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Supplementary Text
Supplementary Text 1. Effects of electron-beam (e-beam) irradiation during in situ scanning electron microscopy (SEM) compression test
Previous studies have shown that both amorphous silica and crystalline α-quartz exhibit pronounced permanent deformation under electron-beam (e-beam) irradiation, whereas they remain brittle without irradiation 49,50. MFI zeolites are a class of porous crystalline materials constructed from SiO4 tetrahedra and the e-beam effects on their deformation behavior remain unclear. To address this gap, we conducted in situ compression tests on MFI zeolite micropillars inside an SEM with e-beam on and off. The corresponding stress-strain curves are shown in Extended Data Fig.1g. 
Both curves clearly exhibit three typical regimes separated by two critical points, P1 and P2: (I) a linear elastic regime, (II) a work-hardening regime, and (III) an amorphization-densification regime. Using the 0.2% offset yield criterion (σ0.2), we identified yield points (P1) at strains of 7.2% (beam on) and 7.4% (beam off), with corresponding σ0.2 values of 1.9 GPa (beam on) and 2.0 GPa (beam off). The linear elastic regimes under the two conditions show excellent agreement and nearly overlap, indicating that e-beam irradiation has little effect on the elastic modulus and elastic deformation of MFI zeolites. Notably, a stress drop occurs at the end of the elastic regime in the beam‑off curve but is absent in the beam‑on curve. Under beam‑off conditions, defects such as vacancies and silanol nests in the MFI zeolite can trigger local plastic instability under compression, leading to the observed stress drop. By contrast, continuous e‑beam irradiation might induce amorphization of Si–O crystals near defect sites. The resulting amorphous silica dissipates energy through viscoplastic deformation under e‑beam irradiation, thus suppressing any pronounced stress drop in the beam‑on curve 50. After yielding, both beam-off and beam-on samples undergo pronounced work hardening, but with notable differences. The beam-off sample exhibits a longer regime with higher strength, reaching its cutoff point (P2) at 37.3% strain with a strength of 5.7 GPa. In contrast, the beam-on sample shows a shorter regime and lower strength, with P2 at 25.9% strain and a strength of 3.6 GPa. Excess electrons from e‑beam irradiation migrate to distorted atomic regions in the beam-on sample, reducing Si–Si repulsion and lowering the critical pressure for solid‑state amorphization of the SiO2 network. This consequently decreases the material strength 50. Finally, the samples reach a regime dominated by amorphization and densification. Owing to e-beam irradiation, the beam‑on sample exhibits further hardening in this regime, whereas the beam‑off sample shows typical progressive failure behavior. Fig. 1b presents a sequence of SEM images of the beam-on sample. In the linear elastic regime, the micropillar undergoes uniform compressive deformation. In the subsequent work-hardening and amorphization–densification regimes, it expands along the a‑axis and exhibits substantial plastic deformation upon unloading. 
We also performed in situ compression experiments on other zeolite micropillars, with the resulting stress-strain curves shown in the Extended Data Fig.1g. The e‑beam off samples exhibit both higher strength and higher work‑hardening stress than the e‑beam on samples, yet still sustain a compressive strain of 50.0%, which confirms that the excellent deformation and work‑hardening capabilities of MFI zeolites are intrinsic and not induced by electron beam irradiation.
Supplementary Text 2.  Molecular dynamics (MD) simulations of defective MFI zeolites 
The models with 0.62% and 3.96% defects are shown in Extended Data Fig. 4a. Both models exhibit localized disorder and amorphization, with more pronounced and extensive defects observed in the 3.96% defective model. The compressive stress-strain curves are presented in Extended Data Fig.4c. Similar to the defect‑free model, the defective models also display three characteristic deformation regimes: a linear elastic regime, a work‑hardening regime, and an amorphization/densification regime. However, the critical strain values are shifted. For 0.62% and 3.96% defective models, the critical points (P1 and P2) delineating the three regimes were identified at e1 = 9.2% and e2 = 26.2%, and e1 = 7.8% and e2 = 20.1%, respectively. As the defect density increases, both e1 and e2 decrease, resulting in shortened linear elastic and work‑hardening regimes. These changes indicate a reduction in elastic recovery capability. The stress–strain curves from the loading–unloading compression simulations for the two models are shown in Extended Data Fig.4d and Fig. 3d, respectively. For the 0.62% defective model, unloading from 20.0% strain retraces the loading path, while unloading from 26.2% (P2) leaves permanent strain. In contrast, the defect‑free model at its P2 strain exhibits nearly complete recovery with relatively low energy dissipation. For the 3.96% defective model, even at 20.0% strain, permanent strain already appears, indicating a further reduction in elastic recovery. Hence, defects significantly impair the elastic recovery capability of the MFI zeolites.
The local rotation angle (q) maps of 0.62% and 3.96% defective models are shown in Extended Data Fig. 6g-l and Extended Data Fig. 7g-l, respectively. Similar to the defect‑free model, the defective models first undergo overall framework deformation in the linear elastic regime, followed by elliptization and symmetric torsional distortion of the 10‑MR pores in the work‑hardening regime, until further strain intensifies elliptization and disorder, thereby triggering the amorphization‑densification regime. However, near the defect sites, the pores exhibit substantially smaller rotation angles and less deformation compared to their perfect counterparts, indicating that defects hinder local pore deformation. Since the reversible deformation and recovery of pores are the primary sources of elastic recovery within the work-hardening regime, this localized constraint implies that defects indeed impair the overall elastic recovery capability of the zeolite. Owing to the high density of defects present in the experimental sample, its elastic recovery is diminished relative to that of the defect‑free pristine counterpart.
Supplementary Text 3. Analysis of bond-level metrics 
[bookmark: _Hlk233657460]Analysis of bond-level metrics clarifies the energy-dissipation mechanisms. The mean Si-O bond length remains invariant throughout deformation, confirming that strain is accommodated geometrically rather than through bond compression (Extended Data Fig. 8a). In the strain-hardening regime, at strains below 20%, bond ruptures are rare and reversible, so the unloading curve coincides with the loading curve (Extended Data Fig. 9a and Fig. 3c). Above 20.0% strain, the fraction of broken bonds increases sharply, inducing the permanent damage and concomitant energy dissipation (Extended Data Fig. 9b-d and Fig. 3c). 
To characterize the bond angle variation during deformation, we introduced a parameter dRMS, which is the root mean square deviation of the current bond angles from the initial reference bond angles. For a given Si atom p, which has six O-Si-O angles, dRMS is defined as,

		


where  and  denote the n-th O-Si-O angle of atom p in the current and initial configurations, respectively. For a given O atom q, which has only one Si-O-Si angles, dRMS is defined as,

		


where  and  are the Si-O-Si angles of atom q in the current and initial configurations, respectively. The parameter dRMS provides an effective way to quantify bond angle distortion. The root-mean-square deviation of Si–O–Si angles (δRMS) broadens markedly, while that of the O-Si-O distribution remains narrow, indicating that rigid tetrahedra rotate via soft Si-O-Si hinges (Extended Data Fig. 8b). 
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