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Abstract

Metal-organic frameworks (MOFs), as a class of typical crystalline porous solids, have been extensively studied and applied in various fields, including gas adsorption and separation, catalysis, and chemical sensing. Recently, compared to their crystalline counterparts, the amorphous states of MOFs have attracted growing interest because they possess unique properties such as mechanical robustness, stability, molecular selectivity, and processability. However, the direct synthesis of amorphous MOF colloids remains a significant challenge, particularly for fabricating complex micro- and nanostructures such as hollow or yolk-shell architectures. Herein, we develop a simple strategy to synthesize hollow structures in amorphous zeolitic imidazolate framework (ZIF) colloids through controlled post-synthetic etching. Tannic acid, functioning as a proton etching agent, was utilized to achieve selective dissolution of the inner region in pre-formed monodisperse amorphous ZIF colloids, forming a uniform hollow structure. This etching process has been successfully demonstrated across various ZIFs, providing strong evidence of the method’s universality for ZIF systems. Furthermore, this method can also be applied to the synthesis of conformal yolk-shell structures by precisely etching the core-shell structure. The synthesized hollow ZIF nanoparticles hold great potential for applications across diverse fields, including catalysis and drug delivery. More importantly, this method pioneers a new pathway for cavity engineering of amorphous MOF colloids.
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INTRODUCTION
Metal-organic frameworks (MOFs) are porous crystalline materials featuring periodic network structures formed by metal nodes connected via coordinate bonds with organic ligands [1–3]. Their exceptionally high specific surface area, highly tunable pore structures, molecular-level design flexibility, and accessible metal active sites confer significant application potential in gas storage and separation [4], catalysis [5–8], energy storage [9–13], sensing [14,15], and biomedical fields [16,17]. Currently, crystalline MOFs remain the research mainstream in this field, but amorphous MOFs, especially MOF glass, have gradually gained attention in recent years [18,19]. Through the typical melting-quenching or ball-milling process, crystalline MOFs can form a glass [18]. MOF glasses, with their organic-inorganic hybrid nature, differ from conventional inorganic, organic, and metallic glasses, representing a distinct fourth category of glass materials. Compared to crystalline forms, glassy MOFs could exhibit unique properties such as higher mechanical strength, excellent stability, superior molecular selectivity, and processability [20–25].
Amorphous MOF colloids or nanoparticles, which offer greater flexibility in the choice of metals and ligands, represent another vital component of the non-crystalline MOF material system. Typically synthesized via mild bottom-up strategies, these materials enable precise control over their micro- and nanostructures, demonstrating unique advantages in fields such as optics [26], drug delivery [27], and catalysis [28,29]. For instance, heterojunctions made from amorphous MOFs exhibit not only more uniform interfaces but also expose a greater number of unsaturated metal sites, thereby achieving higher catalytic activity [28,29]. In addition, amorphous ZIFs exhibit outstanding sustained-release properties in drug delivery, primarily due to controlled release pathways formed by the collapse of their ordered channels [27]. Furthermore, the inherently homogeneous and isotropic structure of amorphous MOF microspheres provides a unique foundation for optical applications [26]. However, the collapse of the internal ordered structure within amorphous MOFs reduces their intrinsic porosity, hindering mass transfer rates between the material’s interior and exterior and consequently limiting overall performance enhancement. To address this issue, introducing a cavity into amorphous MOFs (e.g., by synthesizing hollow or yolk-shell structures) represents an effective strategy. Nevertheless, the hollow synthesis of amorphous MOF colloids or composite structures still faces significant challenges.
Here, we propose a post-synthetic etching method to create a cavity within amorphous MOF colloids (Figure 1). Compared to the one-step synthesis method, the post-etching strategy enables more precise control over the final morphology and pore structure of colloidal materials. This approach separates “material synthesis” and “structural refinement” into distinct steps: first synthesizing a basic precursor, then selectively etching it to “trim” its microstructure. This sequential processing grants the method greater flexibility in morphology control and pore design. Briefly, monodisperse amorphous zeolite imidazole framework-7 (aZIF-7) microspheres with a particle size of 200–300 nm were synthesized via the vapor diffusion method [30]. Subsequently, tannic acid was added to aZIF-7 suspension, resulting in a higher internal etching rate than the external surface, thereby forming a uniform hollow structure. During this process, tannic acid served a dual role as both an etchant and a protective agent: it preferentially adsorbed onto the microsphere surface, effectively inhibiting surface etching and enabling selective internal dissolution. This strategy proved equally effective for other amorphous ZIF systems (e.g., Zn-imidazole and Zn-5-chlorobenzimidazole systems), demonstrating excellent universality. Extending this method to suspensions of core-shell structures coated with amorphous MOFs could yield uniform yolk-shell structures. Moreover, other functional architectures, such as carbon-based yolk-shell composites, can also be synthesized through direct solid-state transformation. This post-etching strategy provides a novel synthetic approach for precise pore and structural control of amorphous MOF colloids.	[image: Thumbnail: Figure 1 Refer to the following caption and surrounding text.]	Figure 1 Schematic illustration of engineering of amorphous zeolitic imidazolate framework colloids and their core-shell architectures.




RESULTS AND DISCUSSION
ZIF-7 is a metal-organic framework material formed by the coordination of zinc ions with benzimidazole units, wherein each zinc ion is connected to four deprotonated benzimidazole molecules (Figure 2a). This study synthesized amorphous ZIF-7 nanospheres via the triethylamine vapor diffusion method [30]. Scanning electron microscopy (SEM) image reveals that the prepared ZIF-7 nanospheres exhibit a size range of 200–300 nm with a distinct spherical morphology (Figure 2b and Figure S1). Transmission electron microscopy (TEM) images further confirm that these nanospheres possess a solid structure without noticeable internal voids (Figure 2c). The average shell thickness of hollow ZIF-7 is around 33 nm. As shown in Figure 2d, e and Figures S2 and S3, after tannic acid etching, the overall morphology of the ZIF-7 nanospheres remained unchanged, retaining their spherical shape, though surface roughness increased. Moreover, TEM images revealed that the central regions of the ZIF-7 nanospheres had been removed, forming hollow structures. This indicates that tannic acid selectively etches the internal regions of the ZIF-7 nanospheres. This phenomenon can be attributed to tannic acid’s dual role as both a protective agent and an etchant during this process. Its strong adhesive properties enable rapid adsorption onto the ZIF-7 nanosphere surface to form a protective layer. Simultaneously, protons diffuse inward, resulting in a higher etching rate internally than externally, ultimately forming a hollow structure. This mechanism is consistent with the tannic acid etching of other crystalline MOF materials [31,32].	[image: Thumbnail: Figure 2 Refer to the following caption and surrounding text.]	Figure 2 Characterizations of hollow ZIF-7 sphere. (a) Molecular structure of Zn-benzimidazole complex. Red spheres, zinc; grey, carbon; blue, nitrogen; white, hydrogen. (b) SEM image of solid amorphous ZIF-7. (c) TEM image of solid amorphous ZIF-7. (d) SEM image of hollow amorphous ZIF-7. (e, f) TEM images of hollow amorphous ZIF-7. (g) PXRD patterns of pristine and hollow amorphous ZIF-7. (h) FT-IR spectra of pristine and hollow amorphous ZIF-7.




In the powder X-ray diffraction (PXRD) pattern, the initial ZIF-7 nanospheres exhibit a broad diffuse peak near 19°, indicating their amorphous structural characteristics (Figure 2g). After tannic acid etching, the resulting hollow spheres retain their original amorphous structure. Figure 2f shows the Fourier transform infrared (FT-IR) spectra. Comparison reveals that the hollow ZIF-7 retains the characteristic absorption peaks of the original ZIF-7 while exhibiting several new peaks originating from tannic acid at 1706, 1344, and 1031 cm−1 [33]. These new peaks correspond to the C=O stretching vibration, the asymmetric C–O stretching vibration of the aromatic ring, and the C–O–C stretching vibration in tannic acid, respectively [34], indicating that tannic acid has successfully adsorbed onto the surface of the hollow nanospheres.
To validate the universality of this etching method for preparing amorphous hollow ZIF nanospheres, we further selected other ZIFs for etching experiments. Figure 3a and Figure S4 indicate that solid Zn-imidazole nanospheres were successfully converted into hollow structures after tannic acid etching. The average shell thickness of hollow Zn-imidazole is 16 nm. Similarly, selective removal of the internal regions was also observed in Zn-5-chlorobenzimidazole nanospheres after etching, resulting in hollow structures (Figure 3b, Figures S5 and S6). These results demonstrate that this post-etching strategy holds promise for extension to additional amorphous ZIF systems. Further TEM elemental distribution analysis revealed that the resulting hollow spheres comprise Zn, C, N, O, and Cl elements. Among these, Zn, N, and Cl primarily originate from the ZIF precursor, while O derives from tannic acid (Figure 3c and Figure S6c). Uniform distribution of all elements within the hollow shell demonstrates excellent structural homogeneity of this hollow sphere.	[image: Thumbnail: Figure 3 Refer to the following caption and surrounding text.]	Figure 3 Extension to various zeolite imidazole frameworks. (a) TEM images of hollow Zn-imidazole spheres. (b) TEM images of hollow Zn-5-chlorobenzimidazole spheres. (c) Bright field STEM image, high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) image and element mapping images of hollow Zn-5-chlorobenzimidazole spheres. The scale bars are 100 nm.




Beyond hollow structures, we further explored this method for synthesizing more complex architectures based on tannic acid etching. First, we uniformly coated Prussian blue cubes with a Zn-5-chlorobenzimidazole shell layer [30]. As shown in Figure 4a and Figure S7, the amorphous Zn-5-chlorobenzimidazole uniformly covered the Prussian blue surface, forming a conformal core-shell structure. Using this core-shell nanoparticle as a precursor, controlled tannic acid etching successfully transformed it into a yolk-shell structure (Figure 4b and Figure S8). The formation mechanism is similar to the previously described hollow structure. The internal ZIF region was rapidly etched away, while the outer shell layer was preserved under tannic acid protection, ultimately forming the yolk-shell structure. The elemental distribution mapping images in Figure 4c further confirm the structure’s characteristics. Fe elements are exclusively distributed within the central cubic region, indicating their origin from the pristine Prussian blue core. Conversely, Zn and Cl elements predominantly reside in the outer shell, confirming the shell layer as an amorphous ZIF material. These results demonstrate that this method can successfully produce complex yolk-shell structures based on amorphous ZIFs.	[image: Thumbnail: Figure 4 Refer to the following caption and surrounding text.]	Figure 4 Characterizations of yolk-shell Zn-5-chlorobenzimidazole architecture. (a) TEM image of PB@ Zn-5-chlorobenzimidazole core-shell structure. (b) TEM image of PB@Void@Zn-5-chlorobenzimidazole yolk-shell structure. (c) Bright field STEM image, HAADF-STEM image and element mapping images of hollow PB@Void@Zn-5-chlorobenzimidazole yolk-shell structure. The scale bars are 50 nm.




Using the aforementioned method, we successfully synthesized β-FeOOH@Void@Zn-imidazole and Si@Void@ Zn-imidazole yolk-shell nanoparticles with a conformal structure (Figure 5a, b, Figures S9 and S10). The synthesis of micron-sized silicon-based yolk-shell structures has been a critical focus in lithium-ion batteries [35]. The internal void space in such structures can effectively accommodate the volume expansion of silicon during lithiation, thereby enhancing electrode stability. However, the synthesis of these architectures remains challenging. As shown in Figure 5b and Figure S10, irregular micron-sized silicon particles were uniformly encapsulated within the yolk-shell structure. Subsequently, under an argon protective atmosphere, the ZIF shell was converted into porous carbon via high-temperature pyrolysis. After pyrolysis, the fundamental yolk-shell architecture was preserved, with only the shell layer transforming from ZIF into porous carbon. The porous carbon shell not only alleviates the volume expansion issue of silicon electrodes but also enhances the conductivity of the system and accelerates electron transfer rates, thereby facilitating the development of high-performance lithium-ion battery anodes. This solid-state conversion process successfully produced Si@Void@Carbon nanostructures (Figure 5c and Figure S10), further expanding the application potential of this method for preparing complex yolk-shell materials. Compared to crystalline ZIFs, amorphous ZIFs are not constrained by crystalline periodicity, enabling more flexible integration with nanomaterials to form conformal core-shell architectures. This characteristic is particularly advantageous for coating irregularly shaped micrometer-sized particles. In yolk-shell structures, the uniformity of the shell plays a critical role in enhancing their performance for catalytic and energy storage-related applications.	[image: Thumbnail: Figure 5 Refer to the following caption and surrounding text.]	Figure 5 Solid-phase transformation of zeolite imidazole framework architecture. (a) Schematic illustration of conversion of yolk-shell structure from amorphous ZIF shell to porous carbon shell. (b) TEM images of Si@Void@Zn-imidazole yolk-shell nanoparticles. (c) TEM images of Si@Void@Porous carbon yolk-shell nanoparticles.




CONCLUSIONS
This study successfully developed a universal strategy based on selective tannic acid etching, enabling the efficient synthesis of various hollow and yolk-shell structures based on amorphous ZIF materials. Experiments demonstrate the universality of this approach across diverse amorphous ZIF systems, including ZIF-7, Zn-imidazole, and Zn-5-chlorobenzimidazole. It enables directional etching of internal regions while preserving external morphology, yielding structurally intact hollow nanospheres. Furthermore, this method can be extended to synthesize complex heterogeneous structures. Using Prussian blue@ZIF core-shell structures as precursors, controlled etching successfully produced yolk-shell architectures whose structural integrity was verified through elemental distribution analysis. Moreover, high-temperature pyrolytic conversion transformed the ZIF shell into porous carbon, enabling the synthesis of other functional yolk-shell materials like Si@Void@Carbon. This demonstrates the method’s flexibility and application potential in material design and functionalization. In summary, this study not only provides a simple, controllable synthesis pathway for hollowing and producing complex structures in amorphous ZIFs, but also lays the foundation for subsequent functional material development based on hollow/yolk-shell architectures. 
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        Schematic illustration of engineering of amorphous zeolitic imidazolate framework colloids and their core-shell architectures.
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        Characterizations of hollow ZIF-7 sphere. (a) Molecular structure of Zn-benzimidazole complex. Red spheres, zinc; grey, carbon; blue, nitrogen; white, hydrogen. (b) SEM image of solid amorphous ZIF-7. (c) TEM image of solid amorphous ZIF-7. (d) SEM image of hollow amorphous ZIF-7. (e, f) TEM images of hollow amorphous ZIF-7. (g) PXRD patterns of pristine and hollow amorphous ZIF-7. (h) FT-IR spectra of pristine and hollow amorphous ZIF-7.
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        Extension to various zeolite imidazole frameworks. (a) TEM images of hollow Zn-imidazole spheres. (b) TEM images of hollow Zn-5-chlorobenzimidazole spheres. (c) Bright field STEM image, high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) image and element mapping images of hollow Zn-5-chlorobenzimidazole spheres. The scale bars are 100 nm.
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        Characterizations of yolk-shell Zn-5-chlorobenzimidazole architecture. (a) TEM image of PB@ Zn-5-chlorobenzimidazole core-shell structure. (b) TEM image of PB@Void@Zn-5-chlorobenzimidazole yolk-shell structure. (c) Bright field STEM image, HAADF-STEM image and element mapping images of hollow PB@Void@Zn-5-chlorobenzimidazole yolk-shell structure. The scale bars are 50 nm.
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        Solid-phase transformation of zeolite imidazole framework architecture. (a) Schematic illustration of conversion of yolk-shell structure from amorphous ZIF shell to porous carbon shell. (b) TEM images of Si@Void@Zn-imidazole yolk-shell nanoparticles. (c) TEM images of Si@Void@Porous carbon yolk-shell nanoparticles.
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