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The rational design and engineering of metal-organic framework (MOF) crystals with hollow 

features has been used for various applications. Here, we establish a top-down strategy to 

construct hollow MOFs via synergistic etching and surface functionalization by using 

phenolic acid. The macro-sized cavities were created inside various types of MOFs without 

destroying the parent crystalline framework, as evidenced by electron microscopy and X-ray 

diffraction. The modified MOFs were simultaneously coated by metal-phenolic films. This 

coating endowed the MOFs with the additional functionality of responding to infrared laser to 

produce heat for potential photothermal therapy applications. 

 
 
 
1. Introduction 

Metal-organic frameworks (MOFs) or porous coordination polymers (PCPs) are a class of 

ultra-porous solids formed by self-assembly of metal ions or metal-ion clusters and 

polydentate ligands.[1] They have been used for various applications, including molecule 

sieving, gas storage, catalysis, as well as sensing.[1] Meso-/nano-structuring of MOFs has 
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received increasing interest.[2] Tailoring the size or morphology of MOFs at the meso-/nano-

scale could lead to unique physicochemical properties of MOFs and the possibility to build 

MOF-based micro-devices.[2] For example, the phase transformation behavior of flexible 

MOFs changes from “elastic” to “shape-memory” when the lateral sizes of crystals decrease 

below 50 nm.[2b] 

MOFs are well-known microporous materials. The diameters of their intrinsic open 

channels are typically smaller than 2 nm, which usually limits the possibility for MOFs to 

encapsulate large-sized guest species or increase the diffusion efficiency of guest species 

inside MOFs. Creating meso/macro-voids inside the MOF crystals may allow the 

accommodation of large-sized guest species, or accelerate the diffusion of guest species. To 

fabricate MOFs with voids, in situ methods have been developed.[3] Large voids can be 

trapped inside polycrystalline spheres through the in situ self-assembly of MOF crystals.[3a,b] 

Using layer-by-layer (LbL) growth, hollow structured polycrystalline MOFs can be 

synthesized after removal of sacrificial templates.[3h] Moreover, Ostwald ripening is found to 

be effective in some cases.[3i-k] Furthermore, cavities can be formed inside single-crystalline 

MOFs during solvothermal syntheses. Although significant progress has been achieved, the 

reported methods still have limitations. For example, self-assembly or LbL growth does not 

allow the creation of voids inside single-crystalline MOFs, and Ostwald ripening does not 

create voids in various MOF systems (e.g., the robust open framework carboxylates, MIL-64 

or HKUST). 

A challenging task is to post-insert voids inside preformed MOF crystals as needed.[3] 

Etching, as a typical top-down approach, is suitable for creating voids inside solids.[4] 

Pioneering efforts have been made to apply this method to MOFs. Recently, mesopores have 

been introduced into preformed MOFs by etching with water.[3l] However, several problems 

still exist that hinder the development of etching of MOFs; notably the location of the 
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introduced voids is not well controlled. The uncontrollable etching of unstable parts of MOFs 

led to randomly distributed voids. In some cases, meso/macro-sized voids can be introduced 

inside the coordination compounds when the crystals have a hydrophilic surface and 

defects[5]. However, this method is difficult to be applied to MOFs with hydrophobic surfaces 

or near-perfect MOF crystals. In some pioneering trials, etching preferentially occurs through 

the surfaces, leading to frame-like structures.[3n]  

Herein, we report a synergistic strategy to realize etching inside preformed MOF crystals 

with simultaneous surface modification, as shown in Figure 1. Phenolic acid or poly-phenolic 

acid are used as both surface functionalization and etching agents for MOFs. Phenolic acids 

(i.e., gallic acid (GA) or tannic acid (TA)) are weak organic acids. They have attracted 

significant attention recently because of their coating ability and as the necessary component 

to form metal-phenolic networks (MPNs).[6] Phenolic acids release free protons, which can be 

used to destroy the framework of MOFs. Their relatively large molecular size allows them to 

block the pores of MOFs, thereby protecting MOFs from fully collapsing. In principle, 

phenolic acid or poly-phenolic acid molecules can attach to the surface of preformed MOFs 

and change the surface of MOFs from hydrophobic to hydrophilic. The free H+ ions are then 

able to penetrate into MOFs. The attached phenolic acid or poly-phenolic acid molecules 

block the exposed surface of MOFs, thus protecting the outer parts of MOFs from further 

etching. Most of the free H+ ions are confined in the center or specific position of the MOF 

crystals. Finally, hollow MOF crystals with intrinsic crystalline frameworks can be obtained.  
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Figure 1. (a) Molecular structures of gallic acid and tannic acid. (b) Illustration of the etching process to engineer voids 
inside MOFs.  

2. Results and discussion 

The applicability of our proposed concept was verified by first etching zeolite imidazolate 

frameworks. Figure 2a shows a transmission electron microscopy (TEM) image of the 

preformed crystals of a typical zeolite imidazolate framework (ZIF-8, also known as MAF-4). 

ZIF-8 is a well-known MOF that is formed by self-assembly of Zn2+ ions and 2-

methylimmidazole; its high porosity makes it useful for many applications.[7] Monodispersed 

ZIF-8 polyhedrons were incubated with TA solution (5 g L–1) for 5 min, followed by washing 

with water and methanol (repeated three times each). TEM revealed the obtained particles had 

similar shapes and sizes to the initial ZIF-8 crystals (Figure 2b). The low contrast inside the 

particles indicates that a void was created inside each crystal, forming a hollow structure. The 

average shell thickness was 20 nm. To confirm the phase of the obtained crystals with external 
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voids, powder X-ray diffraction (PXRD) profiles were collected (Figure S1). All of the 

patterns of the initial and hollow particles were almost identical, and matched the simulated 

pattern of ZIF-8.[7] No impurities were observed after the formation of the hollow structure. 

However, the peaks became slightly broader, which indicates partial amorphization caused by 

etching. These results suggest that central etching of ZIF-8 is possible using TA as an etching 

agent. The porosity of the etched ZIF-8 was further confirmed by a N2 sorption test (see 

Figure S2). Steady N2 adsorption was observed at low relative pressure, suggesting that 

etching did not destroy the main microporosity of ZIF-8. Interestingly, an adsorption-

desorption hysteresis loop was found at high relative pressure. This suggests the generation of 

mesoporosity after etching. Pore size analysis confirms the existence of mesopores, as shown 

in Figure S3. The etched ZIF-8 has a BET surface area of 1053 m2 g-1, which is smaller than 

that of the parent ZIF-8 (1547 m2 g-1). The decrease of the specific surface area is attributed to 

partial amorphization of ZIF-8 by etching. 
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Figure 2. TEM images of MOFs before and after etching. ZIF-8 crystals (a) before and (b,c) after etching with (b) TA or (c) 
GA. (d) ZIF-8 crystals with voids created between the shell and core. MIL-68 crystals (e) before and (f) after etching with 
TA. Tb-CP spheres (g) before and (h) after etching with GA. Yolk–shell Fe3O4@ZIF-8 (i) before and (j) after etching with 
TA.  

 
GA can also be used to create external cavities inside ZIF-8 crystals. Figure 2c presents the 

TEM image of ZIF-8 crystals after etching by GA. The obtained samples had a polyhedral 

external shape similar to the initial ZIF-8. Macro-sized voids were found inside the 
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polyhedrons. However, the shells of the obtained hollow particles were composed of flakes, 

which are slightly different to the hollow particles prepared with TA. This is likely due the 

higher acidity of GA compared to TA. More rigorous etching would be expected when GA is 

used rather than TA. The phase of the sample etched by GA was examined by PXRD. The 

ZIF-8 etched by GA shows almost the same pattern as the as-prepared ZIF-8, except for an 

additional peak at around 11º, which represents some impurity.(Figure S4). The broadening of 

the peaks indicates the slight decrease of the crystallinity of the ZIF-8 after etching. The 

microporosity of the GA-etched ZIF-8 was maintained, as shown by the N2 sorption isotherms 

(Figure S5). According to BET, the specific surface area of the GA-etched ZIF-8 is 1062 m2 g-

1, which is close to the value of the TA-etched ZIF-8 owing to partial amorphization and 

impurity. Similar to the TA-etched ZIF-8, the mesoporosity of GA-etched ZIF-8 was 

demonstrated by an adsorption-desorption hysteresis loop and pore size distribution analysis 

(Figure S6). The total pore volume of the GA-etched ZIF-8 is 0.7 cm3 g-1, suggesting a similar 

porosity to the parent ZIF-8. 

Introducing defects on ZIF-8 crystals permits the etching position to be localized at a 

desired point. When repeated growth of ZIF-8 was performed on the preformed ZIF-8 seeds, 

the obtained ZIF-8 crystals could have defects between the initial seed and the subsequently 

deposited shell.5b As a result, etching can likely occur around the defects, thus creating voids 

at the interfaces of ZIF-8 layers. A TEM image (Figure 1d) indicates that each of the particles 

was composed of a thin polyhedral shell and a dense core after etching by TA. This yolk–shell 

structure demonstrates that foreign voids can be located not only in the center, but also at 

designated locations. 

This method can be applied to other MOFs, such as open framework carboxylates, which 

represent various well-known MOFs[8] and have interesting properties, such as high porosity 

and flexibility. MIL-68 (In) microrods were first prepared (Figure 2e). After incubation with 
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TA for three days, the inner part of the microrods was removed while the outer part was 

retained, resulting in microtubes with the same length and diameters as the original microrods. 

To show the tube-like structure clearer, a magnified image of Figure 2f is shown in the 

supporting information (Figure S7). The crystal structures of the samples before and after 

etching with TA were measured by PXRD (Figure S8). All of the samples show similar 

diffraction patterns as the simulated pattern of MIL-68 (In). However, partial amorphization 

was observed, as shown by the broad peaks. To measure the porosity of the tube-like MIL-68, 

N2 adsorption measurements were carried out (Figure S9). Both the parent MIL-68 and the 

etched MIL-68 crystals show significant uptake of N2. It should be noted that the parent MIL-

68 shows a Type I adsorption isotherm, which is typical for MOFs. However, the adsorption 

isotherm of the etched MIL-68 is substantially different, which may arise because of changes 

in the pore size, from 2-3 nm to 8-9 nm, according to the pore size distribution analysis 

(Figure S10). The enlargement of the pores could be related to the partial disassociation of the 

MIL-68 frameworks by TA. The specific surface area of the etched MIL-68 is 646 m2 g-1, 

which is smaller than that of the parent MIL-68 (1180 m2 g-1). The decrease of the specific 

surface area of the etched MIL-68 probably arises from the partial amorphization or 

disassociation of the frameworks, which is in accordance with the result observed for ZIF-8. 

This approach is also applicable to ZIF-67, which has similar morphology as ZIF-8 but has 

different metal ions. Figure S11 illustrates the optical microscopy image of the parent ZIF-67 

crystals. The uniform crystals were incubated in the TA solution (10 g L–1) for 5 min. 

Significant voids were created inside the crystals, as demonstrated by the TEM image (Figure 

S12). The crystal structures of the samples before and after etching with TA were measured by 

PXRD (Figure S13). All of the samples showed the same diffraction patterns as the simulated 

pattern of ZIF-67. 
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Like porous MOFs, amorphous coordination polymers without open frameworks can be 

etched as well. Figure 2g shows a TEM image of the amorphous Tb-CP spheres.[9] After aging 

with GA solution for 10 min (4 g L–1), large cavities were created inside the spheres (Figure 

2h). The morphology and size of the obtained hollow spheres were close to the initial 

material; this is similar to the results described earlier.  

The good controllability of this method facilitates the preparation of yolk–shell MOF 

composites from core-shell composites. Yolk–shell materials are promising materials that can 

show synergistic properties of their multiple components.[10] Yolk–shell MOF composites can 

combine the superior elements of MOFs with the advantages of the other component to 

generate synergistic effects. For instance, the yolk–shell structure of Pt@ZIF increases the 

selectivity of Pt in catalysis.[3j,k,11] We used preformed iron oxide particles as seeds; these 

were coated by ZIF-8 to form core–shell composites as shown in Figure 2i. The composites 

were then aged in TA solution (10 g L–1). The samples were washed and examined by TEM. 

After 5 min incubation, an intermediate sample was investigated by TEM (Figure S14). The 

Fe3O4 spheres are still enclosed inside the composites without separation from the ZIF-8 shell. 

However, the Fe3O4 spheres were separated from the ZIF-8 shells, forming a yolk-shell 

structure after 10 min incubation (Figure 2j).  

This etching method can be described as “post-treatment”,[3n,5b] as opposed to other reported 

methods,[3] which lead to etching “in situ”. “Post treatment” permits the transformation of 

preformed MOFs to various morphologies or sizes. It is challenging to predetermine the 

morphologies or sizes of MOFs when using “in situ” approaches. On the other hand, the 

applicability of our etching method is quite broad: it allows the creation of a void inside each 

crystal, which is difficult to achieve via self-assembly or LbL growth of MOFs. In addition, 

the reaction conditions of our etching strategy are mild – only room temperature is required. 

Furthermore, the capability to localize a void precisely inside a crystal can be achieved.  
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To investigate the mechanism of the void engineering in MOFs, in situ pH measurements, 

infrared spectroscopy, and ζ-potential analysis were performed. The pH of the initial TA 

solution (10 g L–1) is approximately 3.5 (Figure S15). After adding ZIF-8 particles (final 

concentration of TA = 5 g L–1), the pH of the mixture changed to 6. Subsequently, the pH 

gradually increased to 8 after 5 min incubation. The gradual increase in the pH value suggests 

the consumption of free protons by ZIF-8 from TA as a proton donor. Figure 3 illustrates the 

change of the ζ-potential of MOFs before and after etching. A significant decrease in the ζ-

potential was observed in all cases. The ζ-potential of ZIF-8 and MIL-68 crystals varied from 

positive to negative when using either TA or GA. In the case of Tb-CP, the ζ-potential 

decreased from -8 to -12 mV. The significant ζ-potential changes clearly indicate that TA or 

GA can be coated on the surfaces of MOFs. IR spectra of the MOFs after etching are shown in 

Figure S16. The IR spectrum recorded from etched ZIF-8 is shown in Figure S16a. The weak 

band at 1720 cm–1 is most likely due to the C=O stretching of the carbonyl group.[12] The band 

at 1651 cm–1 is assigned to the OH bending vibration, and the band at 1560 cm–1 is the skeletal 

vibration of the ring. The band at 887 cm–1 is due to the out-of-plane bending vibrations of the 

isolated hydrogen in the benzene ring.[12] These data suggest the existence of TA on the 

surface of etched ZIF-8. For the hollow ZIF-8 obtained using GA, the band at 3136 cm–1 is 

due to the C-H aromatic stretching, and the band at 1241 cm–1 is likely due to the polyhydroxy 

C-OH stretching. The band at 876 cm–1 could be assigned as out-of-plane bending of isolated 

hydrogen in the benzene ring.[12] The existence of bands from GA confirms the presence of 

GA on the surface of the hollow ZIF-8. 
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Figure 3. ζ-potential changes of MOFs before and after etching. ZIF-8 treated with (a) TA or (b) GA. (c) MIL-68 and (d) Tb-
CP treated with GA. 

 
On the basis of the above results, we propose that TA or GA etch the MOFs via surface 

functionalization-assisted etching. Firstly, TA and GA provide protons to break the 

coordination bonds of the MOFs to cause disassembly of the MOF frameworks. TA and GA 

are weak organic acids: their proton concentration is relatively low compared with strong 

acids, and the proton release is gradual. During etching, the protons are consumed 

continuously, which leads to the gradual increase of the pH of the solution. When the pH 

reached 8, the etching process ceased. Secondly, the adsorbed etching agent changed the 

surfaces from hydrophobic to hydrophilic, allowing transportation of the protons inside the 

MOFs. For example, the surface of ZIF-8 is basically hydrophobic. A water droplet can be 

sustained on ZIF-8 powder (Figure S17). At the first stage of the process, TA molecules were 

adsorbed on the surface of ZIF-8. The hydrophobic surfaces of ZIF-8 accordingly changed to 

hydrophilic (Figure S18). The water droplet could not reside on the ZIF-8 powder after 

etching by TA. As a result, water molecules and protons were transported more easily through 

the TA-modified ZIF-8, causing etching inside the frameworks. Thirdly, the TA also worked 

as a protective agent after adsorbing on the surface of MOFs. TA is a relatively large molecule 
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(average molecular weight ~1700 Da). The adsorbed TA on the surface may partially cover 

the surface and block the channels of MOFs to prevent proton etching. Due to the molecular 

size of TA, it is difficult for TA to diffuse inside MOFs, and hence protection of TA can only 

be on the surface of MOFs. Therefore, etching can be localized inside MOFs. It should be 

noted that etching by GA is different from etching by TA: GA does not result in uniform 

etching of the MOFs, suggesting non-uniform coating of the ZIF-8 crystals. The shell of the 

hollow crystals contained “nanoflakes” when GA is used as the etching agent (Figure 2c). 

Surface functionalization-assisted etching is the key to void formation. To verify the 

proposed mechanism, HCl solution or HCl solution mixed with soluble polymer was used to 

etch the MOFs. When ZIF-8 was incubated with acidic solution (pH 2, HCl only) without any 

capping agent, the ZIF-8 could not be etched after 5 min (Figure S19). This is because the 

protons could not attach or enter the ZIF-8 because of its hydrophobic surface. When 

poly(maleic acid) (PMA, average molecular weight ~ 800–1200 Da) was used together with 

HCl, irregular cavities were observed inside ZIF-8 particles (Figure S20). PMA is a 

hydrophilic polymer, thus the adsorption of PMA on the surface of ZIF-8 can change the 

surface of ZIF-8 to hydrophilic to allow protons to enter. However, due to the linear structure 

of PMA, random aggregation of PMA may lead to a non-uniform coating on the surface of 

ZIF-8 particles. Therefore, etching may be limited to well inside the ZIF-8 crystals, leading to 

irregular cavities.  

The coated TA offers further opportunities to functionalize MOFs. It is well known that free 

TA can coordinate with metal ions to generate MPN films on various surfaces.[6a-c] Here, 

adsorbed TA allowed the formation of MPN films on the surface of MOFs (Figure 4a). MPN 

films have been shown to be multifunctional, thus they can readily provide additional 

properties to MOFs. When FeCl3 solution was added into the suspension of the hollow ZIF-8, 

the color of the dispersion instantly turned to dark blue (Figure 4b), indicating the rapid 
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generation of Fe-TA networks on the hollow ZIF-8.[6a] Elemental mapping confirmed high 

amounts of iron on the surface of the hollow ZIF-8 (Figure 4b). The Fe-TA network coating 

does not affect the phase of ZIF-8, as indicated by the PXRD analysis (Figure S21). No peaks 

from iron oxide were observed, thus excluding the possibility of the formation of iron oxide 

during coating. The Fe-TA network also showed strong absorbance to near infrared (NIR) 

laser, which could convert the photons into heat efficiently. Therefore, the Fe-TA networks 

potentially provide the hollow ZIF-8 with the capability to generate heat by NIR irradiation. 

Figure 4d demonstrates that the hollow ZIF-8 dispersion can be heated more quickly with 

MPN coatings. The temperature of the suspension reached 60 ºC after 5 min irradiation, 

indicating that such a system has the potential to be used for photothermal therapy.  

The temperature increase triggered by NIR irradiation offers the opportunities to control the 

drug release by NIR laser. Fluorescein was selected as a model drug and loaded inside hollow 

ZIF-8 crystals, followed by coating with Fe-TA networks. The drug release of the fluorescein-

loaded ZIF-8 crystals was investigated by comparison of the release with and without NIR 

laser irradiation (Figure S22). No significant release was recorded without NIR laser 

irradiation during 8 min. However, upon irradiation with NIR, fast release of the fluorescein 

was observed. These results suggest NIR-controlled drug release can be achieved by using the 

Fe-TA network coated MOF system. The hollow interior of such a photothermal therapy 

system provides the possibility to load higher quantities of drugs or other functional materials 

when compared with non-hollow systems. 

3. Conclusion 

We have developed a facile strategy to create voids inside MOFs with simultaneous surface 

modification. Phenolic acids were found to be unique etching agents in this strategy. Well-

controlled positioning of the voids was demonstrated, and the etching process did not alter the 
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intrinsic frameworks. Surface modification provided the hollow MOFs with additional 

functions, showing that MPN-coated hollow MOFs could be used as a hyperthermia agent in 

the presence of NIR irradiation. We expect that this void engineering strategy can be applied 

to other MOFs, endowing them with unique properties. 

 
Figure 4. (a) Schematic showing MPN generation on MOFs. (b) The upper images represent the generation of a Fe-TA film 
on the surface of hollow ZIF-8. The left vial contains the suspension of hollow ZIF-8 etched with TA, while the right vial is 
the suspension of hollow ZIF-8 after the addition of FeCl3 solution. The lower images show the elemental mapping of hollow 
ZIF-8 after coating with Fe-TA. The scale bars represent 300 nm. (c) Schematic of a photothermal experiment (left). NIR 
(808 nm) laser heating profiles of ZIF-8, hollow ZIF-8, and hollow ZIF-8@Fe-TA dispersions (right). 

 
4. Experimental Section 

4.1. Etching of ZIF-8 polyhedrons. 
Synthesis of ZIF-8 polyhedrons: the synthesis of ZIF-8 polyhedrons followed a previous 

report.[13]  
Synthesis of ZIF-8 particles with an average diameter of 300 nm: Zn(CH3COO)2 (175 mg) 

and 2-methylimidazole (263 mg) were mixed together. Methanol (40 mL) was then added to 

dissolve the mixed powder. The solution was stirred for 5 min, followed by aging at room 

temperature for 24 h. After that, white precipitates were collected and washed with methanol 

and dried for use. 
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Etching of ZIF-8 polyhedrons by TA: in a typical experiment, 2 mg of prepared ZIF-8 

polyhedrons with different sizes were put into TA solution (5 g L–1), and aged for 10 min. 

Hollow ZIF-8 polyhedrons were then collected by centrifugation and washed with water and 

methanol.  

Etching of ZIF-8 polyhedrons by GA: in a typical experiment, 2 mg of prepared ZIF-8 

polyhedrons were put into the GA solution (10 g L–1), and aged for 10 min. Hollow ZIF-8 

polyhedrons were then collected by centrifugation and washed with water and methanol. 

Etching of ZIF-8 polyhedrons by poly(maleic acid): in a typical operation, 2 mg of 

prepared ZIF-8 polyhedrons were put into the poly(maleic acid) solution (4 g L–1), and aged 

for 10 min. Hollow ZIF-8 polyhedrons were then collected by centrifugation and washed with 

water and methanol. 

4.2. Etching of MIL-68 rods. 

Synthesis of MIL-68 rods: the synthesis of MIL-68 followed a previous report.[14] Firstly, 

78 mg of In(NO3)3∙xH2O was dissolved with 30 mg of terephthalic acid (H2BDC) in 9 mL of 

N,N-Dimethylformamide. After stirring for 5 min at room temperature, the solution was put 

into an oil bath and heated at 100 ºC for 1 h. The precipitation was collected by 

centrifugation, washed by methanol extensively, and dried for use. 

Etching of MIL-68 rods by TA: in a typical experiment, 2 mg of prepared MIL-68 rods 

were put into the TA solution (50 g L–1) and aged for three days. In-BDC tubes were then 

collected by centrifugation and washed with water and methanol.  

Activation of MIL-68: in a typical experiment, the as-prepared samples were washed with 

N,N-dimethylformamide and methanol five times, followed by activation at 200 ºC under N2 

flow for 24 h. The samples were kept in vacuum to avoid re-hydration. 
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4.3. Etching of Tb-CP spheres. 

Synthesis of Tb-CP spheres: the synthesis of Tb-CP spheres followed a previous report.[15] 

226 mg of Tb(NO3)3∙5H2O was dissolved in the mixture of ethylene glycol (10 mL) and 

acetone (70 mL). The solution was then transferred into Teflon-lined autoclave, and heated in 

an oven at 100 ºC for 24 h. The precipitation was collected by centrifugation, washed by 

methanol extensively, and dried for use. 

Etching of Tb-CP spheres by GA: in a typical experiment, 2 mg of prepared Tb-CP 

spheres were put into the GA solution (20 g L–1), and aged for 10 min. Hollow Tb-CP spheres 

were then collected by centrifugation and washed with water and methanol. 

4.4. Preparation of yolk–shell particles. 

Synthesis of ZIF-8@ZIF-8 particles: Zn(CH3COO)2 (175 mg) was dissolved in methanol 

(20 mL) to form solution A. 2-methylimidazole (263 mg) was dissolved in methanol (20 mL) 

to generate solution B. Then, 5 mg of prepared ZIF-8 (average size 50 nm) was dispersed into 

solution A by sonication for 10 min. After that, solutions A and B were mixed together under 

magnetic stirring for 24 h. The white precipitates were collected, washed with methanol, and 

dried for use.  

Etching of ZIF-8@ZIF-8 polyhedrons for yolk-shell ZIF-8 particles: in a typical 

experiment, 2 mg of prepared ZIF-8@ZIF-8 polyhedrons with different sizes were put into the 

TA solution (5 g L–1), and aged for 10 min. Hollow ZIF-8 polyhedrons were then collected by 

centrifugation and washed with water and methanol. Finally, the hollow ZIF-8 was activated 

at 200 oC under N2 overnight. 

Synthesis of Fe3O4 colloidal particles: the synthesis of Fe3O4 colloids was modified from a 

reported protocol.[16] FeCl3∙6H2O (1.9 g) and CH3COONa (5.6 g) were dissolved in 70 mL 
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EG to generate suspension. The suspension was transferred into 100 mL Teflon-lined stainless 

autoclave and aged at 200 ºC for 7 h. The black precipitates were collected and washed by 

centrifugation.  

Synthesis of Fe3O4@ZIF-8 composite: the prepared Fe3O4 colloidal particles (5 mg) were 

dispersed in 10 mL methanol by sonication for 10 min. Zn(CH3COO)2 (87.8 mg) was 

dissolved in the obtained solution to form solution A subsequently. 2-methylimidazole  

(263 mg) was dissolved in methanol (20 mL) to generate solution B. Both were then mixed 

together and stirred for 24 h. Yellow precipitates were collected and washed with methanol 

and dried for use. 

Etching of Fe3O4@ZIF-8 polyhedrons for yolk-shell Fe3O4@ZIF-8 particles: in a 

typical experiment, 2 mg of prepared Fe3O4@ZIF-8 polyhedrons with different sizes were put 

into the TA solution (5 g L–1) and aged for 10 min. Hollow ZIF-8 polyhedrons were then 

collected by centrifugation and washed with water and methanol. 

4.5. Coating of Fe-TA networks cloth on hollow ZIF-8 capsule. 

The hollow ZIF-8 particles (10 mg) prepared with TA were put into FeCl3 solution (0.1 mol 

L–1). The color of the dispersion instantly changed from light yellow to dark blue. The dark 

blue particles were collected by centrifugation, and washed several times with water and 

methanol.  

4.6. NIR laser irradiation of Fe-TA networks coated hollow ZIF-8. 

The Fe-TA network-coated hollow ZIF-8 powder was dispersed in 0.5 mL of deionized 

water with a concentration of 1 g L–1 in a glass tube. The 808 nm laser (2 W ∙ cm-2) irradiated 

the dispersion continuously. To ensure uniform distribution of heat, the dispersion was kept 

under magnetic stirring.  
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4.7. NIR laser irradiation triggered drug releasing. 

Loading of model drug in ZIF-8: 1 mg of fluorescein and 10 mg of hollow ZIF-8 particles 

were mixed in 1 mL of acetone, and incubated overnight with constant shaking. The 

fluorescein-loaded hollow ZIF-8 was washed in acetone three times, and dried under a stream 

of N2 before the reacting it with FeCl3 to generate a Fe-TA network coating on the surface.  

Drug release: The Fe-TA network-coated hollow ZIF-8 powder loaded with fluorescein 

was dispersed in 0.5 mL of deionized water with a concentration of 1 g L–1 in a glass tube. 

The 808 nm laser (2 Wcm-2) irradiated the dispersion continuously. To ensure uniform 

distribution of heat, the dispersion was kept under magnetic stirring. An HORIBA Jobin-Yvon 

Fluorolog-3 spectrofluorometer was used to monitor the released fluorescein as a result of 

NIR-induced heating of the particles. 

4.8. Characterization 

    TEM observations were performed using a TF20 TEM system operated at 200 kV. Wide-

angle powder X-ray diffraction (XRD) patterns were obtained with a Rigaku RINT 2500 X-

ray diffractometer using monochromated Cu Kα radiation (40 kV, 40 mA) at a scanning rate 

of 1° min−1. Nitrogen adsorption−desorption data were obtained using a TriStar 3000 Gas 

Sorption System at 77 K. Fluorescence microscopy images were taken using an Olympus 

IX71 inverted fluorescence microscope equipped with a DIC slider (U-DICT, Olympus. Zeta 

potential measurements were performed with a Malvern Zetasizer Nano ZS. The FTIR spectra 

of the samples were measured by FTIR spectrophotometer (Varian 7000). 
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