditions (Fig. 2i). Furthermore, electrolysis conducted in a neutral electrolyte with a 0.1 mol/L HMF exhibited notably higher carbon balance and FDCA yield (95.1%) compared to alkaline conditions (72.4%, Fig. S17). Interestingly, the yield of FDCA remained at ~69.0% when the system was tested at pH 3, demonstrating the potential application of this system in both neutral and acidic electrolytes (Fig. S18). 

3.3 Identification of catalyst active sites
[bookmark: _Hlk168228173]To explore the internal and interface changes within the catalyst during the electrocatalytic process of HMF, in situ electrochemical impedance spectroscopy (EIS) analysis was conducted. The Bode plot (Fig. 3a–b and S19) illustrates distinct features: The high-frequency region (10–105 Hz) reflects oxidation within the electrode, while the low-frequency region (10-1–101 Hz) suggests nonhomogeneous charge distribution, indicating the emergence of oxidation species at the electrode interface.[46] A peak occurred at 1.45 VRHE in the low-frequency region, indicating the occurrence of OER in the 1 M PBS electrolyte. With the addition of 50 mM HMF, a new peak appeared at 1.10 VRHE in the low-frequency region, denoting HMFOR driven by the active center MnO2. Beyond 1.20 VRHE, both MnO2 and Ru became co-active centers, driving OER and HMFOR at higher potentials after 1.45 VRHE. Notably, HMFOR and OER at the catalyst interface manifest in closely situated low-frequency regions. Between 1.45–1.55 VRHE, HMFOR potentially couples with the OER intermediate. At 1.60 VRHE, it turns to OER process with O2 evolution.
[image: ]
Fig. 3. (Color online) EIS, XPS, and ATR–SEIRAS results for neutral HMFOR with various potentials. (a), (b) Bode plots of the in situ EIS on S-Ru/MnO2 in (a) 1 mol/L PBS, and (b) 1 mol/L PBS with 50 mmol/L HMF. The (c) Rp and (d) Rct on S-Ru/MnO2 and H-Ru/MnO2. (e) Operando ATR–SEIRAS spectra recorded at various potentials of 0.80–1.60 VRHE. (f) Quasi-operando XPS spectra of S-Ru/MnO2 and H-Ru/MnO2. 

Furthermore, the EIS data were fitted using an optimized equivalent circuit model (Fig. S20), and the fitting parameters are presented in Tables S6-S7. Among these parameters, Rp and Rct represent the resistance of the electrode inner oxidation and interface oxidation, respectively. The Rp and Rct values for S-Ru/MnO2 and H-Ru/MnO2 are depicted in Fig. 3c-d. Notably, the electrode oxidation resistance of the sandwich structure S-Ru/MnO2 was significantly lower than that of H-Ru/MnO2, attributed to the Ru enrichment in the interlayer and surface of the MnO2 nanosheets, thus enhancing the overall catalyst oxidation rate. For H-Ru/MnO2, Rp decreased until the voltage reached 1.35 VRHE, indicating the structural evolution of the catalyst below this voltage. When the voltage reached 1.55 VRHE, Ru underwent oxidation to a high valence state and abruptly dissolved, leading to a significant rise in the corresponding Rp. Conversely, the Rp of S-Ru/MnO2 remained stable until 1.55 VRHE, indicating the structural stability of this catalyst. Fig. 3d illustrates the variation in interfacial HMFOR resistance with potential. For S-Ru/MnO2, MnO2 served as the active center within the range of 1.10–1.20 VRHE, exhibiting poor conductivity and high Rct. Beyond 1.20 VRHE, HMF was co-catalyzed by Ru and MnO2, resulting in reduced interfacial transfer resistance (Rct), stabilizing at a lower value. Notably, the Rct of S-Ru/MnO2 was two orders of magnitude lower than that of H-Ru/MnO2, indicating significantly improved electron transfer resistance in HMFOR. Therefore, the sandwich structure with Ru clusters adsorbed between the layers and on the surface notably enhanced the overall oxidation rate, accelerating the conversion of HMF at the interface.
Operando ATR-SEIRAS spectra were collected at various applied potentials of S-Ru/MnO2 for HMFOR (Fig. 3e). In the spectrum obtained at the OCP, a distinctive peak at 1200 cm-1 was observed, representing the C–O–C stretching vibration of the furan ring in HMF.[5] Additionally, the broad band at 940 cm-1 corresponded to out-of-plane deformation vibrations of the two carboxyl groups in FFCA. [47,48] The C–O–C stretching vibration band at 1140 cm-1 was related to DFF or FFCA, while the in-plane C–O–H bending of the carboxyl group on FDCA was observed at 1230 cm-1, and the C–O stretching vibration band of the furan ring was within the range of 1070–1080 cm-1.[49] As the potential increased to 1.00–1.20 VRHE, the broad peak bands at 940 cm-1 and 1140 cm-1 intensified, indicating that in S-Ru/MnO2, MnO2 acted as the active center, slowly oxidizing HMF to DFF/FFCA. Furthermore, the collaborative oxidation of MnO2 and Ru clusters led to a significant rise in FFCA bands at 1.20–1.60 VRHE, suggesting increased FFCA generation. Subsequently, the gradually rising peak of FDCA emerged after 1.40 VRHE, indicating primary FDCA production.
Quasi-operando XPS was employed to compare the oxidation states of Ru and Mn at various potentials during HMFOR (Fig. 3f and S21). With increasing potential, the Ru 3p3/2 in both catalysts gradually shifted to a higher binding energy position, indicating an increase in their oxidation state. Conversely, Mn 2p3/2 shifted to higher energy binding before 1.2 VRHE, with the oxidation state remaining constant as the potential rises. This suggests that Mn2+ and Mn3+ were converted into Mn4+ at 1.2 VRHE. For Ru, continuous redox reaction pairs (Ru0/Ru3+, Ru3+/Ru4+, Ru4+/Ru6+) occurred within the range of 1.2–1.55 VRHE. In the case of MnO2, the observed oxidation aligned with the redox reaction of the Mn3+/Mn4+ pair at 1.0 VRHE. Furthermore, during HMFOR, Ru in S-Ru/MnO2 maintained a lower oxidation state than H-Ru/MnO2 (Fig. S22), presumably because the sandwich structure caused increased electron transfer from MnO2 to Ru. This resulted in Ru retaining a lower oxidation state, thereby exhibiting higher activity during HMFOR.

3.4 Explore the catalytic mechanism in neutral electrolytes
[bookmark: _Hlk161406296][bookmark: _Hlk173334825][bookmark: _Hlk169001963]Operando ATR-SEIRAS was used to explore the intermediate differences in HMFOR on S-Ru/MnO2 and H-Ru/MnO2 (Fig. 4a-b). Background deduction was performed to eliminate electrolyte absorption interference, while the absorptive water on the catalyst surface was subtracted, forming a negative peak at 3400 cm-1. Five spectra at OCP, 0.5 C, 2.0 C, 3.0 C, and 4.0 C were recorded for both S-Ru/MnO2 and H-Ru/MnO2. The broad characteristic band at 940 cm-1 represented FFCA, while the bands at 1070–1080 cm-1 and 1230 cm-1 corresponded to FDCA. FFCA was notably formed on the H-Ru/MnO2 surface, and its content increased with the rise in coulomb quantity from 0.5 C to 4.0 C. Conversely, the characteristic peak of FFCA was significantly weaker on S-Ru/MnO2, indicating rapid consumption of generated FFCA. Additionally, a rising band at 3300 cm-1, attributed to adsorbed OH, appeared at 0.5 C and increased with higher coulometry over S-Ru/MnO2. In contrast, no similar peak was formed for H-Ru/MnO2. Consequently, the substantial accumulation of adsorbed OH on the S-Ru/MnO2 surface facilitated the rapid reaction of FFCA to produce FDCA.
[image: ]
Fig. 4. (Color online) Identification of the catalytic mechanism and reaction process of HMFOR over catalysts. Operando ATR–SEIRAS spectra recorded at different pulse electrolysis coulombs at 1.55 VRHE for (a) S-Ru/MnO2 and (b) H-Ru/MnO2. (c) Possible reaction pathways and active centers for HMF oxidation. (d) Comparison of FFCA and co-adsorption of FFCA and H2O on Ru surface, MnO2, and S-Ru/MnO2. (e) Free energies of the HMFOR step of FFCA to FDCA over Ru, MnO2, H-Ru/MnO2, and S-Ru/MnO2.

[bookmark: _Hlk153017730]The oxidation of hydroxyl groups on HMF is pivotal in neutral electrolytes, and the electrooxidation pathway of HMF in conjunction with the catalyst active sites is depicted in Fig. 4c. Given its low oxidation potential, MnO2 primarily oxidized HMF to DFF and FFCA. In this scenario, the conversion of formaldehyde on FFCA into carboxyl groups was a crucial determining step. Ru clusters combined with MnO2 served as electrocatalytic sites necessary for electrooxidizing FFCA into FDCA.
[bookmark: _Hlk165196710][bookmark: _Hlk153017994][bookmark: _Hlk169004621]Density-functional theory (DFT) calculations were employed to determine the crucial step in HMFOR: The conversion of FFCA to FDCA under neutral conditions. Electrolysis of water under these conditions produced adsorbed OH (*OH) enriched on the catalyst surface, and its effective interaction with FFCA was essential for eventual FDCA synthesis. However, H2O electrolysis and HMF oxidation might compete for the same reactive site. Fig. 4d displays the adsorption structures of FFCA and FFCA+H2O on Ru, MnO2, and S-Ru/MnO2. The bond length of FFCA on Ru and MnO2 in the presence of H2O was longer than that of pure FFCA, indicating a potential weakening of FFCA adsorption strength owing to the effect of H2O. Particularly, the bond length of FFCA on S-Ru/MnO2 remained consistent before and after H2O adsorption, as FFCA was adsorbed on Ru while H2O was adsorbed on Ru clusters and MnO2. Additionally, the OCP, widely regarded as highly intuitive and accurate for assessing organic compound adsorption behavior in the Helmholtz layer, was measured (Fig. S23).[7,50] Upon HMF injection, the corresponding OCP of the electrode decreased. The magnitude of potential decrease correlated with stronger organic molecule adsorption. In 1 M PBS, Ru/C exhibited the highest reduction in OCP, followed by MnO2, H-Ru/MnO2 and S-Ru/MnO2. This indicates that Ru in the composite catalysts H-Ru/MnO2 and S-Ru/MnO2 prefers adsorbing organic compounds over MnO2. Furthermore, the weakest HMF adsorption occurred in S-Ru/MnO2, which exhibited superior FDCA yields and conversion during electrolysis. This is attributable to the lack of OH* for HMFOR in a neutral electrolyte, necessitating a significant amount of H2O adsorbed on the catalyst surface for electrolysis. Consequently, HMF adsorption is not crucial for HMFOR performance in a neutral electrolyte, and the quantity of adsorbed HMF on the catalyst surface must be proportionate to that of H2O.
Finally, in contrast to the OH* adsorption-type reaction route under alkaline conditions,[51] neutral conditions were characterized by a water splitting-coupled FFCA oxidation route from FFCA to FDCA (Fig. 4e and S24). The energy barrier is segmented into three stages: 
FFCA* + H2O → FFCA* + H2O*                                           (R1)
FFCA* + H2O* → FFCA* + OH* + H+ + e-                          (R2)
FFCA* + OH* → FDCA* + H+ + e-                                        (R3)
[bookmark: _Hlk160878860][bookmark: _Hlk161406446]When H2O began to co-adsorb with FFCA on the catalyst surface, the catalysts composed of MnO2 and Ru (S-Ru/MnO2 and H-Ru/MnO2) demonstrated a distinct advantage in step (R1). H2O adsorption onto Ru or MnO2 required additional energy; however, it was a thermodynamically spontaneous process over the composite catalysts, which could be advantageous for the generation of OH from H2O splitting and OH adsorption on the surface (step (R2)). For the electrolytic water splitting in step (R2), the composite catalysts significantly outperformed single-component catalysts.[52] MnO2 required more than 2 eV, and Ru required 0.9 eV to overcome the energy barrier. In contrast, H-Ru/MnO2 required 0.39 eV to electrolyze H2O to produce OH*, and S-Ru/MnO2 required only 0.18 eV. The electron transfer between Ru clusters and MnO2 in S-Ru/MnO2 was notably stronger than that in H-Ru/MnO2, as evidenced by the differential charge density (Fig. S25). This suggests that during electrooxidation, S-Ru/MnO2 exhibited more prominent electron transfer from MnO2 to Ru clusters than H-Ru/MnO2, consistent with XPS results. Therefore, owing to the higher activity of Ru and the significantly larger interface between Ru clusters and MnO2 in S-Ru/MnO2 compared with those of H-Ru/MnO2, S-Ru/MnO2 presented a lower energy barrier in the determining step.

4 Conclusion
[bookmark: _Hlk153023206]In summary, high selectivity for FDCA and substantial HMF conversion was realized using sandwich-structured Ru cluster-confined MnO2 nanosheets in conjunction with pulse electrocatalysis in a neutral electrolyte. First, the pulsed electrochemical method maintained Ru and MnO2 at consistently low oxidation states, ensuring sustained high activity. Moreover, in situ spectroscopic characterization coupled with DFT calculations revealed that the composite catalyst with dual adsorption sites, unlike standalone MnO2 or Ru, established a more suitable adsorption balance between HMF and H2O. This balance potentially eliminated competitive adsorption between HMF oxidation intermediates and H2O, thereby reducing the energy barrier for the combination of OH* and FFCA* to form FDCA. Compared with H-Ru/MnO2, S-Ru/MnO2 exhibited more active sites at the Ru/MnO2 interface, higher activity in Ru clusters, lower overall resistance, and reduced charge-transfer resistance in HMFOR. Consequently, under neutral electrolyte conditions and 1.55 V vs. RHE, 100% HMF conversion and >98% selectivity for electrooxidation to FDCA with a current density of >40 mA/cm2 were achieved. Overall, this study provides an effective electrocatalyst design strategy and demonstrates that advanced catalysts combined with pulsed electrochemical methods can enable the realization of record-breaking HMFOR performance in neutral electrolytes.
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