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Robust π-Conjugated Hydrogen-bonded Organic Framework Nanowires Enable Stable and Fast Potassium Storage
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[bookmark: _Hlk166753161]Experimental Section                    
All chemicals used in this study were purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China) and were used as received without further purification to ensure the reproducibility and accuracy of the experiments.
Preparation of H-NDA: In the preparation of H-NDA, 200 mg of 3,5-diamino- 1H-1,2,4-triazole (DAT, 2 mmol) was initially dissolved in 10 mL of dimethylformamide (DMF). Once DAT was completely dissolved, the solution was transferred to a three-necked flask. Subsequently, 268 mg of 1,4,5,8-Naphthalene- tetracarboxylic dianhydride (NTCDA, 1 mmol) was dissolved in 25 mL of DMF, and this solution was slowly added to the three-necked flask using a constant-pressure dropping funnel. The addition and stirring were maintained in an ice bath and an Ar gas atmosphere, and continued with magnetic stirring for 30 min to form an orange-yellow transparent solution. This solution was then transferred to a 50 mL reaction vessel and reacted at 160℃ for 12 hours. Upon completion of the reaction, the mixture was allowed to cool naturally to room temperature, and the product was collected by centrifugation after multiple washes with DMF, methanol, and deionized water, followed by freeze-drying to obtain H-NDA.
Preparation of H-NDA-G: The preparation process for H-NDA-G was similar to that of H-NDA, with the only difference being the addition of an appropriate amount of graphene oxide (GO) solution during the initial stirring process. The amount of GO added was 5% of the total mass of the product. The subsequent dissolution heat and freeze-drying methods were the same as those used for the preparation of H-NDA. 
Material characterizations: 
Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) were employed to investigate the morphology and elemental composition of the samples using a JEOL JSM-7100FA field emission scanning electron microscope. Powder X-ray diffraction (XRD) patterns were obtained using a Bruker D8 Discover X-ray diffractometer equipped with Cu Kα radiation (λ = 1.5418 Å). Thermo- gravimetric analysis (TGA) was performed to assess the thermal stability of the materials using a Netzsch STA 449C simultaneous analysis instrument in air at a heating rate of 10 °C/min from room temperature to 800°C. Raman spectroscopy measurements were conducted using a Horiba Jobin Yvon Lab RAM HR800 Raman spectrometer. Conventional Raman tests employed a 532 nm He-Ne laser for excitation, while in-situ Raman tests were carried out using a custom-designed in-situ cell with a sapphire window and a perforated Mo foil to enhance electrode contact. In-situ XRD measurements were also performed using a Bruker D8 Discover X-ray diffractometer. The instrument utilized a non-monochromatic Cu Kα X-ray source and scanned in the 2θ range of 19-40°. For in-situ XRD measurements, the electrode was placed behind an X-ray transparent beryllium window that also served as a current collector. In-situ XRD signals were collected using a planar detector in static mode during charge/discharge, with each pattern acquisition taking 120s. X-ray photoelectron spectroscopy (XPS) analysis was performed using a VG Multilab 2000 instrument. All ex-situ tests were conducted in an Ar atmosphere to avoid exposure to air and moisture. The samples were disassembled and cleaned in a glovebox before being transferred to a dedicated glovebox for sample preparation. Fourier transform infrared (FT-IR) spectroscopy and corresponding in-situ IR tests were measured using a Nicolt iS50 FT-IR spectrometer in attenuated total reflection (ATR) mode. TG-MS-IR tests were performed using Setaram Evolution 16/18, Pfeiffer Vacuum Omni star, and Bruker Tensor 27 instruments, respectively. Solid-state 13C CP-MAS NMR spectroscopy was carried out using a Bruker AVANCE III HD 400 MHz NMR spectrometer equipped with a standard 4 mm magic angle spinning (MAS) probe.
Electrochemical Measurements
Working electrodes were prepared by mixing H-NDA or H-NDA-G, Super P, and polyvinylidene fluoride (PVDF) binder in a weight ratio of 6:3:1. The mixture was dispersed in N-methyl-2-pyrrolidone (NMP) to form a uniform slurry, which was then coated onto Al foil. The coated Al foil was dried in a vacuum oven at 70 °C and then cut into electrode disks with a diameter of 10 mm. The average mass loading of the active material was controlled to be ~1 mg cm-2.
Battery assembly was carried out in a glovebox with O2 and H2O below 0.01 PPM. Standard CR2016 coin-type batteries were assembled using the active electrode as the working electrode, Whatman glass fiber (GF/D) as the separator, and a freshly cut piece of K metal as the reference electrode. 5M KFSI in DME was used as the electrolyte. The assembled batteries were subjected to constant current charge/discharge tests using a multi-channel battery testing system (Neware BTS-4008-5V50mA) between 1.5 and 3.8 V. CV and EIS measurements were performed at room temperature using electrochemical workstations (CHI760E and BioLogic EC Lab electrochemical workstation).  
Computational Methods
The diffusion of K+ in H-NDA and H-NDA-G composites was investigated using first-principles density-functional theory (DFT) calculations. The DMol3 module within Materials Studio was employed for these calculations. The Perdew-Burke-Ernzerhof (PBE) functional with the generalized gradient approximation (GGA) was used to describe the electron exchange-correlation interactions. All-electron double numerical atomic orbitals augmented with a dispersion term (DND) served as the basis set, and all electrons were explicitly treated for all atoms. The nudged elastic band (NEB) method was utilized to study the K+ diffusion pathway. Convergence criteria were set to 10-5 Hartree for total energy, 0.002 Hartree/Å for maximum force, and 0.005 Å for maximum displacement. Additionally, the electronic self-consistent field (SCF) tolerance was set to 10-6 Hartree. The structural optimization and energy calculations of the single-molecule structures H-NDA and H-NDA-G were performed using the Gaussian 16 program with the B3LYP-D3(BJ) functional. The geometries were optimized and energies were calculated at the def2-SVP and def2-TZVP basis sets, respectively. Molecular electrostatic potential (MESP) and differential charge analysis were carried out using the Multiwfn software. The MESP maps were visualized using the Visual Molecular Dynamics (VMD) software.                                                                                                                                                                            
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[bookmark: _Hlk162625051]Figure S1 Surface Electrostatic Potential Distribution of NTCDA and DAT: (a) NTCDA, (b) DAT. (In the figure, blue regions indicate negative electrostatic potential values, signifying a higher electron-donating tendency or nucleophilicity compared to other areas; whereas red regions indicate positive electrostatic potential values, indicating a greater electron-accepting tendency or electrophilicity relative to other areas.)
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[bookmark: _Hlk166839444]Figure S2. H-NDA Reaction Synthesis Preparation Mechanism Diagram: (a) Preparation of Small Molecules with Acylamide Structural Units, (b) Schematic of Self-Assembly of Small Molecular Units via Secondary Bonding Interactions such as Hydrogen Bonds and π-π Stacking.
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Figure S3 Comparison of Typical Scanning Images for NTCDA and DAT. (a) NTCDA, (b) DAT. (Compared to the nanowire structure exhibited by H-NDA, NTCDA displays a typical rod-like structure, while DAT presents a two-dimensional nanosheet structure. The significant structural variations correspond to the ordered self-assembly of H-NDA.)
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Figure S4 Typical Scanning Images for H-NDA.
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Figure S5 H-NDA Cryo-EM HRTEM lattice fringe spacing measurement.
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Figure S6 Theoretical simulation of π-π stacking distance between two single H-NDA molecules.
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[bookmark: _Hlk159010947]Figure S7 H-NDA high-resolution transmission EDS image. (a) H-NDA HAADF image. (b) C (c) N (d) O.
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Figure S8 H-NDA-G high-resolution transmission EDS image. (a) H-NDA-G HAADF image. (b) C (c) N (d) O.
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Figure S9 Planar Color Map of H-NDA Based on Interaction Area Indicator Function Analysis.
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Figure S10 Visualization of chemical bonds and weak interactions in H-NDA dimer molecules using the IRI method. (a) The equivalent isosurface map. (b) Scatter map between IRI and sign(λ2)ρ.
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Figure S11 Visualization of chemical bonds and weak interactions between H-NDA and graphene layers using the IRI method. (a) The equivalent isosurface map. (b) Scatter map between IRI and sign(λ2)ρ. (By combining the analysis of both graphs, one can conclude that the H-NDA molecule is primarily engaged in attractive π-π interactions with the graphene with minimal steric repulsion, as evidenced by the isosurface representation and the predominance of blue in the scatter plot.)
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[bookmark: _Hlk159014950]Figure S12 H-NDA and GO XRD spectrum information. (a) XRD spectrum of H-NDA.(b) XRD spectrum of GO.
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[bookmark: _Hlk159067718]Figure S13 XPS spectra of C1s, O1s, and N1s for NDA, H-NDA, and H-NDA-G
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Figure S14 XPS spectra of N1s for H-NDA, and H-NDA-G. (a) H-NDA. (b) H-NDA-G.
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Figure S15 Typical CV curves of H-NDA and NTCDA at 0.2 mv/s. (a) H-NDA; (b) NTCDA.
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Figure S16 Typical charge/discharge curves for the first five cycles of H-NDA and NTCDA. (a) H-NDA; (b) NTCDA.
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Figure S17 Optical images of cell disassembled diaphragm after 100 cycles for NTCDA, H-NDA and H-NDA-G.
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Figure S18 NTCDA, H-NDA, and H-NDA-G dissolution comparison after 30 days of standing in different solvents.



Figure S19 GITT testing and corresponding K+ diffusion coefficients of H-NDA-G electrode.

Figure S20 GITT testing and corresponding K+ diffusion coefficients of H-NDA electrode.
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Figure S21 EIS tests of H-NDA and H-NDA-G electrodes at different charge-discharge potentials. (a) H-NDA-G; (b) H-NDA. 

[image: H-NDA-2]
Figure S22 Evolution of in situ FTIR peaks corresponding to the first four cycles of H-NDA 
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Figure S23 H-NDA XPS binding energy changes at different potentials. (a) O1s spectrum (b) N 1s spectrum.


Figure S24 H-NDA XPS binding energy changes at different potentials for C1s spectrum.
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Figure S25 Quantitative analysis of surface-dominated K-storage in H-NDA. (a) CV curves of H-NDA at various scan rates of 0.2 to 1 mV s–1;(b) Contribution of the surface process at scan rate of 1 mV s–1 in H-NDA. (c) b value determination (d) Contribution of the surface process in the H-NDA-G at different scan rates.
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Figure S26 Quantitative analysis of surface-dominated K-storage in H-NDA-G. (a) CV curves of H-NDA-G at various scan rates of 0.2 to 1 mV s–1;(b) Contribution of the surface process at scan rate of 1 mV s–1 in H-NDA. (c) b value determination (d) Contribution of the surface process in the H-NDA-G at different scan rates.
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Figure S27 SEM images of the initial electrodes and after cycling for 100 and 200 cycles for H-NDA 
and H-NDA-G electrodes. 
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Figure S28 Comparison of HOMO-LUMO energy levels for different electrodes.
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Figure S29 Surface Electrostatic Potential Distribution of H-NDA.
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Figure S30 H-NDA and H-NDA-G DOS and PDOS. (a) H-NDA. (b) H-NDA-G.

Supporting Note1:
The derivation process of the combined flux formula integrates the Nernst-Planck equation with the principle of charge conservation to describe the synergistic migration behavior of ions and electrons in the H-NDA-G heterostructure. This process is based on the following principles:
1. The migration of both ions and electrons is driven by the electrochemical potential, which includes the chemical potential (induced by concentration) and the electric potential (induced by the electric field).
2. The flux of ions and electrons can be described by their respective conductivities and gradients of electrochemical potential, with ions typically migrating within the electrolyte phase and electrons within the conductive phase.
3. In an electrochemical system, the migration of electrons and ions must be coordinated, that is, to satisfy the conservation of charge. This means that the ion flux through one phase must be equal to the electron flux through another phase without significant accumulation of charge.
4. In a heterostructure, there may be a difference in electric potential between different phases, hence the expression for the overall flux takes this into account, resulting in the total flux of ions and electrons.
Therefore, in the H-NDA-G heterostructure, ions and electrons are transported in different phases, and their fluxes are described by the following equations:
1. Ion Flux: In phase () (representing H-NDA), the ion flux can be related to the ion conductivity and the gradient of electrochemical potential as follows:

2. Electron Flux: In phase () (representing rGO), the electron flux is similarly related to the electron conductivity and the gradient of the electrochemical potential:

Where  and  are the ionic and electronic conductivities in phases α and β, respectively, and  and are the gradients of the electrochemical potentials for ions and electrons.
3. Charge Conservation: According to the law of charge conservation, the flux of the charge carrier (  ) must be equal to both the ion flux in phase (  ) and the electron flux in phase ( ):

4. Combined Flux Expression: The combined expression for the total charge carrier flux (  ) is then derived by considering the parallel contributions of ions and electrons:

5. Electrochemical Potential Gradient: Since the electrochemical potential is the sum of the chemical potential and the electrical potential, the equation can be expanded to include the contributions from both potentials:


This equation captures the essence of the decoupled transport of ions and electrons in the H-NDA-G heterostructure, where rGO facilitates rapid electron transfer and H-NDA provides a pathway for ion transport, enhancing the overall electrochemical performance.
[bookmark: derivation-process-in-english]
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