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Experimental Section

Synthesis of Fe-ZIF

Zn(NO3)2 (0.5904 g) and 2-methylimidazole (2-mIM, 1.3020 g) were dissolved 

individually in MeOH (20 mL) under sonication. Then, Fe(acac)3 (0.07 g) were added 

to Zn(NO3)2 solution under sonication. The solutions of 2-mIM and Zn(NO3)2 solution 

were mixed and stirred for 5 min, followed by placing at room temperature (RT) for 12 

h. The resulting precipitation was collected, washed with MeOH (at least three times), 

and dried at 80 °C for 12 h.

Synthesis of Fe-400, Fe-900, and Fe-1100

The ZIF-8 powders were placed in Al2O3 crucibles, loaded into a tube furnace, heated 

to 400 °C, 900 °C and 1100 °C (at 5 °C/min) under an Ar flow and held for 3 h, for Fe-

400, Fe-900, and Fe-1100, respectively. Then, the furnaced was cooled to RT naturally.

Material Characterization

The morphologies, compositions, and phases of the materials were investigated using 

scanning electron microscopy (SEM, Hitachi SU8010), X-ray diffractometry (XRD, 

Bruker D2 phaser) with Cu Kα radiation, and high-resolution X-ray photoelectron 

spectrometry (HR-XPS, ULVAC-PHI PHI 5000 Versaprobe II). TEM and scanning 



TEM (STEM) images were recorded using a spherical-aberration-corrected field-

emission transmission electron microscope (Cs-corrected TEM, JEOL ARM-200FTH) 

at an accelerating voltage of 200 kV. Elemental distributions were measured using 

equipped energy dispersive spectrometry (EDS).

In situ STEM observation

In situ STEM observation was performed using the JEOL ARM-200FTH microscope 

operated at 200 kV. The Fe-ZIF particles were dispersed in EtOH. A drop of the 

resulting solution was placed on a dedicated E-chip and dried at 60 °C. The E-chip was 

assembled in an in situ heating holder (Fusion, Protochips). To minimize the effect of 

electron beam irradiation, the current density was maintained below 16 pA/cm2.

Computational method

The density functional theory (DFT) calculations  were utilized the Vienna ab initio 

simulation package (VASP) with plane-wave basis sets and the projector augmented-

wave (PAW) method.1-4 The exchange-correlation potential followed the generalized 

gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) 

parametrization,5 supplemented by Grimme's DFT-D3 model for van der Waals 

corrections.6 A cutoff energy of 520 eV and a Γ-centered Monkhorst-Pack mesh of 2 × 

2 × 1 were employed for Brillouin-zone integration.7 In cases involving strongly 

correlated Fe atoms, a spin-polarized DFT+U correction with U = 5.3 eV was applied. 

Structural relaxation continued until forces on each atom were less than 0.01 eV/Å, 

achieving an energy convergence threshold of 10-5 eV. Optimization ensured structures 

reached their minimum energy states. To ascertain optimized diffusion paths of 



[Fe(acac)]2+ molecules (with one and three) on surfaces, the climbing-image nudged 

elastic band (CI-NEB) method utilized seven images per calculation.8



Figure S1. EDS spectrum of Fe-ZIF confirms the successful encapsulation of Fe 

species within the ZIF framework.



Figure S2. HAADF-STEM images of (a) Fe-400, (b) Fe-900, and (c) Fe-1100.



Figure S3. EDS elemental mapping and corresponding spectrum of Fe-400.



Figure S4. (a) SEM image, (b) TEM image Fe-900.



Figure S5. EDS elemental mapping and corresponding spectrum of Fe-900.



Figure S6. EDS elemental mapping and corresponding spectrum of Fe-1100.



Table S1 Atomic percentages of C, N, Zn, and Fe, as determined by EDS.

Fe-ZIF Fe-400 Fe-900 Fe-1100

C 66.4% 73.5% 94.2% 97.3%

N 23.2% 21.9% 5.7% 2.7%

Zn 10.3% 4.5% 0.0% 0.0%

Fe 0.1% 0.1% 0.1% 0.0%



Table S2 The ratios of N and C content of the samples from EDS and XPS.

N/C (EDS) N/C (XPS)

Fe-ZIF 0.349 0.399

Fe-400 0.298 0.387

Fe-900 0.061 0.043

Fe-1100 0.028 0.014



Table S3 The Fe content of the samples from XPS analysis.

Fe content (At %)

Fe-ZIF 0.25

Fe-400 0.39

Fe-900 3.58

Fe-1100 0.02



Figure S7. Time-sequenced in situ STEM images of the single atom formation during 

pyrolysis at 325 oC for 30 minutes.



Figure S8. Time-sequenced in situ STEM images of the single atom formation during 

pyrolysis at 350 oC for 30 minutes.



Figure S9. Time-sequenced in situ STEM images of the single atom formation during 

pyrolysis at 375 oC for 30 minutes.



Figure S10. EDS elemental mappings of C, N, Zn, and Fe after pyrolysis at 325 oC.



Figure S11. EDS elemental mappings of C, N, Zn, and Fe after pyrolysis at 350 oC.



Figure S12. EDS elemental mappings of C, N, Zn, and Fe after pyrolysis at 375 oC.



Figure S13. In situ STEM images during pyrolysis without beam irradiation effect.



Figure S14. (a) TEM image, (b) high-resolution (HR)TEM image, (c) HAADF-STEM 

image, (d-f) HR HADDF-STEM images, and (e) EDS elemental mappings and (h) the 

corresponding spectrum of the pristine ZIF-8 derived samples after pyrolysis at 900 °C. 

The results confirm that Zn species were completely evaporated after pyrolysis at 900 

°C and no SA is observed in the carbon matrix.



Table S4 k1 and k2 value at various pyrolysis temperatures.

k1

(μm-2‧min-1)

k2

(μm-2‧min-1)

400 oC 68027 7608

375 oC 26263 3529

350 oC 18247 1560

325 oC 7177 815



Figure S15. Schematic diagram of the decomposition process of Fe(acac)3 at elevated 

temperatures.



Figure S16. Side view of the atomic structure illustrated the atomization pathway for 

dispersed [Fe(acac)]2+.



Figure S17. Side view of the atomic structure illustrated the atomization pathway for 

clustered [Fe(acac)]2+.
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