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Abstract 1 

Zeolitic imidazolate frameworks (ZIFs), a subclass of metal-organic frameworks (MOFs) built with tetrahedral 2 

metal ions and imidazolates, offer permanent porosity and high thermal and chemical stabilities. While ZIFs 3 

possess some attractive physical and chemical properties, it remains important to enhance their functionality for 4 

practical application. In this progress report, we aim to provide an overview of the extensive strategies which 5 

have been developed to improve the functionality of ZIFs, including linker modifications, functional hybridization 6 

of ZIFs via the encapsulation of guest species (such as metal and metal oxide NPs and biomolecules) into ZIFs, 7 

and hybridization with polymeric matrices to form mixed matrix membranes for industrial gas and liquid 8 

separations. Further, this progress report will cover the developed strategies for achieving size and shape control 9 

of ZIF nanocrystals, which is important for optimizing the textural characteristics as well as the functional 10 

performance of ZIFs and their derived materials/hybrids. Moreover, this progress report will also discuss the 11 

recent trends of using ZIFs as templates for the derivation of nanoporous hybrid materials, including carbon/metal, 12 

carbon/oxide, carbon/sulfide, and carbon/phosphide hybrids. Finally, the progress report will conclude by offering 13 

some perspectives on the potential future research directions and applications for ZIFs and ZIF-derived materials. 14 

 15 

1. Introduction  16 

Zeolitic imidazolate frameworks (ZIF) as a subclass of metal-organic frameworks (MOFs) have attracted 17 

large scientific interests due to their high porosity, excellent mechanical stability, tunable surface properties, and 18 

their exceptional chemical (high resistance to alkaline water and organic solvents due to the strong metal-nitrogen 19 

bonds) and thermal stabilities.[1] The combination of these features distinguishes ZIFs from many other MOFs.[2] 20 

Structurally, ZIFs are grown from M(Imi)4 (Imi = imidazolate) tetrahedra constructed by the coordination between 21 

M2+ cations and Imi anions, where Imi units constitute the bridges for connecting the metal centers.[3] The metal 22 

ions mimick the role of silicon and the imidazolate anions form bridges that resemble the role of oxygen in zeolites. 23 

The bonding angle formed by imidazolates when bridging transition metals (M-Im-M) is close to the Si-O-Si 24 

bond angle (145°) in zeolites, which gives rise to many different ZIFs with zeolite-like topological structures.[4] 25 
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The metal centers are typically made of Zn2+ (ZIF-8) or Co2+ (ZIF-67), however, they can be substituted with 1 

other metal ions such as Cu2+, Ni2+, Cd2+ and so on.[5]  2 

The synthesis of ZIFs essentially depends on the coordination ability of the metal centers and organic 3 

linkers, which offers a greater flexibility and controllability than conventional zeolites. The pore size and the 4 

adsorption properties of ZIFs can be tailored by changing or chemically modifying the anionic imidazolate linker. 5 

As of today, more than 90 ZIF structures have been reported, some of which share the same topology as zeolites, 6 

while others exhibit crystal structures which are different from zeolites.[6] The representative ZIFs with zeolitic 7 

structures are shown in Figure 1. Their intrinsic porous characteristics, abundant functionality as well as 8 

exceptional thermal and chemical stabilities of ZIFs have led to their utilization in a broad range of applications 9 

including gas capture and separation, sensing, catalysis, electronic devices and drug delivery.[4] Although, pure 10 

ZIFs possess some good inherent physical and chemical properties, it is still highly desirable to modify them 11 

further to truly unlock their potential for industrial applications.  12 

To date, many methods have been developed to enhance the functionality of ZIFs, such as: 13 

(i) linker functionalization (either by post-synthetic modification (PSM) or solvent-assisted ligand exchange 14 

(SALE) (also termed as post-synthetic exchange (PSE));  15 

 (ii) encapsulation of metal and metal oxide nanoparticles (NPs), and 16 

(iii) encapsulation of biological molecules 17 

The framework modifications of ZIFs allow for the tuning of their physical and chemical properties to increase 18 

the functional performance, particularly in adsorption, separation and sensors. A number of methods have been 19 

utilized to modify the surface properties of ZIFs to improve their CO2 affinity and separation properties, including 20 

post-synthetic modification (PSM) and post-synthetic exchange (PSE) of the linker and metal center. PSM 21 

involves the reaction of a small molecule with a functional group on the organic linker of the ZIF, whereas PSE 22 

involves the heating the ZIF in a solution containing a different linker or metal ion that exchanges into the ZIF 23 

material, while still maintaining the original topology or crystal structure of the parent ZIF.[7, 8]  24 
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Despite exhibiting unique structural features, most of the applications of ZIFs are still restricted to 1 

microporous regime.[9] This limits the diffusion of chemical species and their interactions with active sites in ZIFs. 2 

The fabrication of mesoporous structures for silica, zeolites and carbons have been widely demonstrated; however, 3 

it is much more challenging to create mesoporous ZIFs.[10-12] Hence, it is worthwhile to focus on developing 4 

strategies to enhance their molecular diffusions, adsorption, catalytic, electronic, and electrical properties, such 5 

as by encapsulating metal NPs, biological molecules and other functional materials. The tailorable pore size of 6 

ZIFs can enable the engineering of the bulk and surface structures of ZIFs by introducing a variety of foreign NPs 7 

or small molecules that are capable of imparting novel functionality into the ZIFs. In the past few years, there has 8 

been an extensive interest in the incorporation of biological molecules such as proteins into ZIFs for bioanalysis, 9 

biocatalysis, and biomedical engineering.[13, 14] For example, the external surface of ZIF-8 is dominated by low 10 

coordinated Zn atoms, which allows for chelation with histidine residues in His-rich proteins.[15] Such protein-11 

ZIF interactions can lead to the impartment of biological activities onto ZIFs. The adsorption of protein molecules 12 

into pre-synthesized MOFs with extremely large pores has recently been experimented.[16-18]  However, due to 13 

the large size of the protein molecules compared to the much smaller aperture of most of the common MOFs, 14 

well-defined strategies need to be developed to embed proteins inside ZIF particles. 15 

 The control of the size and morphology of ZIFs is important for optimizing the textural properties and 16 

functional performance of ZIFs and their derived materials. The size control of ZIF particles is often accomplished 17 

by modifying the synthesis parameters such as the choice of solvent, the ratio of zinc ions to 2-methylimidazole 18 

(2-MeIm), the reactivity of the metal salts, but can also be achieved by adding surfactants or more recently, block 19 

copolymers.[4, 19] In comparison, shape-controlled ZIF nanocrystals (NCs) have been obtained through both non-20 

templated and template-assisted approach.  The template-free method relies on the modifications of one or more 21 

parameters during the synthesis of the ZIF NCs, whereas the template-assisted method typically relies on the use 22 

of soft templates (e.g. surfactants and block-copolymers) or hard templates such as polystyrene (PS) spheres.[19, 23 

20] In general, the template-assisted method is far more versatile for creating a diverse morphology of ZIF NCs 24 

from 1-D to 3-D. Despite some early success, the morphology control of ZIF through template-assisted approach 25 
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needs to be further explored as different morphologies may lead to different exposed facts, which in turn may 1 

influence the functional performance of ZIF materials and their derived products.   2 

Mixed matrix membranes (MMMs) are typically made up of an inorganic/organic hybrid in the form of  3 

macro- or NPs (discrete phase) incorporated into a continuous polymeric matrix.[21] They are most commonly 4 

employed in gas separation and capture. The utilization of two distinguished materials with different flux and 5 

selectivity (e.g. ZIFs and polymers) may provide a better opportunity to develop a more effective and selective 6 

gas separation membrane, by combining the easy processability of the polymers and the superior gas separation 7 

performance of the inorganic materials (e.g. ZIFs).[21] In recent years, ZIFs have emerged as highly versatile 8 

templates or precursors for the derivation of highly porous nanomaterials including carbons, oxides, sulfides, 9 

phosphides, and their hybrids, due to the presence of metal centers and organic linkers in ZIFs.[22] The derived 10 

nanostructures/hybrids typically inherit the original morphology, along with the large surface area and pore 11 

volume exhibited by the parent ZIF, which highlights the advantages of this emerging method.  12 

In general, this progress report will provide an overview of the various strategies which have been 13 

developed for enhancing the functionality of ZIFs, with focus on four main topics, including: 14 

(i) Structural modification of ZIFs and encapsulation of various guest species (such as metal and metal oxide NPs 15 

(NPs)), bimetallic alloy NCs, biomolecules (e.g. enzymes and drug molecules)) in ZIFs.  16 

(ii) Size and shape control of ZIF NCs, which have a direct impact on the nanoporous materials/hybrids derived 17 

from ZIFs.  18 

(iii) Functional hybridization of ZIFs with polymers to form MMMs for industrial gas and liquid separations, and 19 

(iv) The use of ZIFs as templates for fabricating highly nanoporous hybrid materials such as metal/carbon and 20 

metal oxide/carbon hybrids, and more recently, metal sulfides and phosphides and their composites with carbon. 21 

 22 

2. Strategies for Improving the Functionality of ZIFs 23 

2.1. Strategy I:  Linker functionalization 24 

2.1.1. Post-synthetic modification (PSM) of ZIFs 25 
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PSM can be defined as heterogeneous chemical reactions employed to achieve functionalization of pre-1 

synthesized MOF structures by[23]: 2 

(i) linker modification, including (a) covalent modification, deprotection of linker functionality (including 3 

demetalation),  electron addition (reduction) and concomitant incorporation of charge compensating ions.  4 

(ii) metal node modification, including incorporation of non-framework or pendant ligands via dative bonding to 5 

coordinatively unsaturated metal sites, alkyl or silyl grafting to oxygen atoms in metal-oxide nodes, and 6 

attachment of metal ions or complexes at node oxygen sites by atomic layer deposition (ALD) or by reaction with 7 

organometallic species in dry solutions.  8 

In the case of ZIFs, PSM of the metal nodes/centers is difficult to achieve due to the lack of open metal sites in 9 

many ZIFs.[24] Therefore, PSM of the organic linker is the most commonly used method to functionalize ZIF 10 

materials.  11 

PSM has been widely used to enhance the selectivity and catalytic activity of various ZIFs for CO2 12 

adsorption, H2 separation, and so on. For instance, the Caro group has developed a novel covalent 13 

functionalization method to prepare reproducible ZIF-90 molecular sieve membranes by using 3-14 

aminopropyltriethoxysilane (APTES) as a covalent linker between the ZIF-90 layer and alumina (Al2O3) support 15 

via imines condensation.[25] In this process, the ethoxy groups of the APTES initially reacted with surface 16 

hydroxyl groups of the Al2O3 support. Next, the amino groups reacted with the aldehyde groups in ZIF-90 by 17 

imines condensation, which was then followed by the nucleation and growth of the ZIF-90 crystals on the surface 18 

of the porous Al2O3 supports. Finally, after the solvothermal reaction a 180 °C, the surface of the APTES-modified 19 

support was completely covered with well intergrown rhombic dodecahedrons and a compact ZIF-90 layer with 20 

a thickness of around 20 μm. When evaluated for H2 separation, the ZIF-90 membrane showed excellent 21 

permeance for H2 at both room and elevated temperatures, over CO2, CH4, C2H4 and N2 gases as well as at an 22 

elevated partial pressure from 0.5 bar to 1.5 bar H2. Additionally, the ZIF-90 membranes showed a good 23 

hydrothermal stability in the presence of steam and their high permeance for H2 as well as their high H2/CH4 24 

selectivity were well maintained under such harsh conditions. In a related report, the PSM of the mixed linker 25 
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ZIF (ZIF-8-90-(50)), made using two different linkers (2-MeIm:2amBzIM= 1:1) with ethylenediamine has been 1 

reported to enhance its CO2/CH4 selectivity for CO2 adsorption and improve its kinetic separation performance 2 

over pure ZIF-8. The improvements in selectivity and kinetics over pure ZIF-8 were attributed to the reduced 3 

pore volume of the mixed linker ZIF after PSM with ethylenediamine 4 

 5 

2.1.2. Post-synthetic Exchange (PSE) or Solvent Assisted Linker Exchange (SALE) of ZIFs 6 

Another viable strategy for functionalizing ZIFs is through post-synthetic exchange (PSE) (also often 7 

termed as "solvent assisted linker exchange (SALE)"). In SALE, the template ZIF is placed in an excess solution 8 

containing a secondary linker.[23] Following the SALE reaction, the daughter framework retains the inherent 9 

topology of the parent ZIF, however, linkers from the reaction solution will have replaced the original linkers in 10 

the ZIFs.[26]. SALE is commonly used to impart new properties into MOFs, such as by improving proton 11 

conductivity, introducing catalytically active moieties, enhancing photochemical H2 reduction, and so on.[23] 12 

The Cohen group has introduced a general PSE concept to introduce a redox-active transition metal, 13 

specifically Mn(II), into “inert” ZIFs.[8] To accomplish this goal, activated ZIF-71 was incubated in a solution 14 

containing Mn(acac)2 (acac= acetylacetonate) in methanol  at 55 °C for 24 h. The X-ray fluorescence (XRF) 15 

analysis revealed that the exchanged ZIF-71 had 12% of the tetrahedral Zn(II) centers exchanged for Mn(II), 16 

which was further supported by the decrease in the total Zn content in the exchanged ZIF-71 from 20.2% to 16.7%, 17 

based on X-ray fluorescence analysis (XRF). The developed method could also be applied to ZIF-8 which 18 

possesses a different linker (2-MeIm as opposed to 4,5-dichloro-imidazole) and a different topology (RHO 19 

(rhombohedral) for ZIF-8 and SOD (sodalite) for ZIF-71). Similar to the case of ZIF-71, ~10% of the Zn(II) 20 

centers in ZIF-8 was exchanged by Mn(II) and the BET surface area of the exchanged ZIF-8 was higher than that 21 

of the non-exchanged one, suggesting that the metal cation exchange between Zn(II) and Mn(II) occured, rather 22 

than the trapping of Mn(II) in the pores, which would decrease the specific surface area. 23 

In the same study, Cohen and co-authors also demonstrated the possible PSE of the organic linkers of the 24 

two ZIFs. By incubating the activated ZIF-71 in a methanol solution of 4-bromoimidazole at 55 °C for 3 days, 25 
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35% of the 4-bromoimidazole had been incorporated into the ZIF (replacing the initial 4,5-dichloroimidazole), as 1 

identified by nuclear magnetic resonance (NMR), thus, indicating the successful ligand exchange. Interestingly, 2 

the ligand exchanged ZIF-71 (Cl2/Br) could be treated with Mn(acac)2 in methanol to promote the formation of a 3 

bimetallic and multifunctional ZIF-71(Cl2/Br)-(Zn/Mn) (termed "stepwise PSE, see Figure 2a). Interestingly, 4 

after the stepwise PSE, the inherent RHO topology and crystallinity of the parent ZIF-71 were retained. Using 5 

the same stepwise PSE strategy, the 2-MeIm ligand of ZIF-8 could be exchanged with 2-ethylimidazole (2-EtIm) 6 

by dispersing the ZIF-8 in a  methanolic solution of 2-EtIm, before being treated with Mn(acac)2 to achieve the 7 

cation exchange between Zn(II) and Mn(II). Again, the original SOD topology of the ZIF-8 was well-maintained 8 

after the stepwise PSE, thereby, highlighting the advantages of the proposed stepwise PSE 9 

SALE has also been used to increase the hydrophobicity of the ZIF frameworks through linker exchange 10 

with hydrophobic linkers. The Hupp group has demonstrated the first example of selective SALE on a series of 11 

mixed linker ZIFs including ZIF-69, ZIF-76 and ZIF-78 in which only one of the linkers (i.e. the 2-12 

benzimiadazolate-containing linkers) was replaced rather than both linkers.[26]  ZIF-69 is  composed of a 1:1 ratio 13 

of 2-nitroimidazolate (nim) and 5-chlorobenzimidazolate (cbim) linkers coordinated to tetrahedral zinc nodes. By 14 

submerging ZIF-69 in a concentrated (2 M) solution of 5-(trifluoromethyl)benzimidazole in n-butanol at 120 °C 15 

for 3 days, ~95% of cbim was replaced by fbim and the resulting material is termed as SALEM-10 (Figure 2b, c). 16 

The same SALE strategy could be applied to ZIF-76 and ZIF-78, and in both cases, ~90% of cbim was replaced 17 

by fbim. The corresponding products are termed as SALEM-11 and SALEM-12, respectively. The contact angle 18 

measurements revealed that the SALEMs showed much larger contact angles compared to the parent ZIFs, 19 

indicating the increase in hydrophobicity. The above examples highlight the potential of SALE as a powerful 20 

technique for incorporating structurally and chemically attractive linkers into ZIFs, particularly in situations 21 

where the desired linkers cannot be incorporated de novo.  22 

 23 

2.2. Strategy II: Encapsulation of Metal and Metal Oxide Nanoparticles in ZIFs 24 
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Apart from linker functionalization, the functionality of ZIFs can also be enhanced by introducing guest 1 

species such as metal and metal oxide NPs. Guest species can either be embedded in the cavities of ZIFs or 2 

encapsulated by ZIFs. In the latter case, the guest species do not occupy the ZIF cavities, but instead are 3 

surrounded by the grown ZIF materials. NPs/ZIF composites can be prepared either by using ZIFs as templates 4 

to generate NPs within the cavities or by encapsulating the pre-synthesized NPs inside the ZIFs.[27] In the former 5 

case, small and naked NPs are typically embedded in the cavities, however, in the case of encapsulation, usually 6 

pre-synthesized NPs are stabilized with surfactants or capping agents and hydrodynamic radius of the NPs is 7 

much larger than the cavity size of the ZIFs. Very recently, another approach by directly adding metal ions in the 8 

synthetic systems has been reported.[28] After encapsulation of the metal ions inside the ZIFs, a reduction process  9 

is carried out so that metal ions would be reduced to metal NPs that stay inside the ZIFs. 10 

 The resulting composites arising from the encapsulation of NPs in ZIFs are frequently applied in 11 

heterogeneous catalysis and gas-storage applications. However, for these composites to be used effectively in 12 

these applications, proper control over the particle size, shape and surface charges is necessary.[29-31] Firstly, in 13 

order to fully explore the well-defined pore networks of ZIFs, the incorporated nanoparticle needs to be 14 

completely confined within the frameworks. Secondly, the decisive factor is the ability to control the size, shape 15 

and composition of the incorporated NPs such that the relevant properties of the particle can be systematically 16 

tuned. Thirdly, preserving the optical and catalytic properties of the metal NPs whilst preventing agglomeration 17 

is important, as agglomeration is often encountered in many existing encapsulation strategies.[32-34] Finally, 18 

achieving a satisfactory control over the spatial distribution of one or more type of NPs within the ZIF matrix is 19 

also crucial. 20 

In general, the encapsulation of guest species into ZIFs can be achieved via two fundamental strategies[32]:  21 

(i) the encapsulation of a species inside the ZIF cavity in which case the cavity size of the ZIF has to be matched 22 

with the cavity size of the guest species, and 23 

(ii) the assembly of the ZIF nanostructures via hetero-nucleation around the pre-formed unprotected guest species 24 

such as highly disperse Pt NPs within the nanostructures of ZIF-8.  25 
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Each of these strategies has their own advantages and disadvantages. Based on certain selected case studies and 1 

critical analysis of the growth technique of ZIFs to embed guest inorganic NPs, we will attempt to reveal the 2 

significant features that enable the successful creation of such unique composite materials while preserving the 3 

original properties of the guest species for a wide range of applications. 4 

 5 

2.2.1. Encapsulation of Metal Oxide Nanoparticles in ZIFs.  6 

ZIFs have been used as hosts for the encapsulation of metal oxide NPs to form ZIF@metal oxide core-7 

shell heterostructures. This type of encapsulation is advantageous for imparting the physical and chemical 8 

properties exhibited by the oxide constituent into the ZIF material. At the same time, the encapsulation of the 9 

metal NPs by the ZIF particles can provide them protection from heat and harsh chemical environment, whilst 10 

also preventing aggregation of the metal NPs.[35] The encapsulation of nanosized semiconductors such as ZnO 11 

within a ZIF shell is also possible upon adapting a suitable self-templated strategy, as schematically depicted in 12 

Figure 3a. In the formation of ZnO@ZIF-8 free-standing nanorod and nanotube arrays, the core ZnO nanorods 13 

and nanotubes not only act as templates, but also as sources of Zn2+ for the formation of ZIF-8 (Figure 3b-e), with 14 

uniform distribution of Zn, N, and C elements. These well-defined ZnO@ZIF-8 nanorod and nanotube arrays 15 

have shown distinct photochemical responses which are different from pure ZnO, however, the functional 16 

performance is strongly governed by  the limitations of aperture of the ZIF-shell (Figure 3j).[36] The creation of 17 

such ZnO@ZIF-8 core-shell structures demonstrates the possibilities of fabricating a wide range of 18 

heterostructures by adapting similar synthetic strategies to impart photochemical response based sensory features 19 

of the semiconductor component onto the ZIFs. 20 

Tin oxide QDs@ZIF-8 (SnO2 QDs@ZIF-8) core-shell heterostructures have previously been synthesized 21 

via a simple in-situ epoxide precipitation method.[37] In this method, the ZIF-8 NCs were initially immersed into 22 

a mixture solution containing chloride solution and propylene oxide, before being oxidation through the addition 23 

of hydrogen peroxide (H2O2) to generate the SnO2 QDs@ZIF-8 core-shell composites. Following encapsulation 24 

by ZIF-8, the size and morphology of the SnO2 QDs remained similar, highlighting the benefit of the proposed 25 
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strategy. The combination of SnO2 QDs with ZIF-8 could maximize the utilization of active material which 1 

resulted in a maximum specific capacitance of up to 931  F g−1 at a scan rate of 5 mVs-1, when employed as a 2 

supercapacitor anode. This value is considerably is higher than that of SnO2 QDs (241 F g−1) or ZIF-8 (99 F g−1).  3 

Chandra et al. have successfully encapsulated TiO2 NPs inside ZIFs to create TiO2@ZIF-8 composites by 4 

reacting commercially available TiO2 NPs with zinc nitrate and 2-MeIm for 24 h at room temperature.[35] The 5 

specific surface area of the resulting TiO2@ZIF-8 composites (254 m2/g) was significantly smaller than that of 6 

pure ZIF-8 (1433 m2/g), suggesting the reduction of the accessible void space for N2 gas molecules by 7 

incorporation of TiO2 NPs into the pores of ZIF-8. In terms of electronic properties, a slight lowering in the band-8 

gap from 3.35 eV to 3.25 eV was observed for the TiO2@ZIF-8 composite compared to pure TiO2 NPs due to the 9 

definite shift of micro-environment of the NPs within the framework. This decrease of the band-gap energy 10 

resulted in an increase of the visible-light photocatalytic activity of the TiO2@ZIF-8 composite compared to pure 11 

TiO2 NPs.  Another potential reason for the enhancement in the photocatalytic activity of the composite is the 12 

presence of pores in the ZIF-8 crystals which were sufficiently large to provide access for methylene blue and 13 

rhodamine-B molecules to the TiO2 NPs encapsulated inside the ZIF-8 NCs, thus, causing no hindrance to the 14 

catalytic degradation process.  15 

         ZIFs are known to exhibit relatively weak mechanical strengths and to enhance their functional applications, 16 

it is necessary to fabricate a 'hard' composite comprised of ZIF and a stronger secondary phase with a larger 17 

porosity, which may enable ionic or molecular species to travel in and out of ZIFs, without altering their pristine 18 

physicochemical properties. The mechanical properties (i.e. relative hardness and toughness) of ZIF-8 nanocubes 19 

could be significantly enhanced  by reinforcing them with mSiO2 shells a.[38] To create the ZIF-8@mSiO2 20 

composite, the gel-like SiO2 was initially deposited on the ZIF-8 core by the hydrolysis of TEOS, in the presence 21 

of the surfactant cetyltrimethylammonium chloride (CTAC). Following calcination in nitrogen (N2) atmosphere, 22 

CTAC was removed and the gel-like SiO2 was converted to mSiO2. Interestingly, the gap existing between the 23 

ZIF-8 core and mSiO2 shell could be filled up through the regrowth of ZIF-8, whereby both Zn2+ ions and 2-MeIm 24 

linkers diffused through the mSiO2 channels and were eventually deposited on the ZIF-8 cores. If the regrowth 25 
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process of ZIF-8 is allowed to proceed for a long time, a ternary mSiO2@ZIF-8@mSiO2 composite is generated. 1 

The trend in the relative hardness and toughness was determined to be in the order of: mSiO2@ZIF-8@mSiO2> 2 

ZIF-8@mSiO2 > ZIF-8.  The ZIF-8@mSiO2 composite exhibited better mechanical properties than ZIF-8 due to 3 

the strong Si-O bond in mSiO2, and the ternary composite showed the best mechanical properties due to the close 4 

contact of mSiO2 with ZIF-8 phase in the ZIF-8@ mSiO2@ZIF-8 composite. However, the influence of the of m-5 

SiO2 shell in preserving the microporosity and other pristine physicochemical properties of ZIF cores is still not 6 

well-understood at present.  7 

 8 

2.2.2. Encapsulation of Noble Metal Nanoparticles in ZIFs 9 

In recent years, MOFs have been employed as unique host matrices for encapsulating metal NPs to form 10 

metal NPs@MOF hybrids. The fabrication of such hybrids are advantageous as[39-41]:  11 

(i) They may exhibit novel physical and chemical properties due to synergistic effects between the encapsulated 12 

metal NPs (unique optical properties, electrical, magnetic and catalytic properties) and the MOF shells (structural 13 

adaptivity and flexibility, ordered crystalline pores, and multi-coordination sites);  14 

(ii) MOFs provide a molecular sieving effect and therefore, provide a high selectivity in catalytic reactions due 15 

to their defined pore apertures, and 16 

 (iii) MOFs provide a quantum confinement effect which prevents the migration or aggregation of the core metal 17 

NPs, hence allowing for preservation of their chemical activity and stability.  18 

Among various MOFs, ZIFs have been considered as attractive host matrices for metal NPs due to their 19 

high chemical and thermal stability and large surface areas (1,000-2,000 m2/g).[42, 43] To date, ZIFs have been 20 

successfully used to encapsulate individual noble metal NPs such as Au,[31, 44, 45] Pd,[43] Pt,[32] Ag,[46] Rh,[42] etc. 21 

or bimetallic alloys composed of two different metal NPs such as AuAg, PtPd,[39] AgPd,[47]  etc.  These metal 22 

NPs@ZIF composites have been employed in catalysis for various organic reactions such as hydrogenation,[43] 23 

dehydrogenation,[47] hydroformylation,[42] oxidative degradation,[39] oxidation[31, 44, 48] as well as in 24 

electrochemical sensing,[49] gas storage[40] and so on.  25 
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Based on the nanoparticle location and size, the composites of metal NPs and ZIFs can be divided into 1 

four different classes, as depicted in Figure 4.[27, 44] Class A refers to the preferential accumulation of metal NPs 2 

at the external surface of the ZIF crystal and is often termed "NP/ZIFs". These composites are produced when the 3 

size of the metal NPs substantially exceeds the size of the ZIF pore aperture. Class B describes the deposition of 4 

metal NPs throughout the bulk of the ZIF structure with the size of the metal NPs being close or slightly larger 5 

than the pore size of the ZIF matrix. In Class B, the formation of the metal NPs may be accompanied by a partial 6 

or full decomposition of the framework. due to the rapid agglomeration of the initially small nuclei in the case of 7 

weakly interacting frameworks. Class C refers to the homogeneous distribution of cavity-size matching metal 8 

NPs throughout the ZIF matrix, which is most difficult to achieve. In recent times, another possible classification, 9 

Class D has been added, which refers to the addition of surfactant-capped metal NPs with a larger size than the 10 

ZIF pore in a templated synthesis approach.[27, 32] However, with regard to this class, often the resulting 11 

composites exhibit a lower loading amount of metal NPs compared to those produced in the other cases. 12 

To date, there are two main methods which have been used to encapsulate metal NPs in ZIFs[27, 50]: 13 

 (i)  Using ZIFs as templates, small and bare metal NPs or clusters are generated and embedded in the cavities of 14 

ZIFs, and  15 

(ii) Pre-synthesized metal NPs stabilized by certain surfactants, capping agents or ions are encapsulated within 16 

the ZIF layers, and the hydrodynamic radius is usually much larger than the cavity size of the MOF and the NPs 17 

do not occupy the cavities but instead are surrounded by grown ZIF materials.  18 

 19 

2.2.2.1. Method I: Encapsulation of Metal NPs by Cavity Size Matching 20 

The encapsulation of metal NPs by the selective formation and stabilization of very small, bare metal NPs 21 

inside the cavities of ZIFs, while simultaneously achieving an even distribution of the NPs throughout the 22 

crystalline ZIF host matrix is a difficult task. To ensure success by this method, it is imperative to consider the 23 

overall robustness of the framework and structure, so as to avoid local damage or defect to the crystalline ZIF 24 

matrix during the encapsulation of metal NPs into their cavities. To date, reports on the encapsulation of metal 25 
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NPs inside ZIFs by means of cavity-size matching are limited. An important breakthrough in this area was initially 1 

reported by the Fischer group[44] They have demonstrated the successful encapsulation of Au metal NPs inside 2 

the cavities of microporous ZIF-8 and ZIF-90 through the gas phase infiltration of [Au(CO)Cl] followed by a 3 

thermal hydrogenation of the [Au(CO)Cl]@ZIF composite at 100-130 °C to convert it to Au@ZIF. Interestingly, 4 

the nature of the linkers of the parent ZIFs could influence the particle size distribution by stabilizing the formed 5 

metal NPs. Specifically, the Au NPs encapsulated in the cavities of ZIF-90 exhibited a much narrower size 6 

distribution (>95%, ≤ 2 nm) with a uniform mean diameter of 1.4 nm, compared to that in the case of ZIF-8 (i.e. 7 

broad size distribution, ranging from 1-5 nm). Furthermore, for the case of ZIF-90, the size of the encapsulated 8 

Au NPs could better match the cavity size of ZIF-90 (1.2 nm), whereas for the case of ZIF-8, the size of the 9 

encapsulated NPs was 2-4 times larger than the dimensions of the ZIF-8 cavity (1.2 nm). Their FTIR analysis of 10 

the intermediate [AuCl]@ZIF-90 revealed the presence of surface anchoring of the Au-Cl species at the functional 11 

groups, which was likely to block their mobility and hindered subsequent particle growth during the 12 

hydrogenation step. This is largely different from the case of ZIF-8 where the formation of Au NPs already started 13 

parallel to the loading process, hence resulting in larger-sized Au NPs.  14 

When used as catalysts for the aerobic oxidation of benzyl alcohol (BA) to methyl benzoate (MB), the 15 

Au@ZIF-8 core-shell particles exhibited a good conversion efficiency of 81% and a high selectivity of 98%. 16 

Unexpectedly, despite the better cavity-size matching, the Au@ZIF-90 particles displayed a much lower 17 

conversion efficiency of 13% and a moderate selectivity of 50%. The poor catalytic performance of the Au@ZIF-18 

90 composite was attributed to the in-situ oxidation of the aldehyde functions of ZIF-90 taking place in parallel 19 

to the conversion of to MB. The encapsulated Au NPs could catalyze the oxidation of the nearby imidazolate-2-20 

carboxyaldehyde groups to imidazolate-2-methylcarboxylate in methanol under oxygen-rich environment. This 21 

observation suggests the importance of considering the possible reaction between the intercalated metal NPs and 22 

organic linkers when developing metal NPs@ZIF catalysts.  23 

 24 

2.2.2.2. Method II: Encapsulation of Surfactant-stabilized Metal NPs  25 
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Pre-synthesized metal NPs that are capped by stabilizers can be encapsulated in ZIFs by introducing the 1 

metal NPs into a precursor solution containing the molecular building blocks for ZIFs.[40] When individually 2 

capped metal NPs are encapsulated inside ZIFs, the particle size of the metal NPs can be easily controlled, and 3 

aggregation of NPs can be minimized in the host framework. The controlled encapsulation of Pt and Au NPs 4 

within ZIF-8 crystals has previously been achieved by capping the encapsulated metal NPs with the surfactant 5 

polyvinylpyrrolidone (PVP) in a well-dispersed manner.[32] For example, Au NPs (13 nm) have been successfully 6 

encapsulated in ZIF-8 by mixing together methanolic solutions of zinc nitrate, 2-MeIm and Au NPs solution, 7 

followed by aging for 24 h. After  3 h of reaction, the Au NPs were embedded inside the ZIF-8 particles and the 8 

initially spherical morphology of the ZIF-8 particles was changed to a rhombic dodecahedron shape (Figure 5b).  9 

The spatial distribution of the incorporated PVP-modified Au NPs in ZIF-8 crystals can be controlled by 10 

tuning the addition sequence (either addition at the beginning (T0) or after certain time (T) during the growth 11 

process of ZIF-8, as shown in Figure 5a. When Au NPs were introduced at a certain time after the initiation of 12 

the formation of ZIF-8 (e.g. after 15 minutes) instead of at the beginning, Au@ZIF-8 hybrid particles that 13 

consisted of the nanoparticle-free cores, nanoparticle-rich transition layers and nanoparticle-free shells were 14 

obtained, as shown in Figure 5c. This observation revealed that the encapsulation process did not rely on the 15 

heterogeneous nucleation mechanism, but instead was based on the successive adsorption of PVP-modified NPs 16 

on the continuously forming fresh surfaces of the growing ZIF-8 spheres until the metal NPs were depleted. The 17 

most striking observation is that larger-sized Au particle-rich core and smaller Au nanoparticle-rich transition 18 

layers and nanoparticle-free shells could be prepared by sequential addition of 34 nm Au particles at the beginning 19 

and 13 nm Au particles after 40 minutes (Figure 5d,e). Using a similar strategy, 3.3 nm Pt NPs containing different 20 

amounts of Pt and 180 nm PVP-modified polystyrene (PS) spheres could also be encapsulated. This unique 21 

formation strategy of hybrid crystals that contain cores rich in one type of NPs and transition layers rich in another 22 

type of NPs are essential for achieving a regioselective process where the size of the NPs in core and the outer 23 

layer can cause a significant difference. Undoubtedly, non-agglomerated fashion and controlled spatial 24 
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distribution of the NPs within the ZIF-8 matrix can give rise to molecular sieving behavior which resembles the 1 

functional behavior of the encapsulated NPs. 2 

Core-shell Ag@ZIF-8 nanowires could be synthesized by reacting PVP-capped Ag nanowires (90–120 3 

nm) with the ZIF-8 precursors (Zn(NO3)2 and 2-MeIm) in methanol with stirring at 15 °C for 3 h, before being 4 

reacted for another 12 h in the absence of stirring to deposit ZIF-8 shell on the surface of the Ag nanowires.[46] 5 

However, the surface area of the Ag@ZIF-8 nanowires was considerably lower than that of the pure ZIF-8 crystals 6 

due to the contribution of the solid Ag core nanowires to the total mass of the Ag@ZIF-8 core-shell composites. 7 

Despite this drawback, the pore size of the Ag@ZIF-8 nanowires (1.4 nm) was relatively close to that of pure 8 

ZIF-8 crystals (1.8 nm). The fabricated Ag@ZIF-8 core-shell composites exhibited a superior uptake ability 9 

toward 1-butanol than the pure Ag nanowires due to the hydrophobic nature of the ZIF-8 shell.  10 

A novel method of fabricating metal NPs@ZIF composites was demonstrated by the Tsung group, in 11 

which cuprous oxide (Cu2O) NCs were used as sacrificial templates for the formation of Pd octahedra@ZIF-8 12 

composites.[43] The synthetic strategy involved firstly coating the Pd NC cores with a layer of Cu2O to form 13 

Pd@Cu2O core-shell structures. After the Cu2O coating, the Pd@Cu2O composites were mixed with 2-MeIm and 14 

zinc nitrate in methanol. Following the decrease in the solution pH due to the deprotonation of 2-MeIm during 15 

the formation of ZIF-8, the Cu2O shell was etched off simultaneously. The residual Cu2O could be completely 16 

removed with a solution of 3% NH4OH in methanol, which yielded Pd@ZIF-8 core-shell heterostructures (Figure 17 

5f). When evaluated as catalysts for the hydrogenation of ethylene, cyclooctene, and cyclohexene, the catalytic 18 

test results showed some interesting trends. For the cyclooctene hydrogenation, the Pd@ZIF-8 catalyst showed 19 

poor catalytic activity but good activity in ethylene hydrogenation. Such phenomena were attributed to the 20 

molecule size-selective property of the ZIF-8 shell. Ethylene molecules (2.5 Å) are sufficient small to diffuse 21 

through the pore apertures of the ZIF-8 shells (3.4 Å) without any difficulty. On the contrary, the cyclooctene 22 

molecules (5.5 Å) are much larger than the pore apertures of the ZIF-8 shells. Hence, only the catalyst in which 23 

the Pd NCs were directly deposited on the external surface of ZIF-8 (Pd on ZIF-8), rather than encapsulated inside 24 

the ZIF-8 showed activity for cyclooctene hydrogenation. Interestingly, the synthesized Pd@ZIF-8 catalyst 25 
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showed good activity for cyclohexene hydrogenation, which has a comparable size to the aperture of ZIF-8, thus 1 

indicating the flexibility of the ZIF-8 framework.  2 

 3 

2.2.3. Encapsulation of Bimetallic Metal Alloy Nanocrystals in ZIFs 4 

In recent times, some important progress has been made in the encapsulation of metal NPs into ZIFs by 5 

incorporating bimetallic alloy NCs into the cavities of ZIFs rather than individual monometallic NPs.  Bimetallic 6 

alloy NCs are known to exhibit better catalytic properties than monometallic NPs largely because of the 7 

synergistic effects between the two different types of metal NPs as a result of their interplay of electronic and 8 

lattice effects.[39, 51]  9 

The Xu group has demonstrated the encapsulation of Au@Ag core-shell NCs in ZIF-8 by using Au@ZIF-10 

8 and Pd@ZIF-8 as substrates to deposit Ag and Au shells, respectively.[41] The proposed method is based on a 11 

sequential deposition-reduction method, in which Ag@ZIF-8 or Au@ZIF-8 was firstly added into a methanolic 12 

solution of hydrogen tetrachloroaurate (III) tetrahydrate (HAuCl4.4H2O) or silver nitrate (AgNO3) before being 13 

reacted with sodium borohydride (NaBH4) to reduce the metal salt to metal NPs, leading to the formation of 14 

Ag@Au/ZIF-8 or Au@Ag/ZIF 8 composites. Surprisingly, regardless of the order of the deposition (i.e. whether 15 

using Au@ZIF-8 or Ag@ZIF-8 as the initial precursor), the final composites were found to exhibit a similar 16 

composition. When employed as catalyst for reduction of 4-nitrophenol, the Au@Ag/ZIF-8 composites showed 17 

a higher catalytic activity than Au@Ag alloy NCs,Au@ZIF-8, and Ag@ZIF-8 due to the synergistic catalytic 18 

effect of Au and Ag species and the modification of the electronic structure in a core-shell which is superior to 19 

that in an alloy or monometallic NP for the reduction of 4-nitrophenol. A slightly modified approach has been 20 

used to fabricate AgPd/ZIF-8 composites, in which activated ZIF-8 was added into methanolic solutions AgNO3 21 

and H2PdCl4 and reacted for  24 h at 25 °C to impregnate metal salts before being reduced with NaBH4 to generate 22 

the bimetallic alloy NPs inside the ZIF-8 NCs.[47] The resultant AgPd@ZIF-8 catalyst particularly Ag18Pd82 23 

showed a much higher catalytic activity than Ag@ZIF-8 toward dehydrogenation of formic acid with the turnover 24 

frequency (TOF) value of 580 h−1, and 100% hydrogen selectivity at 80 °C. Interestingly, when the Pd content 25 
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was further increased, the catalytic activity decreased, thus, highlighting the synergistic effect of molecular-scale 1 

AgPd alloy composition in ZIF-8 for the catalytic dehydrogenation of formic acid.  2 

Huang et al. have reported the encapsulation of highly dispersed bimetallic PtPd alloy NCs in microporous 3 

ZIF-8 (PtPd@ZIF-8) with controllable compositions through a ‘"bottle around ship" approach.[39] The PtPd@ZIF-4 

8 hybrid was synthesized through several steps: (i) sodium tetrachloropalladate, potassium chloroplatinate, 5 

sodium iodide, and PVP were reacted in N, N-dimethylformamide (DMF) at 130 °C; (ii) the pre-synthesized PtPd 6 

alloy NCs were mixed with methanolic solutions of zinc nitrate and 2-MeIm to generate the PtmPdn@ZIF-8 core-7 

shell composites. Following encapsulation by ZIF-8, the mean size of the PtPd alloy NCs was maintained (6.2 8 

nm). The BET surface area of the PtPd@ZIF-8 composites (712.9 m2/g) was lower than that of pure ZIF-8 NCs 9 

(1023.5 m2/g) due to the non-porous bimetallic NCs and traces of PVP located at the surfaces, however, the pore-10 

size distribution of the ZIF-8 matrix was maintained in the final core-shell composites, highlighting the main 11 

advantage of the "bottle around ship" strategy. As expected, the PtPd@ZIF-8 core-shell composites exhibited 12 

superior catalytic activity for ethylene oxidative degradation at 25 °C than pure ZIF-8, Pt5Pd5 alloy NCs, Pt@ZIF-13 

8 and Pd@ZIF-8 with high ethylene conversion efficiency (> 80%) and excellent reusability as no significant 14 

decrease in catalytic activity  was observed after 10 catalytic cycles. 15 

  PdAu@ZIF-8 core-shell composites could be prepared by dispersing preformed surfactant-stabilized 16 

bimetallic PdAu NPs in methanolic solution of 2-MeIm followed by the addition of zinc nitrate to promote the 17 

encapsulation of PdAu NPs by the growing ZIF-8 NCs.[48] The resulting  PdAu@ZIF-8 composites exhibited a 18 

lower BET surface area of 1198 m2/g compared to ZIF-8 (1544 m2/g), Au@ZIF-8 (1278 m2/g) and Pd@ZIF-8 19 

(1252 m2/g) , as a result of the incorporation of non-porous PVP-coated NPs. Unexpectedly, the PdAu@ZIF-8 20 

composites showed poor catalytic activity for liquid phase aerobic alcohol oxidation due to the hydrophobic 21 

nature of the formed ZIF-8 shell, which restricted access to the reactants and isolated the NPs from the aqueous 22 

phase. This finding suggests that the encapsulation of bimetallic alloy NCs in more hydrophilic and water stable 23 

MOF matrices with larger pore openings may give rise to more active catalysts, which in turn may provide the 24 

synergetic combination of the molecular-sieve function of the MOF with the high catalytic activity of the 25 
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bimetallic alloy NPs. A summary of the various metal NPs and bimetallic metal NCs which have been 1 

encapsulated inside ZIFs to form hybrid materials is provided in Table 1. 2 

To summarize, the well-directed organization of metal NPs and bimetallic alloy NCs inside the cavities 3 

of spherical ZIF-8 NCs largely depends on several factors which include: 1) shape and size of the substrate to be 4 

encapsulated, (2) continuous phase surface adsorption behavior of the substrate which determines the position of 5 

the substrate in the ZIF-8 encapsulated composites, and (3) contribution of polar and non-polar counterparts in 6 

surface adsorption during growth process of ZIFs.[27] From the studies presented in this section, it is clear that 7 

metal NPs can be well-confined with ordered dispersion into the ZIF frameworks and they can subsequently 8 

impact the growth, shape and size of the ZIF-8 NCs. Thus, future developments in the encapsulation strategies of 9 

metal NPs and bimetallic alloy NCs into ZIFs may open avenues for imparting new functionality or enhancing 10 

the functionality of ZIF materials. 11 

 12 

2.3. Strategy III:. Encapsulation of Biomolecules in ZIFs 13 

2.3.1. Encapsulation of Enzymes and Proteins 14 

The coupling of MOFs with enzymes in which the enzyme molecules are either physically adsorbed or 15 

covalently bound to the pre-synthesized host can impart molecularly specific functions to the enzymes. In the 16 

case of using MOF with microporous windows for encapsulating an enzyme with a larger dimension than its 17 

normal window or cage size, the enzyme has to be encapsulated by constructing the MOF in the presence of the 18 

enzyme, otherwise the conformation change of protein can cause it to travel through the nanopores.[18] However, 19 

such phenomenon is not yet known for ZIF materials. To date, there are two main methods which have been used 20 

to encapsulate enzymes in MOFs, namely de-novo encapsulation (including co-precipitation and 21 

biomineralization) and post-synthetic encapsulations (mainly used for channel-type and cage-type MOFs), as 22 

shown in Figure 6a. 23 

Highly functional ZIF-enzyme composites has been synthesized by employing a de novo approach using 24 

ZIFs with pore size smaller than the size of the mixture of two or more enzymes. For instance, ZIF-90 with pore 25 
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size of ~1 nm could be used to selectively encapsulate the catalase enzyme with an average size of ~10 nm (Figure 1 

6b). [52] This unique concept of size-selective encasing is shown to increase the tolerance of the embedded enzyme 2 

from other factors such as  peroxidase. The true embedding of the enzyme catalase in this case can be 3 

demonstrated by comparing the gel-electrophoresis behavior with a fluorescent-labeled catalase. In spite of the 4 

lower rate of H2O2 degradation of CAT@ZIF-90 in the presence of peroxidase by the encasing effect of ZIF-90 5 

and due to the mass-transport limitations or non-optimized interfaces between ZIF-90 and catalase, the de novo 6 

aqueous embedding method can lead to a more active enzyme functional composite as compared to an embedding 7 

method which uses conventional ZIF-90 synthesis in ethanol which may denature catalase or other embedded 8 

enzyme. This type of size-encasing function to protect an enzyme from inhibitors may offer a novel tool to 9 

immobilize and impart new functions to biomolecules (DNA, RNA, proteins) for biomedical applications. 10 

Generally, protein molecules are directly embedded on the surface of MOFs by co-precipitation method. 11 

For example, the embedding of cytochrome c (Cyt c) protein on the surface of ZIF-8 has been achieved with the 12 

assistance of PVP as dispersant and stabilizer of protein in organic media (Figure 6c). .[53]  A morphological 13 

evolution of ZIF from rods to rhombic dodecahedron crystals (Figure 6c(1)) was observed during the formation 14 

of Cyt c-embedded-ZIF-8 composite containing the same morphology as pure ZIF-8. However, the embedding 15 

of Cyt c within ZIF-8 was significantly different from a simple adsorption of Cyt c on the surface of ZIF-8, as 16 

revealed from thermal experiments, which showed the existence of cavities (5-20 nm) resulting from the removal 17 

of Cyt c molecules and their aggregates, This study further revealed the existence of coordinating interactions 18 

between Zn2+ and amide bonds of protein, which assisted the embedment of Cyt c within ZIF-8 NCs during crystal 19 

growth. In this case, the preservation of protein configuration  could be attributed to two main factors: (1) 20 

incubation in Cyt c in organic media, and (2) micro-environment created by ZIF-8 and its activation effect. These 21 

two or more factors enhanced the activity of embedded Cyt c in ZIF-8 for the  deprotection of hydrogen preoxide 22 

by significantly increasing the substrate affinity by creating a micro-environment which is suitable for enzyme 23 

activity (Figure 6c(2)). The peroxidase activity of the Cyt c@ZIF-8 composite in the presence of H2O2 (among 24 

other peroxides) was noticeably higher than similar enzyme immobilized systems on solid carriers such as silica 25 
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nanospheres, single enzyme NPs, nanogels, mesoporous silica and enzyme-inorganic hybrids.[14, 54-56] We 1 

highlight this fundamental difference of the enzyme-ZIF hybrid in terms of preserving the activity of enzymes as 2 

compared to that of the other conventional hosts (silica nanospheres, nanogels, mesoporous silica, enzyme-3 

inorganic hybrid) of enzymes. Therefore, this novel technique of embedding enzymes by creating a micro-4 

environment and coordination interactions (instead of surface adsorption) should be greatly emphasized in the 5 

future, as the activity of the enzymes can be enhanced by multiple fold and the combination with ZIF-8 can impart 6 

selectivity to the enzymes via a size sieving effect.  7 

 8 

2.3.2. Encapsulation of Drug Molecules and Fluorescent Dyes 9 

Apart from enzymes and proteins, ZIFs have also been used to encapsulate drug molecules and fluorescent 10 

dyes. The effectiveness of ZIFs for drug-delivery applications can be improved by[57, 58]: 11 

 (i) enhancing the monodispersed nature of the ZIF NCs and ensuring that their size is sufficiently small (<100 12 

nm for optimal size) to achieve an efficient cellular uptake; 13 

 (ii) preventing the formation of larger aggregates in order to avoid a premature release of the drugs, and 14 

(iii) enhancing their stability under aqueous physiological conditions.  15 

However, the toxicity and release strategies of ZIFs for drug delivery have presented some concerns.  16 

Among many ZIFs, ZIF-8 has been considered as a potential carrier for drug molecules due to its low 17 

toxicity, high biocompatibility and high chemical stability under physiological conditions. Furthermore, ZIF-8 18 

typically decomposes under acidic conditions, which can be used to construct pH-sensitive drug delivery systems. 19 

Uniform single crystal ZIF-8 nanospheres with an average size of 70 nm have been used as hosts for encapsulating 20 

fluorescein inside their frameworks with great cell internalization and minimum cytotoxicity.[58] By taking 21 

advantage of the ZIF-8 frameworks, magnetic features were incorporated into the drug delivery systems by 22 

encapsulating magnetic iron oxide NPs. Furthermore, the study further revealed the possibilities of in-situ 23 

trapping of dye molecules inside the pores of ZIF-8 during crystal nucleation and growth. These dye-24 

functionalized ZIFs were highly effective in releasing the fluorescein cargo from ZIF-8 spheres. Such a unique 25 
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in-situ trapping process of fluorescent drugs and the possible monitoring of the dispensability of fluorescein-1 

encapsulated ZIF-8 dispersed in cell medium emphasize the possibilities of imparting novel biological properties 2 

into ZIFs by encapsulating drug molecules.  3 

ZIF-8 has also been employed to encapsulate the anti-cancer drug, doxorubicin (DOX) for controlled drug 4 

delivery and release. Unlike many previous methods which relied on post-synthesis functionalization, Zou and 5 

co-workers have successfully developed a facile one-pot method which combined both the ZIF synthesis and 6 

molecule encapsulation.[59] In their proposed strategy, DOX solutions of varying concentrations (2-10 mg/mL) 7 

were initially mixed with zinc nitrate aqueous solution and the pH was adjusted to 8 by using sodium hydroxide 8 

(NaOH). During this process, the Zn2+ ions and the target organic molecules assembled to form coordination 9 

polymers. Next, a solution containing 2-MeIm was added to disassemble the zinc ions from the target organic 10 

molecules and subsequently formed ZIF-8 by the assembly of the metal ions and linkers. Simultaneously, the 11 

target molecules were encapsulated during the formation of ZIF-8, resulting in hierarchical structures. SEM 12 

characterizations of the DOX@ZIF-8 materials revealed that their morphology consisted of isolated crack-free 13 

particles with diameter ranging from 70−300 nm. Furthermore, the mesopores became more homogeneously 14 

distributed within the ZIF-8 crystals when the loadings of DOX were high (≥ 14%) and the size of the mesopores 15 

was increased with the loading of DOX. Despite the lack of morphology change of the ZIF-8 crystals with 16 

increasing loading of DOX (from 0% to 20%), the particle size was gradually increased with the size distribution 17 

broadened from 100 ±30 to 230 ± 150 nm, according to the dynamic light scattering (DLS) measurements.  18 

The resulting DOX@ZIF-8 particles were employed as an efficient pH-responsive drug delivery system 19 

as the composite particles could prevent the release of the drug at physiological condition (PBS, pH 7.4) but 20 

released the drug in a controlled manner at low pH (5.0−6.5). Interestingly, the addition of ZIF-8 altered the 21 

delivery pathway of DOX in MDA-MB-468 breast cancer cell. Free DOX molecule was quickly accumulated in 22 

the nuclei, whereas the DOX@ZIF-8 particles were localized mainly in cytoplasm and sub-cellular organelles. In 23 

terms of cytotoxicity, the core-shell particles exhibited higher cytotoxicity to the breast cancer cells than pure 24 
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ZIF-8, free DOX, and a mixture of ZIF-8 and DOX, due to the synergistic effect of ZIF-8 and DOX. These results 1 

highlight the potential of ZIFs as effective carriers for drug molecules for targeted delivery and controlled release, 2 

although the increased cytotoxicity may need to be addressed in  future studies. 3 

As discussed in this section, ZIFs have been shown to be highly versatile materials for hosting various 4 

guest species, such as highly active metal NPs and bimetallic alloy NCs, enzymes, and drug molecules, for the 5 

purpose of developing functional materials out of ZIFs. In most cases, the encasing of guest species can be 6 

achieved either by embedding them inside the ZIF NCs or by immobilizing them on the surface of the ZIF particles. 7 

In some cases, ZIF particles are grown as shells on the core guest species. The later strategy is beneficial as it 8 

allows for a smaller window size of the ZIF walls as compared to the size of guest species, which is advantageous 9 

for biomedical applications.  10 

 11 

3. Size and Morphological Control of ZIFs 12 

In order to optimize the functional properties of ZIFs, it is important to modulate various factors such as 13 

particle size, pore size of crystalline walls or windows, and surface areas, depending on the specific requirements. 14 

Shape-controlled ZIFs have attracted much attention due to the possible provision of new structural domains and 15 

the potential for exposing the highly active facets and controlling the size of ZIF crystals is important for 16 

optimizing their surface area (and nanoporous materials derived from them). 17 

 18 

3.1. Size Control of ZIFs 19 

As shown in Table 2, the synthesis conditions of ZIF crystals can have a profound effect on their particle 20 

size and surface area. Generally, the size of ZIF crystals is governed by various factors such as: 21 

(i) The choice of metal salts and (ii) the mixing order of the ZIF precursors. 22 

The reactivity of the zinc precursors has a direct influence on the resulting size of the ZIF-8 crystals, as 23 

previously demonstrated by Schejn et al.[19] They discovered that small ZIF-8 NCs (~50-200 nm) could be 24 

obtained with the use of reactive zinc salts, such as Zn(acac)2, Zn(NO3)2, ZnSO4 and Zn(ClO4)2. On the contrary, 25 
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the use of  non-reactive salts, including ZnCl2, Zn(OAc)2 (OAc = acetate) or ZnI2 yielded ZIF-8 crystals with 1 

larger sizes between 350-650 nm. Similarly, the use of Co(OAc)2 during the hydrothermal synthesis of ZIF-67 2 

NCs at 120 °C also gave the highest average particle size (570 nm) compared to CoSO4 (480 nm), CoCl2 (220 3 

nm) and Co(NO3)2 (340 nm).[60] 4 

 The results of the above studies are in good agreement with our previous study, in which the replacement 5 

of Zn(NO3)2 with Zn(CH3OO)2 increased the average particle size of the obtained ZIF-8 NCs from 50 nm to 2 6 

µm.[61] It is known that the nucleation rate of ZIF crystals is controlled by the coordination speed between the 7 

metal ions and the organic linkers. In the formation of small-sized ZIF-8 crystals, the solvation of Zn2+ (from 8 

Zn(NO3)2) in methanol solution is relatively weak and therefore, the Zn2+ ions can quickly coordinate with 2-9 

MeIm, leading to fast nucleation. On the other hand, replacing  Zn(NO3)2 with  Zn(CH3OO)2 significantly slowed 10 

down the generation speed of ZIF-8 crystals, leading to large-sized ZIF-8 crystals. This is because the dissolved 11 

Zn2+ ions strongly interacted with CH3COO− and this interaction along with the solvation of Zn2+ ions is highly 12 

effective for preventing the rapid nucleation of ZIF-8 crystals. 13 

In the same study, we have shown that when two dried powders of zinc nitrate and 2-MeIm were mixed 14 

together during the synthesis process (rather than separately dissolved, before being mixed), ZIF-8 particles with  15 

an intermediate average size of 300 nm were obtained. This is because once methanol was added, the Zn2+ ions 16 

directly reacted with 2-MeIm, hence, there was not enough time not enough time for the solvation of Zn2+ ions to 17 

occur.  Therefore, the only interaction which occurred was the between Zn2+ ions and CH3COO− ions compared 18 

to the above large-sized particle system; therefore, leading to mild crystallization and the production medium-19 

sized ZIF-8 particles. 20 

(iii) The ratio of metal salt to 2-MeIm 21 

Another  possible method for controlling the size of ZIF NCs is by adjusting the ratio of the metal salt to 22 

the organic linker. Tanaka et al. found that in the aqueous-phase synthesis of ZIF-8 NCs,  the average particle 23 

size of the generated ZIF-8 nanocrytals was decreased with  increasing 2-MeIm/Zn molar ratio.[62] In addition, 24 

higher monodispersity was observed at higher 2-MeIm/Zn molar ratios compared to lower ones. It is known that 25 
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the ligand, 2-MeIm can exist in two equivalent tautomeric forms, as the proton can be located on either of the two 1 

nitrogen atoms. Under appropriate basic conditions above the dissociation constant, the 2-MeIm monomer 2 

deprotonates and the generated imidazolate nitrogen atom coordinates with the Zn2+ ion of the adjacent unit to 3 

construct the ZIF-8 crystals. At a higher 2-MeIm concentration, the amount of proton released from either nitrogen 4 

atom is higher, which could lead to a larger generation of nuclei, hence leading to smaller particle size. It is known 5 

that during the growth process the morphology of the ZIF-8 crystals evolved with time from cubes exposing 6 6 

{100} facets to intermediate shapes, and finally to rhombic dodecahedra exposing 12 {110} facets, which is the 7 

most stable equilibrium morphology of ZIF-8.  8 

(iv) The addition of surfactants or capping agents 9 

Another effective way to control the size of ZIF-8 NCs is to introduce surfactant into the growth solution 10 

of ZIF-8 crystals. For example, Pan et al. found the surfactant, cetyltrimethylammonium bromide (CTAB) to be 11 

highly effective for controlling the size and shape of ZIF-8 NCs.[4] By increasing the concentration of CTAB from 12 

0.0025% to 0.025%, the mean diameter of the ZIF-8 particles was decreased from 2.8 µm to 110 nm. A similar 13 

decreasing trend in particle size with increasing surfactant concentration was observed when the CTAB was 14 

replaced with CTAC (cetyltrimethylammonium chloride). The reason behind this is because when CTAB was 15 

added to the system, the CTAB molecules became adsorbed on the ZIF-8 crystal surface, which prevented 16 

nutrients to attach to the surface. Consequently, this slowed down the growth rate to generate smaller-sized ZIF-17 

8 particles. Similarly, Fan et al.[63] have successfully synthesized ZIF-8 NCs with a sub-100 nm size by using an 18 

aqueous surfactant-mediated method with a stoichiometric Zn/2-MeIm molar ratio. The use of the surfactant 19 

mixture of Span 80 and Tween 80 could stabilize the Zn/2-MeIm coordination structure by screening out the 20 

attack of H2O or OH− in the aqueous solution, thereby, allowing the formation of pure ZIF-8 NCs at rather low 21 

2-MeIm/Zn ratios. 22 

(v) The choice of solvent  23 

The dependence of the particle size of ZIF NCs on the choice of solvent has been reported in several 24 

studies. For instance, Xia et al. reported an increase in the average particle size of ZIF-67 NCs from 800 nm to 25 
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1.7 µm by replacing the non-polar solvent methanol with a polar solvent such as water.[64] Shieh and co-workers 1 

have systematically investigated the influence of adding different alcohols during the water-based synthesis of 2 

ZIF-90 NCs.[65] Their investigation revealed that the addition of ethanol into the ZIF-90 growth solution 3 

(H2O/PVP (2 wt%)/ICA(imidazole-2-carboxaldehyde)) yielded ZIF-90 NCs with a significantly smaller average 4 

size (600 nm) compared to the pure H2O/PVP system (2.5 µm). Furthermore, the particle size was further 5 

decreased with the increase in the number of carbons in the alcohol solvent (Figure 7a), due to the gradual 6 

increase in viscosity, as depicted in Figure 7b. The smallest particle size of ZIF-90 NCs obtained was 275 nm for 7 

H2O/tert-butanol/PVP system. 8 

 9 

3.2. Morphological Control of ZIFs 10 

To date, many strategies have been developed to control the morphology of ZIF NCs. In general, these 11 

strategies can be divided into two types: non-templated and template-mediated methods. A summary of previous 12 

reports on shape-controlled ZIFs and their synthesis conditions and surface areas is given in Table 3.  13 

 14 

3.2.1 Non-templated Method 15 

The non-templated method typically relies on the direct modification(s) of one or more parameters during 16 

the synthesis of ZIF NCs, including the type of solvent, the Zn/2-MeIm ratio. Shi et al. have demonstrated the 17 

first synthesis of a highly ordered hierarchical ZIF nest architecture with a GIS topology (denoted as 'ZIF-GIS'), 18 

through a solvothermal method using a mixture of aqueous ammonia (NH3.H2O) and methanol as the solvent.[66] 19 

Structurally, the nest-like architecture was assembled from numerous nanoplates with varying thicknesses from 20 

20-40 nm (Figure 7c). The formation of such a highly ordered hierarchical nest architecture was attributed to the 21 

synergistic co-operation between the two solvents.  Similarly, the replacement of methanol with water together 22 

with the adjustment of the Zn:2-MeIm ratio to 1:8 (i.e. excess 2-MeIm) during the synthesis of ZIF-8 crystals has 23 

been reported to generate ZIF (ZIF-L) particles exhibiting a large 0-D pore or cavity with dimensions of 9.4 Å × 24 

7.0 Å × 5.3 Å.[67].  Furthermore, ZIF-67 truncated dodecahedrons with 18 exposed facts have also been achieved 25 
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by simply substituting methanol with water and by increasing the Zn2+/2-MeIm ratio to 1:100 during the room-1 

temperature synthesis of ZIF-67 rhombic dodecahedra.[68] Despite some early studies on the control of ZIF 2 

morphology through the non-templated approach, successful reports using this method are still few and far 3 

between. However, it is clear that the solvents used  during the synthesis of ZIF crystals can have a profound 4 

effect on the final morphology. 5 

3.2.2. Template-mediated Method 6 

Compared to the template-free method, the template-mediated approach is far more versatile as it offers 7 

the possibilities of achieving a more diverse morphology of ZIF particles. In general, soft templates (e.g. 8 

surfactants and block copolymers) or hard templates (e.g. PS spheres) can be used to achieve this purpose. The 9 

surfactant CTAB has previously been utilized to effectively control the crystal morphology of ZIF-8 particles  For 10 

example, Pan et al. have reported that the tenfold increase in CTAB concentration from 0% to 0.025% resulted in 11 

the gradual transformation of ZIF-8 crystals from rhombic dodecahedron shape with 12 exposed {110}faces to 12 

{110} truncated cubes.[4] The growth of the ZIF-8 crystals is known to evolve with time from cubes exposing 6 13 

{100} facets to intermediate shapes, and finally to rhombic dodecahedra exposing 12 {110} facets, with the latter 14 

being the most stable equilibrium morphology of ZIF-8. Their molecular dynamics simulation revealed that 15 

during the crystallization of ZIF-8, CTAB molecules (i.e. the long hydrophobic hydrocarbon chain) would be 16 

much more strongly adsorbed on {100} facet than {110} and {111} facets. As a result, the growth rate of the 17 

{100} facet is significantly lower compared to the {110) and {111} facets, thereby giving rise to a truncated cubic 18 

morphology.[4]
 Similarly, ZIF-67 nanocubes have also been obtained by adding a certain amount (1-3 mg) of 19 

CTAB to the ZIF-67 growth solution (Co(NO3)2 and 2-MeIm (Co2+/2-MeIm= 1:55)).[69] 20 

Highly uniform hollow ZIF-67 spheres with a mean diameter of 325 nm have been synthesized by the 21 

mixing of Co(NO3)2, 2-MeIm and alkyltrimethylammonium bromide (CnTAB; n = 12, 14 or 16) in aqueous 22 

medium under room temperature conditions (Figure 7c, d).[70] In this system when CnTAB and Co(NO3)2 are 23 

mixed with aqueous 2-MeIm solution, a tetrahedral coordinated Co2+ complex, [Co(2-MeIm)(IM)(L2)]
− is 24 

generated. Since exposing the long hydrocarbon chain of C14TA+ is thermodynamically unfavorable in water, 25 
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vesicles with hydrophobic chains stacked together in a bilayer structure are likely to form, as schematically shown 1 

in Figure 7e(i). Furthermore, the [Co-complex]− and other anions are distributed around the CnTA+ ammonium 2 

head groups to balance the overall charges. Consequently, [Co-complex]− species concentrated on the surface of 3 

the vesicles act as nucleation sites for the heterogeneous outward-growth of ZIF-67 crystals (Figure 7e(ii)). 4 

Subsequent growth of these islands leads to the formation of a polycrystalline shell (Figure 7e(iii). Finally, hollow 5 

ZIF-67 spheres are obtained following post-synthetic washing using DMF and methanol to remove the interior 6 

soft template. 7 

For the nucleation of core-shell heterostructures of ZIFs, two important factors must be considered: (1) 8 

how to restrain the growth of ZIFs to the core surface when the core is created with another MOF or different 9 

species and  (2) how to control the shapes of such core-shell heterostructures. The template-based method is 10 

believed to be effective for fabricating ZIF core-shell heterostructures with controlled size and morphology, 11 

however, it normally requires prior surface modification with specific functional groups on the template to confine 12 

the growth of MOFs on the surface of the template. For example, carboxylate terminated PS spheres have been 13 

used as templates for the formation of core-shell PS@ZIF-8 composites, which could subsequently be converted 14 

to hollow ZIF-8 microspheres by removing the PS cores.[71]  The uniqueness of this method lies in the formation 15 

of a secondary layer of ZIF-8 to enhance the overall thickness of ZIF-8 shell  16 

The block copolymer (BCP), polystyrene-b-poly-4-vinylpyridine (PS-b-P4VP, 188,000-b-64,000 g/mol) 17 

has been employed as a soft template for the fabrication of hollow ZIF-8 nanoworms, as firstly reported by the 18 

Peinemann group[20]. To achieve the hollow ZIF-8 nanotubes, the BCP filament-shaped micelles solution was 19 

firstly added into the ZIF-8 precursor solution and reacted in an oil bath at 70 °C to generate hybrid BCP@ZIF-20 

8 structures. Next, the BCP@ZIF-8 hybrid was dissolved in DMF to dissolve the BCP portions, yielding the 21 

filamentous ZIF-8 nanoworms. The BCP-templated method therefore offers a promising approach for obtaining 22 

uniform 1-D ZIF nanostructures and should be further explored in the future to increase the diversity of ZIF 23 

morphology which can be obtained. 24 
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Considering the desired structures of MOFs with larger pores along with the micropores, the utilization 1 

of elongated organic linkers is often crucial to increase their pore size which may give rise to framework 2 

instabilities.[72] The creation of  hierarchical (micro- and meso-) pores into ZIFs via supramolecular templating 3 

usually involves the stable interactions between the surfactant micelles and metal ions. When CTAB is used as a 4 

structure-directing agent and a chelating agent, Histidine containing an imidazole group played the role of a co-5 

template.[73] Additionally, due to the chelating effect of His with Zn2+ in the initial stage of nucleation, the 6 

formation of zinc hydroxide or other by-products can be avoided. Possible challenges associated with this strategy 7 

are: (1) the hydrated Zn2+ may be entrapped in the hydrophilic outer layers of micelles and (2) the interaction of 8 

Zn2+ and CTAB micelles has to be directed through the His to exert the cooperative effect which creates the 9 

mesopores. The interaction of Zn2+ and His with CTAB through electrostatic interactions between CTAB micelles 10 

with a positively charged head group layer and electron-rich imidazolate of 2-MeIm is crucial in the formation of 11 

such hierarchical ZIFs.   12 

The true interconnection of multi-porosity in ZIF material is a rare phenomenon apart from microporous 13 

ZIF materials. Previously, bicontinuous hierarchical ZIF-8 nanostructures have been synthesized using a block-14 

copolymer templating method.[74] By removing the block-copolymer template, PSty14-b-P4VP19, after the 15 

nucleation and crystal growth of ZIF-8 around the micelles (ZIF-8-VP), branched fibrous networks consisting of 16 

40 nm nanocrystallites with interconnected textural voids were obtained. In this process, all the mesopores and 17 

macropores were highly accessible and interconnected, due to electrostatic shielding and the bridging effect of 18 

Zn2+ and the interconnected textural voids gave rise to a bicontinuous architecture. This strategy of forming 19 

hierarchical ZIF-8 promises new developments towards the fabrication of hierarchical functional materials which 20 

require interconnected macro- and meso-porosity for enhancing their electrochemical performance. Certain 21 

features such as the flexible shell and the surface mesopores of ZIF allow for the favorable binding of substrates 22 

of varying sizes, including stabilizing intermediates and enhanced accessibility to the active sites. The design to 23 

impart such functionality into the ZIF structures via the installation of acidic Zn2+ species and basic imidazolate 24 

moieties creates a synergistic effect on the binding substrates to  activate cooperatively.  25 
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The construction of  hierarchical ZIFs with tunable shell thicknesses remains a challenging task. If the 1 

nucleation process of ZIF NCs can be manipulated at the water-organic (e.g. 1-octanol) interface stabilized by 2 

PVP, it can give rise to a continuous shell on ZIF-8 hollow nanospheres.[75] A water-in-oil nanoemulsion can be 3 

prepared by using PVP as stabilizer and 1-octanol as the oil phase. Zn2+ ions in the aqueous phase coordinate with 4 

2-MeIm in 1-octanol at the spherical interfaces of the emulsion droplets to form ZIF-8 NCs which further grow 5 

to form nanospheres at room temperature. By controlling the concentration of 2-MeIm and the reaction time, 6 

hollow ZIF-8 nanospheres with different shell thicknesses can be obtained. Such functionalized hollow ZIF 7 

particles are particularly useful in size-selective chemical processes and selective adsorption of gases. 8 

The fabrication of mesoporous ZIFs unlike silica, zeolites, and carbons are rather rare however, efforts 9 

are being made recently to enhance the molecular diffusion while preserving the molecular sieve properties. 10 

Among the two major synthetic strategies to obtain mesoporous-MOFs are: (1) linker extension (increase in length 11 

of organic linkers) and (2) surfactant templating, both of which aimed at  increasing the pore size. The use of soft 12 

templating typically involves the initial self-assembly of the surfactant molecules into micelles, before being 13 

subsequently removed to generate mesopores.[76] However, these methods depend on the small molecular micelles 14 

which are usually unstable under the synthesis conditions. The lack of control over shape, position and space 15 

distribution of mesopores is a challenge in the preparation of  mesoporous MOFs, which need to be immediately 16 

solved. The potential applications of ZIFs can be further developed and extended upon developing a strategy to 17 

create mesopores within the framework matrix so that the functionalized ZIFs may exhibit novel physical and 18 

chemical properties.  19 

A general method for creating functionalized ZIFs with size-, shape-, and space-distribution-controlled 20 

mesopores has recently been developed by crafting mesopores inside the ZIFs through encapsulation of NPs 21 

followed by etching. [76] Using this method, the mesopore morphology, hierarchical structure, and space 22 

distribution could be tuned by varying the size and shape of the NPs and encapsulation conditions. Hierarchical 23 

ZIFs with core-rich in large sized 13.9 nm mesopores and the transition layer rich in smaller (3.8 nm) mesopores 24 

have been obtained by sequential encapsulation of Au NPs with varied diameters followed by etching. 25 
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Interestingly, two different types of NPs such as Au and Pt NPs could be incorporated simultaneously into ZIF-8 1 

and etched to generate mesoporous ZIF-8. In this process, one type of NPs acted as a sacrificial template for the 2 

formation of mesopores whereas the other functioned as catalytic active sites inside ZIF-8. The main advantage 3 

of this strategy is that the obtained meso-MOFs–NPs composites cannot only maintain the well-defined crystal 4 

structures of the ZIF-8 parent but also preserve its microporosity. This rational design of meso-ZIFs with tunable 5 

mesopores, shapes and functional species such as Pt NPs, Au NPs, etc. can further expand their potential 6 

applications in catalysis and biomedicine. 7 

Recently, mesoscopic architectures of ZIF-8 in both 2-D and 3-D consisting of nanoparticle cores along 8 

with microporous shells and a cavity in between has been achieved by spatially controlling the nucleation site of 9 

ZIF-8.[43] This kind of yolk-shell structure of ZIF-8 NCs obtained via sacrificial templating typically involves the 10 

surface-assisted formation of polycrystalline ZIF-8. Such hollow multi-component ZIF-8 superstructures have 11 

been demonstrated to exhibit excellent sorption properties, however, the compositional complexities of such 12 

hollow ZIF structures are yet to be explored. 13 

 14 

4. Hybridization of ZIFs with Polymeric Matrix (Mixed Matrix Membranes (MMMs) 15 

Even though ZIF particles have shown promising properties for gas and liquid separations, they are often 16 

present as dry powders, which are unfavorable for industrial scale applications. To improve the practical 17 

application of ZIF for gas and liquid separations, they can be incorporated as additives into polymeric matrices 18 

to form MMMs. MMMs are typically formed by dispersing highly selective molecular sieve particles in polymeric 19 

matrix. As such, there are several factors which must be considered when designing MMMs for gas or liquid 20 

separations, such as: (i) the compatibility between the molecular sieve and the polymeric matrix, including the 21 

adhesivity to one another, (ii) the pore size of the molecular sieve particles, and (iii) the dispersity of the molecular 22 

sieve particles throughout the polymeric matrix.[77] Traditionally, MMMs employ rigid hydrophilic zeolites or 23 

carbon molecular sieve particles as the molecular sieving phase.[21] However, these materials tend to be poorly 24 

compatible with glassy polymers. Poor compatibility between the polymer and the molecular sieving material 25 
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may result in voids at their interface, which can subsequently reduce the selectivity as well as the overall 1 

separation performance of the MMMs.[1] ZIFs have been proposed as a potential replacement for zeolites in 2 

MMMs, due to their molecular sieving properties, which resemble zeolites Additionally, unlike zeolites which 3 

are hydrophilic (in the absence of modifications), the imidazolate linkers present in the frameworks of ZIFs make 4 

the material more hydrophobic than zeolites.[77, 78] As a result, ZIFs may form a better contact with the polymeric 5 

matrix compared to zeolites. Therefore, the use of ZIF/polymer MMMs can combine the easy processability of 6 

polymeric membranes with the superior separation performance of ZIFs.[21] This promising approach represents 7 

another method of improving the functionality of ZIFs for industrial applications. 8 

To date, ZIFs have been used as additives in various polymeric matrices such as polyimides 9 

(Matrimid®,[78] Ultem®,[77] 6FDA-DAM[1]), polysulfone,[79]  polybenzimidazole,[80] and so on. A detailed and 10 

comprehensive review on the use of MOFs in MMMs, including the theoretical aspects has been previously 11 

published by Janiak's et al..[21] In this section, we will only select several case studies to provide some examples 12 

of how the incorporation of ZIFs into polymers to form MMMs is an attractive route for enhancing their functional 13 

performance for gas and liquid separations.  14 

 15 

4.1. ZIF-based MMMs for Gas Separation 16 

ZIF-based MMMs have been widely employed for the separation of various economically 17 

important gases such as hydrogen (H2), carbon dioxide (CO2), oxygen (O2), nitrogen (N2), methane (CH4), C2H4 18 

(ethylene), C2H6 (ethane), C3H6 (propylene), C3H8 (propane), as detailed in Table 4.[21] This is largely due to their 19 

molecular sieving properties which allow for the effective separation of a specific gas from a mixture of two or 20 

more gases. Some examples of ZIF-based MMMs for gas separation applications are highlighted below. 21 

(i) ZIF-90/Polyimide MMMs (Matrimid®, Ultem®, 6FDA-DAM) for CO2/CH4 separation. 22 

ZIF-90 has been considered as an attractive MOF for application in CO2 selective MMMs. This is due to 23 

its sodalite cage-like structure with 0.35 nm pore windows, through which size exclusion of CH4 from CO2/CH4 24 

mixtures is possible.[21] In addition, the imidazole linker in ZIF-90 contains a carbonyl group, which can form a 25 
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chemical non-covalent interaction with CO2. However, the size of ZIF-90 crystals synthesized by the conventional 1 

solvothermal synthesis is often too large (~100 µm) to be effectively employed in MMMs. To solve this issue, 2 

Nair and co-workers introduced a novel non-solvent induced crystallization technique for effectively suppressing 3 

the size of ZIF-90 crystals to sub-microns.[81] By adding methanol or water during the crystallization of ZIF-90 4 

in DMF, smaller ZIF-90 crystals with an average size of 810 nm or 2 µm could be obtained. Three distinct MMMs 5 

composed of these ZIF-90 particles and three different polyimides (Matrimid®, Ultem®, 6FDA-DAM) (15 wt% 6 

ZIF-7 loading for all cases) and tested for CO2/CH4 separation. All three MMMs showed higher permeability for 7 

CO2 than the pure polymer membranes (e.g. 1.4 to 2.9 Barrer for Ultem) without any loss in selectivity, indicating 8 

the lack of interfacial defects in these MMMs, which would have a debilitating effect on the selectivity. However, 9 

among the three MMMs, the ZIF-90/6FDA-DAM MMM showed both increased CO2 permeability and CO2/CH4 10 

selectivity, indicating that this particular MMM was defect-free and that the permeabilities of the ZIF-7 and Ultem 11 

were excellently matched.  12 

(ii) ZIF-8/Matrimid® for CO2/CH4 and CO2/H2 separation 13 

ZIF-8 shares a similar sodalite (SOD) topology as zeolite. Yet, unlike zeolite, whose pore size is too small 14 

to be utilized as selective adsorbents, ZIF-8 exhibits six-ring cages with aperture size of 3.4 A, which is close to 15 

the molecule size of various gases, such as H2, CO2, O2, N2, CH4, C2H4, C2H6, C3H6, C3H8, etc.[1, 2] Hence, they 16 

can be employed as useful inorganic additives in MMMs. For instance, Ordonez et al. have reported the 17 

fabrication of ZIF-8/Matrimid® MMMs with various ZIF loadings up to 80 wt%, by coating the ZIF-8 NCs with 18 

Matrimid® solution in chloroform, followed by drying of the chloroform and subsequent membrane casting.[78] 19 

The achieved maximum loading of 80 wt% is significantly higher than the typical loadings achieved in selected 20 

zeolite materials. However, at such a very high loading, the ZIF-8/Matrimid® MMM showed a major decrease in 21 

mechanical strength, leading to a reduction in  flexibility. The permeability properties of the prepared MMMs 22 

were evaluated for H2, CO2, O2, N2, CH4, C3H8, and gas mixtures of CO2/CH4 and H2/CO2. The permeability of 23 

all gases was basically increased with ZIF-8 loading up to 40 wt%. However, at higher loadings of 50-60 wt%, 24 

the permeability decreased for all the tested gases, implying a transition from a polymer-driven gas transport 25 
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process to a ZIF-8-controlled one, where at higher loadings the sieving effect of  ZIF-8 became more pronounced. 1 

On the contrary, the ideal selectivities were enhanced at higher ZIF-8 loadings for gas pairs containing small gas 2 

molecules, such as H2/CH4, CO2/CH4, H2/C3H8, and CO2/C3H8, implying the increased influence of ZIF-8 as a 3 

molecular sieve for smaller gas molecules. 4 

(iii) ZIF-8/Ultem® MMMs for CO2/N2 separation 5 

Mixed-matrix dual-layer hollow-fiber composite (asymmetric) membranes containing ZIF-8 in Ultem® 6 

polymeric matrix have previously been fabricated through a dry jet-wet quench method for CO2/N2 separations.[77] 7 

The outer separating layer of these composite fibers contained ~17 vol% of ZIF-8 filler and good adhesion was 8 

observed between the bulk polymer and ZIF-8 particles in the hybrid membrane. As a result of the good 9 

compatibility between the two components, the hybrid fibers showed increased permeance with the enhancement 10 

of permselectivity reaching as high as 20% over the pure polymer. In addition, the mixed gas transport 11 

measurements revealed promising permselectivity (as high as 32) in the hybrid membranes. The results 12 

showcased the potential of ZIFs as components in MMMs for large-scale gas separations, such as CO2 capture 13 

from flue gas, although the performance of the MMMs presented in this study was slightly limited by the low 14 

permeability of Ultem®. MMMs made of poly-(1,4-phenylene ether-ether-sulfone) (PPEES) and ZIF-8 with ZIF-15 

8 filler loadings of 10, 20 and 30 wt%, have been fabricated by casting chloroform solutions containing dispersed 16 

ZIFs of different quantities.[82] When employed for O2/N2 and H2/N2 separations, the MMMs with 30% ZIF-8 17 

loading showed the best selectivity for the separation of both gas mixtures, suggesting the increase in the gas 18 

permeability with increasing ZIF-8 loading without a significant alteration in the selectivity.  19 

(iv) ZIF-8/6FDA-DAM MMMs for C3H6/C3H8 separation 20 

Koros et al. have employed ZIF-8/6FDA-DAM (6FDA:2,2-Bis(3,4-carboxyphenyl) hexafluoropropane 21 

dianhydride; DAM: diaminomesitylene) MMMs with three different ZIF-8 loadings (low (16.4 wt%), medium 22 

(28.7 wt%), and high (48.0 wt%)) for C3H6/C3H8 separation.[77] To prepare this mixed matrix dense film, a 23 

polymer solution made by dissolving 6-FDA-DAM in dichloromethane was added into the ZIF-8 dispersion in 24 

dichloromethane, followed by drying of the excess solvent and casting. It was discovered that at higher ZIF-8 25 
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loadings, clusters of ZIF-8 particles with more than an order of magnitude larger than single ZIF-8 crystals (~200 1 

nm) were formed. Surprisingly, despite the presence of these clusters, major improvements in C3H6 permeability 2 

and C3H6/C3H8 selectivity were observed for the ZIF-8/6FDA-DAM MMM compared to pure 6FDA-DAM 3 

membrane by permeation tests with pure C3H6 and C3H8 as well as an equimolar C3H6/C3H8 mixture.  4 

 5 

4.2. ZIF-based MMMs for Liquid Separation 6 

Apart from gas separations, ZIFs have also been employed for the separation of various liquid mixtures 7 

such as propylene/propane and water/ethanol mixtures. For example, ZIF-8 is particularly ideal for water/ethanol 8 

separation owing to its pore aperture diameter of 0.34 nm, which is between the kinetic diameters of water (0.296 9 

nm) and ethanol (0.40–0.43 nm).[83] 10 

Polybenzimidazole (PBI)/ZIF-8 MMMs with uniform morphology and high ZIF-8 loadings of up to 58 11 

wt% have been developed by directly mixing the as-synthesized ZIF-8 suspension into the PBI solution for 12 

pervaporation dehydration of ethanol, isopropanol (IPA) and n-butanol.[80] The PBI/ZIF-8 MMMs pervaporation 13 

test data revealed that the incorporation of 34 wt% ZIF-8 into PBI membranes lead to a fourfold increase in the 14 

total flux significantly, with almost no decrease in separation factor when compared to the pure PBI membrane. 15 

Furthermore, the PBI/ZIF-8 blends were highly effective in suppressing swelling by ethanol. due to the 16 

rigidification of the PBI chains by ZIF-8 particles, thus, promoting a better separation factor. 17 

Chitosan (CS) is one of the most widely used polymers for the fabrication of polymeric membranes, due 18 

to its hydrophilic nature, excellent formability, easy modification and good chemical stability. However, it suffers 19 

from the various drawbacks such as easy swelling in aqueous solutions, and reduced permeate water concentration 20 

due to the easy passing of the feed organic compound through the membrane.[84] To resolve these issues, 21 

microporous ZIF-7 could be incorporated into CS membrane to form ZIF-7/CS MMM to impart the  high thermal 22 

and chemical stabilities and high porosity of ZIF material into them.[85] ZIF-7/CS MMMs with five different ZIF 23 

loadings of 2.5, 4, 5, 6 and 7.5 wt% were investigated for water/ethanol separation at 25 °C. The pervaporation 24 

test results showed that the ZIF-7/CS MMM with 5 wt% loading of ZIF-7 exhibited the best separation 25 
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performance with 19 times higher separation efficiency than the pure CS membrane. The increased separation 1 

efficiency compared to pure CS membrane was attributed to the polymer chain rigidification resulting from the 2 

coordination between the Zn atoms of the ZIF-7 and the amino groups of the CS polymers and the decreased pore 3 

radius, allowing for efficient separation of water from ethanol. 4 

Despite the advantages exhibited by ZIF-8, there are several challenges for synthesizing ZIF-8-based 5 

MMMs such as: (i) achieving good dispersion of the ZIF-8 particles in the polymer matrices without significant 6 

agglomeration and (ii) avoiding the formation of non-selective interfacial voids between the polymers and ZIF-8 7 

particles. To overcome these issues, the Wu group has recently developed a drying-free, water-based process for 8 

the fabrication of ZIF-8/polyvinyl alcohol (PVA) MMM with outstanding performance for water/ethanol 9 

separation.[83] The proposed water-phase synthesis is highly advantageous as water molecules can ensure the good 10 

distribution of ZIF-8 NPs in the PVA matrix, thus making ZIF-8 NPs compatible the solvent and also because 11 

PVA can be dissolved in water. In contrast to the conventional method which involves the drying and redispersion 12 

of ZIF-8 and  results in cracking and phase-separated MMMs (Path A in Figure 8a), this approach does not 13 

require a drying step, and generates a transparent, crack-free MMM with well-dispersed ZIF-8 NPs (Path B in 14 

Figure 8a). When employed for the dehydration of an ethanol/water mixture (90:10 w/w) at 25 °C, The PVA/ZIF-15 

8 MMM with 39 wt% ZIF-8 loading showed a significantly larger permeability flux and separation factor values  16 

of 2.07 x 106 Barrer and 4725, respectively compared to  pure PVA membrane (0.75 x 106 Barrer and 543, 17 

respectively) and the permeability flux was significantly increased with the increase in ZIF-8 loading from 0 to 18 

39 wt% (Figure 8b). Furthermore, the separation performance of these PVA/ZIF-8 MMMs exceeded many 19 

previous ZIF-based MMMs (Figure 8c). The significant enhancement of the separation performance was 20 

attributed to the large increase in fractional free volume (Figure 8d) and the absence of interfacial voids as a result 21 

of the good adherence of PVA to ZIF-8 (Figure 8e). 22 

In summary, the addition of ZIF NCs as additives to polymeric matrices to form MMMs have lead to 23 

significant enhancements in both gas or liquid permeability and separation performance compared to zeolite-24 

based MMMs, mainly due to: (i) improved adhesion between the ZIF particles and the polymeric matrix and 25 
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rigidification of the polymer chains leading to significant reduction of interfacial voids which would have reduced 1 

the selectivity of the MMMs. However, despite these advantages, occasionally some clusters of ZIF particles can 2 

be seen within the polymeric matrix which may lead to slight reduction in separation performance. To solve this 3 

issue, many recent studies have implemented a secondary carbon-based additive or filler into the polymeric matrix 4 

such as graphene oxide and CNTs, which can greatly enhance the dispersion of ZIF-8 particles throughout the 5 

polymeric matrix, leading to better gas or liquid mixture separation.[86, 87] It is expected that this emerging 6 

technique will be further developed in the future to optimize the potential of ZIF-based MMMs. 7 

 8 

5. Conversion of ZIFs into Nanoporous Hybrid Materials  9 

In the past few years, MOFs including ZIFs have attracted significant attention as versatile templates for 10 

the derivations of nanoporous materials such as carbons, oxides, and more recently, sulfides and phosphides and 11 

their hybrids. This is largely due to the presence of metal center and organic linkers in ZIFs, as well as their 12 

attractive characteristics which include exceptionally high surface areas and tunable composition and porosity.[88] 13 

Figure 9 showcases the versatility of ZIFs as starting materials for the derivations of nanoporous materials. By 14 

simply modifying the heat treatment conditions, ZIF-67 can be converted into nanoporous materials of various 15 

compositions, including porous carbons, cobalt oxide (Co3O4), cobalt sulfide (CoS), cobalt phosphide (CoP) and 16 

their hybrids including Co@C, Co3O4@C, Co9S8@C, and CoP@C. Table 5 summarizes the synthesis conditions, 17 

textural characteristics and applications of many previously reported ZIF-derived carbon-based hybrid materials, 18 

as well as the more recent ZIF-derived metal sulfides and phosphides. In this section, we will focus only on the 19 

derivation of nanoporous hybrid materials from ZIFs rather than individual materials. Excellent reviews covering 20 

the synthesis and applications of ZIF-derived porous carbons, oxides and others have been published elsewhere.[22, 21 

89-91]   22 

 23 

5.1. ZIF-derived Metal/Carbon Hybrids 24 
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In recent years, there has been a growing trend of using bimetallic ZIFs for the synthesis of nanoporous 1 

metal/carbon hybrids for electrocatalytic reactions.[88]  Metal-supported N-doped carbon materials are becoming 2 

one of the most promising candidates to replace Pt-based catalysts, in acidic or alkaline medium. In general, the 3 

electrocatalytic activity of the N-doped carbon catalyst is dependent on the graphitic N, which determines the 4 

limiting current density, and the pyridinic N, which is likely to improve the onset potential due to the conversion 5 

of the reaction route from a 2e--dominated process to a 4e--dominated process.[92] Moreover, the channel transport 6 

properties of the carbon framework also play a crucial role in determining the  electrocatalytic activity by 7 

governing the exposure degree of active sites and mass transport.[93] 8 

Novel electrocatalysts based on highly porous Co, N-doped carbons (CNCo-n where n = molar ratio of 9 

Zn/Co) have been fabricated from the carbonization of a series of bimetallic ZIFs  (BMZIF) based on ZIF-8 and 10 

ZIF-67 with varied Zn/Co ratios as precursors.[94] This synthesis approach is highly beneficial as the BMZIF-11 

templated CNCo composites inherited both merits of carbons from ZIF-8 and ZIF-67, possessed large surface 12 

area, high graphitization degree, as well as highly dispersed N and CoNx active species, all of which are very 13 

useful characteristics for ORR. The CNCo-n products with n equal to 0, 0.2, 5,10, 20, 40, and 100 exhibited 14 

surface areas of 270, 362, 550, 1090, 1225, 1480, and 2184 m2/g respectively, indicating a clearly increasing trend 15 

in the specific surface area of the CNCo hybrid with increasing Zn/Co molar ratio. When employed as ORR 16 

catalyst, the CNCo-20 hybrid showed the highest electrocatalytic performance with an onset potential of ≈−0.08 17 

V and a half wave potential of ≈−0.15 V, the values of which are comparable to those of commercial Pt/C 18 

electrode. The superb catalytic activity of CNCo-20 is thought to contrbuted by the synergistic effect of high 19 

surface area, Co–Nx species, uniform dispersion of N and Co dopants, as well as hierarchical pores in its structure. 20 

Even though the direct carbonization of ZIFs may provide a convenient method for obtaining metal-21 

supported N-doped carbon materials, the fabrication of single metal atom-reactive sites on N-doped porous 22 

carbons with a high proportion of the metal species remains a challenging task. This is largely caused by the 23 

various reactions which take place during high temperature carbonization. However, a recent breakthrough was 24 

reported by Li and co-workers, in which stable Co single atoms (SAs) (rather than Co NPs) could be embedded 25 
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on N-doped porous carbon polyhedrons with a high Co loading (>4 wt%) by employing bimetallic ZIF (Zn1-Co1-1 

BMOF, Zn/Co = 1.1).[93] To promote the formation of single Co atoms, these bimetallic ZIFs were calcined in N2 2 

atmosphere at 800-900 °C and at such high temperatures, the organic linkers of the Zn1-Co1 BMOFs decomposed 3 

to produce N-doped porous carbon and the metal nodes were reduced by the carbon. However, the increase in the 4 

calcination temperature to 1000 °C could lead to the breakage of the Co-N coordination bonds, thus, generating 5 

Co NPs. Similarly, if the Zn/Co ratio was decreased from 1:1 to 0.75:1, the formation of Co-Co bonds and 6 

therefore Co NPs could also not be avoided  because of the poor confinement of Co by the Zn atoms. 7 

In this particular bimetallic system, the addition of an appropriate amount of Zn2+ was crucial for ensuring 8 

the replacement of a certain proportion of Co2+ sites as the Zn2+ ions could act as a "barrier" to increase the 9 

adjacent distances between the Co atoms, which prevented the formation of Co-Co bonds at elevated temperatures. 10 

Moreover, following evaporation of the Zn atoms at ~907°C, the leaving Zn2+ sites would generate free N-sites 11 

during carbonization and the remaining Co atoms could be anchored on the N-doped porous carbon. Surprisingly, 12 

the obtained Co-Nx single sites showed superior ORR performance with a half-wave potential of 0.881 V, which 13 

is more positive than commercial Pt/C (0.811 V) due to the highly active metal-N-C sites. Durability tests revealed 14 

that the exceptional electrochemical stability of the Co SAs with no obvious decay in half-wave potential after 15 

5000 cycles, suggesting their high structural stability. 16 

In a related report, the bimetallic ZIFs, ZnxCo1−x(MeIM)2  (x = Zn molar ratio in the initial bimetallic ZIF) 17 

have been used as templates for fabricating Co-N-C hybrids (Figure 10a) composed of fine Co NPs (≈9.5 nm in 18 

average diameter) sparsely and uniformly embedded in N-doped porous carbon matrices (Figure 10b-e) by 19 

directly annealing them in Ar atmosphere at 900 °C.[95] At lower ratios of Zn in the initial bimetallic ZIFs, severe 20 

aggregation of the Co NPs were observed, due to the insufficient spatial isolation of Co by the Zn species during 21 

carbonization. Moreover, when the starting Zn content in the bimetallic ZIF precursors was gradually increased 22 

(0, 50, 67, 80, 89, and 100%), the resulting Co−N−C-x hybrids exhibited increasing surface areas of 206, 227, 23 

328, 484, 574, and 687 m2/g, respectively. When the Co-N-C-0.8 hybrid particles (Zn molar content= 0.8) were 24 

tested for ORR in 0.1 M KOH, they showed remarkable ORR activity with a half wave potential value of 0.871 25 
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V versus the reversible hydrogen electrode (RHE) (30 mV more positive than that of commercial 20 wt % Pt/C) 1 

and a kinetic current density (Jk) of 39.3 mA cm−2 at 0.80 V versus RHE (3.1 times that of commercial  Pt/C) 2 

(Figure 10f). These values were considerably higher than those of both carbonized ZIF-8 and ZIF-67 particles, 3 

suggesting the advantages of bimetallic ZIFs as precursors for the synthesis of metal/carbon hybrids compared to 4 

individual ZIFs. Moreover, the C-N-Co hybrid electrocatalyst also displayed exceptional stability as confirmed 5 

by the very small negative shift of only 5 mV in  the half wave potential value after 5000 continuous cycles (Figure 6 

10g). Based on these exciting results, it is highly desirable to continue to employ bimetallic ZIFs for the 7 

derivations of porous carbon hybrids for optimizing their functional performance for energy storage and 8 

conversion applications. 9 

5.2. ZIF-derived Metal Oxide/Carbon Hybrids 10 

Transition metal oxides (TMOs) are an important class of materials with potential applications in energy 11 

storage conversion and devices,[96] sensors,[97, 98] photocatalysis,[99] and many others, due to their high electrical 12 

conductivity, high electrochemical response, low cost, ease of preparation, good safety, etc. In electrochemical 13 

applications such as supercapacitors and LIBs, TMOs tend to exhibit higher specific capacitance and specific 14 

capacity, respectively, than carbon-based materials, but they have poorer stability due to large volume 15 

changes/expansion, phase change or structural collapse during cycling.[100] On the other hand, carbon-based 16 

materials typically exhibit lower specific capacitance and specific capacity compared to metal oxides.[90] Yet, 17 

they tend to be more stable during prolonged cycling than metal oxides. Therefore, it is highly beneficial to create 18 

composites using these two materials to combine their respective advantages, whilst also promoting synergistic 19 

effects between them. More specifically, the implementation of a carbonaceous matrix to a metal oxide-based 20 

electrode cannot only improve its electrical conductivity, but also accommodate the large volume changes during 21 

charge/discharge process.[101, 102]. 22 

 ZIFs have been proposed as attractive precursors for the synthesis of metal oxide/carbon hybrids due to 23 

their high specific surface area and pore volume, which are beneficial for increasing the amount of active sites.[22]  24 

However, when using ZIFs as templates, it is important to optimize their heat treatment conditions, particularly 25 
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with respect to the temperature and heating atmosphere(s) to achieve porous metal oxide/carbon hybrids with the 1 

desired phase, good dispersion of metal oxide NPs throughout the carbon matrix and high structural integrity. 2 

ZIF-67 has been shown to be an effective precursor for synthesizing porous Co3O4@N-doped carbon hybrids as 3 

the Co ions and organic linkers could be converted to Co3O4 NP cores and N-doped carbon shells, respectively, 4 

through a controlled two-step annealing process.[103]
 In the initial calcination in Ar at 550 °C, the cobalt ion center 5 

in ZIF-67 was converted into ultra-small metallic Co NPs and the organic linker was carbonized to N-doped 6 

carbon that wrapped the Co NPs (Co@N-doped C). By annealing the Co@N-doped C core-shell particles at 7 

150 °C in air for 12 h, the central Co NPs were gradually oxidized to Co3O4,  while the N-doped C shell survived 8 

at this relatively low temperature. The two main components of the N-doping in Co3O4@NC  were pyridinic and 9 

pyrollic N species. When employed as an anode for sodium-ion batteries (SIBs), the Co3O4@NC particles could 10 

deliver a much higher initial charge and discharge capacities of 813 and 516 mA h g−1, respectively, compared to 11 

pure Co3O4 electrode (495 and 326 mA h g−1, respectively). The higher capacity of Co3O4@NC was promoted 12 

by: (i) the defect rich structure and porous nature, which could trap more Na+ during cycling and (ii) the N doping 13 

which could  provide more active sites for Na+ storage and enhanced the capacitive behavior. Furthemore, the 14 

Co3O4@N-doped C electrode also exhibited an improved cycling stability as it could deliver a much higher 15 

specific capacity of 373 mA h g−1,  after 60 cycles at 1 A g−1, compared to only 200 mA h g−1 for pure Co3O4 16 

electrode. The enhanced cycling stability was due to the buffering effect of the carbon matrix which helped to 17 

maintain the overall structural integrity during cycling. 18 

The simultaneous nucleation, growth and anchoring of Co3O4 on oxidized carbon atoms (Co3O4/C 19 

composites) have previously been achieved through a controlled annealing of cobalt-based ZIF-9.[104] To induce 20 

excellent electrocatalytic features (fuel cell, ORR, OER), the thermal nucleation of Co3O4 on the carbon surface 21 

is essential based on the morphology and pore network arrangement of ZIF-9. ZIF-9, which possesses a sodalite 22 

topology with hexagonal symmetry and is built from corner-sharing tetrahedral CoN4 units, in which the 23 

coordination bonds between the Co2+ cations and benzimidazolate anions is among the most stable N-donor 24 

ligands. In this case, the nucleation of Co NPs would lead to the generation of large inter-particular pores. 25 
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Apart from binary metal oxide@C hybrids, ZIFs have been employed to derive the more complex ternary 1 

metal@metal oxide@C hybrids. For instance, novel Co-CoO@N-doped carbon hybrids have been obtained from 2 

the direct annealing of ZIF-67 crystals at 500-800 °C in Ar atmosphere.[105] In this composite, Co NPs (5–20 nm) 3 

with surface oxidized CoO species were well-dispersed within the porous N-doped carbon matrix. The increase 4 

in the annealing temperature from 500 to 800 °C promoted a higher reduction rate of Co2+ to metallic Co (Co0), 5 

leading to an increase in the Co content from 21.6% to 39.7%. The presence of CoO species was attributed to the  6 

partial oxidation of metallic Co NPs on the external surface of the hybrids. When employed exhibited excellent 7 

catalytic performance for direct homo- and cross-coupling esterifications of primary alcohols under mild 8 

conditions, due to the synergistic effect between Co and CoO NPs and the stabilization of the NPs by the porous 9 

carbon matrix which improved accessibility and adsorption of substrates to the active sites and the diffusion of 10 

products.  11 

Despite the possibility of deriving binary or ternary composites from direct annealing of ZIF crystals, 12 

often the derived nanocomposites exhibit disordered structures, which in turn, can affect the transportation of 13 

electrons or ions or the diffusion of reactants and products. To solve this problem, it is highly desirable to 14 

incorporate the ZIF-derived metal oxide@C or metal@metal oxide@C composites into porous carbon supports 15 

to generate an open, hierarchical porous structure for easy transportation of electrons or ions. For instance, ZIF-16 

9 has been used as a precursor to incorporate Co@Co3O4@C hybrid NPs into a highly ordered porous carbon 17 

matrix (denoted as Co@Co3O4@C-CM).[106] To construct this complex ternary composite, multiple steps were 18 

involved: (i) the carbon matrix with hexagonally ordered mesopores (CM) was firstly functionalized with 19 

carboxyl groups, to introduce ZIF-9 into the confined space of the highly ordered CM via coordination with Co2+ 20 

ions; (ii) the ZIF-9-CM composite was heat treated at 700 °C in Ar to convert it to Co@C-CM composite and (iii) 21 

the Co@C-CM composite was finally heat treated in air at 150 °C to achieve the Co@Co3O4@C hybrid. During 22 

the initial heating stage, the Co complex could be easily decomposed and the Co2+ ions segregated from the ZIF-23 

9 framework and agglomerated to form ultrafine Co NPs on the carbon rods in the highly ordered porous CM. As 24 

time progressed, these NPs aggregated to form larger Co@C NPs to decrease the surface energy. The Co NPs 25 
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supported onto the CM were highly active and their surface layers could be oxidized into Co3O4 during the heat 1 

treatment in air, thereby giving rise to the formation of Co@Co3O4@C hybrid on the porous CM. When used for 2 

ORR, the Co@Co3O4@C-CM catalyst showed excellent ORR activity (1 M KOH as electrolyte), with a high 3 

ORR onset potential of 0.93 V and a half-wave potential of 0.81 V, which is comparable to commercial Pt/C 4 

catalyst. In comparison, the Co@Co3O4@C hybrid prepared directly from pure ZIF-67 crystals exhibited an onset 5 

potential of 0.85 V and a half-wave potential of 0.70 V. In addition, the Co@Co3O4@C-CM displayed high 6 

electrochemical stability, showing only a slight current loss with high retention of more than 90% after 25,000 s. 7 

On the contrary, the Pt/C catalyst suffered from a rapid current loss with only 68% retention. The enhanced ORR 8 

performance was attributed to various factors including: (i) the presence of carbon shells which could facilitate 9 

the transport of electrons from the carbon support to the Co@Co3O4 NPs, whilst also preventing the agglomeration 10 

of the Co NPs and (ii) the open, hierarchical structure of the hybrid which could ensure full contacts between the 11 

gas and electrolyte and lower diffusion resistance. 12 

Another example is the deposition of ZIF-67 particles into polymer-cobalt acetate (Co(acac)2) composite 13 

nanofibers to form polymer-Co(acac)2@ZIF-67 core-nanofibers, which could subsequently be converted into 14 

hierarchical hollow CNT/Co3O4 microtubes by a two-step annealing in Ar/H2 atmosphere at 750 °C and then, in 15 

air at 360 °C.[107]  The resulting CNT/Co3O4 microtubes exhibited good rate capability, with a high specific charge 16 

capacity of  1281 mA h g−1 at 0.1 A g−1, as well as exceptional cycling stability, with a high specific capacity of 17 

782 and 577  mA h g−1 after 200 cycles at 1 and 4 A g−1, respectively. The hierarchical porous/hollow nature of  18 

the CNT/ Co3O4 microtubes not only enabled fast diffusion of Li+ ions but also provided sufficient contact between 19 

active material and electrolyte for the rapid charge-transfer reaction. Additionally, the tubular structures and void 20 

space within the Co3O4 NPs could effectively accommodate large volume expansion upon cycling, thereby, 21 

maintaining the overall structural integrity. In addition, the CNTs integrated in the hierarchical microtubes could 22 

enhance the electronic conductivity of the composites, thus, improving the rate capability and electrochemical 23 

reactivity. Due to their synergistic effects, it is expected that the incorporation of  ZIF-derived  metal 24 

oxide@carbon or metal @metal oxide@C composites into porous carbon supports (e.g. ordered carbon matrix, 25 
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graphene oxide, and CNTs) will become an increasingly attractive method for improving their functional 1 

performance in energy storage and conversion devices.  2 

 3 

 4 

5.3. ZIF-derived Metal Sulfides and Their Hybrids 5 

Apart from carbons and metal oxides, ZIFs have also been used as novel precursors to obtain porous metal 6 

sulfide nanostructures and their hybrids with the assistance of sulfur-containing sources (such as thioacetamide 7 

and sulfur powder).[88] For instance, hollow truncated zinc sulfide (ZnS) rhombic dodecahedra with (ca. 400 nm) 8 

has been synthesized by refluxing the ZIF-8 particles with thioacetamide at 120 °C, using ethanol containing trace 9 

water as the solvent.[108] At this temperature, S2− ions are released from the hydrolysis of thioacetamide and reacts 10 

with Zn2+ ions dissociated from Zn(MeIm)2, causing the formation of ZnS particles around the templates. With 11 

increasing reaction time, a gap is gradually formed between the ZIF-8 core and the ZnS shell and finally, the ZIF-12 

8 cores are finally consumed, giving rise to hollow structures. In this system, achieving a fine control over the 13 

rate of S2− hydrolysis and ZIF-8 dissolution was crucial for obtaining the hollow dodecahedra. As such, the proper 14 

use of solvent (i.e. ethanol with trace water) was necessary to slow down the hydrolysis of S2− anions, whilst 15 

ensuring consistent supply of Zn2+ cations to prevent the collapse of the hollow structures. 16 

Transition metal sulfides have been considered as potential anode materials for LIBs due to their higher 17 

specific capacity than commercial graphite and their oxide counterparts as well as their intrinsically enhanced 18 

safety.[109] The high capacity of lithium storage is achieved through the reversible conversion reaction between 19 

Li + and sulfides that form metal NCs dispersed in the Li(S) matrix: Mn+(X) + ne− + nLi+ ↔ M0 + nLi(X) (X = 20 

S, O).[110] However, they suffer from large volume change during Li+ insertion/de-insertion processes, which 21 

leads to loss of electrical conductivity and poor cycling stability. To improve the functional performance of ZIF-22 

derived metal sulfide nanomaterials in LIBs and supercapacitors, a hybrid structure composed of carbon and metal 23 

sulfide synthesized from a single ZIF precursor is highly desirable. This is because the addition of a carbonaceous 24 
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matrix can enhance the mechanical flexibility of the electrochemically active materials, whilst also buffering their 1 

volume changes, resulting in improved cycling stability.[88] 2 

 Hollow hybrids composed of CoS embedded within porous carbon polyhedra/carbon nanotubes 3 

(CoS@PCP/CNTs) (Figure 11a-g) have been shown to exhibit enhanced electrochemical performance for 4 

LIBs.[111] This complex composite was successfully prepared from the carbonization of ZIF-67 NCs in Ar at 5 

600 °C, in the presence of sulfur powder as the sulfur source. The synthesized CoS@PCP/CNTs polyhedra 6 

(CoS@PCP/CNTs-600) displayed  an exceptional high-rate capability (1038, 979, 858, and 752 mA h g −1 at 7 

current densities of 1, 2, 5, and 10 A g−1, respectively) (Figure 11h) and a very high reversible specific capacity 8 

of ~1668 mA h g−1 at a current density of 0.2 A g−1 after 100 cycles (Figure 11i). In this composite, the ultrafine 9 

CoS NPs (≈5 nm) were embedded in the hollow porous carbon matrix, enabling easy access of Li ions, while 10 

providing excellent and stable electrical contact between the active material and the electrically conducting carbon 11 

additive. Moreover, the porous hollow structure of the composite could mediate the volume expansion occurring 12 

during the Li+ insertion/extraction. In addition, the in-situ formed CNTs (catalyzed by the small CoS particles) 13 

could act as a secondary physical buffering matrix to maintain the structural integrity of the electrode, while also 14 

enhancing the overall electrical conductivity of the composite. 15 

 In a related report, novel electrode materials consisting of hollow Co9S8 NPs embedded in graphitic 16 

carbon nanocages (HCSP⊂GCC) have been synthesized by using ZIF-67 as a template.[112] To achieve such a 17 

complex composite, multiple steps were involved: (i) the ZIF-67 particles were initially heat-treated in Ar/H2 18 

flow to generate CoNPs@C composite (CP⊂GCC) and (ii) the CP⊂GCC was solvothermally reacted with 19 

thioacetamide at 120 °C. The HCSP⊂GCC composite exhibited excellent electrochemical performance as 20 

cathode for LIBs, including: (i) very high energy density (707 W h kg−1), exceptional rate capability (reversible 21 

capabilities of 536, 489, 438, 393, 345, and 278 mA h g−1 at 0.2, 0.5, 1, 2, 5, and 10 C, respectively), and stable 22 

cycling performance (a low capacity loss of 26% even after 150 cycles at 1 C). The exceptional electrochemical 23 

performance of this composite was attributed to several factors including: (i) the hollow and continuous graphitic 24 

carbon nanocages could significantly enhance the effective electrical conductivity and offer smooth conductive 25 
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paths between Co9S8 hollow NPs, and hence, reduce the particle-to-particle interfacial resistance; (ii) the small 1 

mechanically isolated but electrochemically well-connected Co9S8 NPs could prevent their aggregation during 2 

charge/discharge process, thus, enhancing their reversibility and cycling stability; and (iii) the void space existing 3 

between the hollow interior of both carbon nanocages and Co9S8 NPs along with the porosity in the polyhedral 4 

shell could effectively mediate volume expansion induced by the insertion/extraction of Li+ and enabled easy 5 

penetration of the electrolyte into the nanocages, therefore, providing a high-speed  transportation channel for Li+ 6 

ions. 7 

 8 

5.4. ZIF-derived Metal Phosphides and Their Hybrids 9 

Transition metal phosphides (TMPs) are an important class of materials which are commonly used as 10 

electrocatalysts for hydrogen (HER) and oxygen evolution reactions (OER), anode materials for LIBs and SIBs 11 

as well as catalysts for hydrodenitrogenation and hydrodesulfidation.[113] Typically, TMPs can be prepared by: (i) 12 

solution-phase methods (hydrothermal solvothermal, sonochemical) by using  hyphophospites tri-n-13 

octylphosphine (TOP), tri-n-octylphosphine oxide (TOPO), organic phosphines (e.g. tri-phenylphosphine (TPP)), 14 

white phosphorus or red phosphorus) as the phosphorus (P) source; (ii) gas-phase methods utilizing 15 

hypophosphites (NH4H2PO2 and NaH2PO2); (iii) direct reduction of metal orthophosphates in H2, (iv) cathodic 16 

electrodeposition, or (v) pyrolysis of P-containing ionic polymers.[88, 114]  17 

Electrocatalytic water splitting, a combination of the hydrogen evolution reaction (HER) and oxygen 18 

evolution reaction (OER) to generate hydrogen and oxygen, respectively, is regarded to be one of the most 19 

promising method for energy conversion. To reach this goal, the development of efficient catalysts to accelerate 20 

the kinetics of both half-cell reactions is crucial. While, precious metals (Pt) and noble metal oxides (RuO2 and 21 

IrO2) exhibit the best activity for the HER and OER, respectively, their large-scale industrial application is limited 22 

due to their high cost and scarcity.[96] Therefore, the development of cost-effective catalysts with high activity 23 

and durability for HER and OER is highly desirable. In general, HER and OER catalysts should possess these 24 

desirable characteristics, including: (i) low cost, (ii) high abundance, (iii) high catalytic activity; (iv) high surface 25 
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area to minimize the loading amount of the catalyst, (v) high electrical conductivity at high overpotentials (where 1 

oxidation potentials can change compared to the equilibrium state) to minimize the drop in Ohmic potential, (vi) 2 

high corrosion stability, and/or (vii) optimized pore size for minimizing the gas bubble growth and detachment 3 

of small water bubbles during water electrolysis.[113]  4 

TMP has been considered as one of the more attractive electrocatalysts for HER or OER, because of their 5 

high abundance, low cost, and their high acid–base stability in the pH range of 0–14.[115] Very recently, ZIFs were 6 

found to be feasible precursors for the synthesis of nanoporous TMP materials with large surface area and pore 7 

volume for developing efficient HER and OER electrocatalysts. For example, hollow CoP polyhedra have been 8 

prepared by the initial annealing of ZIF-67 polyhedra in air to achieve Co3O4 phase, followed by phosphidation 9 

in an inert atmosphere at 250 °C with NaH2PO2 to achieve the conversion to CoP phase.[115] In this case, the 10 

formation of the CoP phase is promoted by the reaction between PH3 released from the decomposition of 11 

Na2H2PO2 at 250 ° C and metal oxides according to the equation: 12 

                                               2NaH2PO2 = PH3 + Na2HPO4                                                                     (1) 13 

The benefit of using ZIFs as precursors for the preparation of porous TMP nanomaterials is highlighted by the 14 

significantly larger surface area of the ZIF-67 derived hollow CoP polyhedra compared to CoP NPs  prepared by 15 

conventional phosphorization of Co3O4 particles. Furthermore, when evaluated as electrocatalysts for HER and 16 

OER, the hollow CoP polyhedra showed superior electrocatalytic performance compared to CoP particles and 17 

comparable performance to those of commercial noble-metal catalysts for both HER and OER in acidic and 18 

alkaline media, with onset overpotentials of 35 and 300 mV, Tafel slopes of 59 and 57 mV dec−1, and a current 19 

density of 10 mA cm−2 at low overpotentials of 159 and 400 mV for HER and OER, respectively. The higher 20 

HER and OER activities of the hollow CoP polyhedra is attributed to several factors including: (i) the larger 21 

surface area which may provide more catalytically active sites and facilitate the transfer of electrons and masses; 22 

(ii) the reduction of surface oxidized layer on the CoP hollow polyhedra which improves diffusion of reactants 23 

and products. 24 



49 

While MOF-derived TMP nanomaterials have shown potential for HER and OER, their electrical 1 

conductivity is still not satisfactory. A common strategy to facilitate this problem is to combine them with highly 2 

conductive carbonaceous materials such as reduced graphene oxide (rGO). For instance, a high performance 3 

bifunctional electrocatalyst for water splitting based on rGO/CoP has been fabricated by depositing ZIF-67 on 4 

GO sheets followed by pyrolysis in N2 at 700 °C and subsequent oxidation in air at 400 °C to obtain Co3O4/rGO 5 

composite, before being phosphidized at 300 °C in N2 to achieve the CoP/rGO composite.[115]  The resultant 6 

CoP/rGO composite showed an excellent HER activity in acidic solution (0.5 M H2SO4) , with a HER onset 7 

potential of 13 mV and the kinetic current density  10 mA cm−2 at a low overpotential of 105 mV with a 8 

corresponding Tafel slope of 50 mV dec−1. Furthermore, when evaluated in an alkaline solution (1 M KOH), this 9 

composite exhibited a low overpotential of 150 mV at 10 mA cm−2, superior to those of CoP, rGO and bare glass 10 

carbon electrode (GCE) and a Tafel slope of 38 mV dec−1, comparable to that of Pt/C. Interestingly, when 11 

employed as an OER electrocatalyst under alkaline condition (1 M KOH), the ZIF-67 derived CoP/rGO composite 12 

could reach a current density of 10 mA cm−2 at an overpotential of 340 mV with a Tafel slope of 66 mV dec−1, 13 

which is superior to CoP, rGO and even IrO2, the state-of-the-art OER catalyst.  Furthermore, the CoP/rGO 14 

composite also displayed an excellent durability with little decrease in the catalytic activity after 3000 cycles. The 15 

excellent electrocatalytic performance was mainly attributed to the synergistic effect between the CoP 16 

polyhedrons and the rGO support. The presented studies in this section clearly highlight the promising potential 17 

ZIF-derived TMP nanostructures and their hybrids as bi-functional electrocatalysts for water splitting. In the 18 

future, however, it may be necessary to improve the safety aspect of TMP-based electrodes for use in electrolyzers 19 

due to their toxic nature. 20 

In summary, this section has discussed the variety of functional nanoporous materials and hybrids which 21 

have been obtained from the framework pyrolysis of ZIFs. While there have been many successful reports on the 22 

derivation of porous hybrid materials from ZIFs (Table 5), almost all of these hybrids are carbon-based hybrids, 23 

which are obviously useful for many energy and environmental applications. In the future, it may be worth to 24 
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consider the potential of deriving novel non-carbon based hybrids from ZIFs, either with or without the use of a 1 

secondary precursor. 2 

 3 

6. Perspective and Summary 4 

The diverse nanoscale structures of ZIFs offer excellent functionality and textural features for potential 5 

applications in adsorption, catalysts, gas separation, electrochemical energy storage, solar energy conversion, 6 

sensing, and electronic devices. To date, several different strategies have been developed to enhance the 7 

functionality of ZIFs such as linker modification and functional hybridization by encapsulating  metal, metal 8 

oxide NPs, and even biological molecules (enyzmes/proteins, fluorescent dyes, drug molecules).  Such 9 

encapsulations are highly useful for imparting novel chemical/bio-functionality into ZIFs.  The utilization of ZIFs 10 

as supports for metal NPs have several advantages over traditional porous materials including high structural 11 

integrity, moderate thermal stability, hierarchical pore networks, and the existence of organic linkers which is 12 

beneficial for stabilizing the metal NPs. However, during the encapsulation of metal NPs, it is crucial to avoid 13 

blockage of the pores of ZIFs by the metal NPs to maintain the high surface area of the ZIF support. In recent 14 

times, bimetallic alloy NCs encapsulated in ZIFs were reported to exhibit superior catalytic activity than 15 

monometallic metal NPs due to the synergistic effects between the two different types of metal NPs due to their 16 

interplay of electronic and lattice effects. Therefore, future research efforts into the development of novel 17 

strategies for encapsulating bimetallic alloy NPs inside ZIFs may open new avenues for optimizing their catalytic 18 

activity without compromising their structural integrity.  19 

The encapsulation of biomolecules such as enzymes or proteins inside ZIFs can provide many advantages 20 

including: (i) impartment of molecularly specific functions to ZIFs, which may be beneficial for industrial 21 

biocatalysis, biosensing and biomedical devices, (ii) the provision of  protective coatings because of the excellent 22 

chemical and thermal stability and low cytotoxicity of ZIFs, and (iii) ZIFs can be synthesized under mild 23 

biocompatible conditions which allow for the preservation of enzymatic activity. Post-synthetic encapsulation 24 

has been widely used to encapsulate enzymes into ZIFs, in which the enzyme molecules are either physically 25 
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adsorbed or covalently bound to the ZIF supports. Therefore, the pore aperture of the ZIF support needs to be 1 

sufficiently large to enable the diffusion of enzyme molecules through the host material. The recently developed 2 

de-novo approach has enabled the encapsulation of enzymes into ZIFs (e.g. ZIF-90) with small pores instead of 3 

large pores, thus, broadening the potential of ZIF-encapsulated enzymes in bio-applications. In recent years, ZIFs 4 

have been utilized as inorganic additives into polymeric matrices for the creation of mixed matrix membranes 5 

(MMMs). ZIF/polymer MMMs combine the easy processability of polymeric membranes with the superior gas 6 

or liquid separation performance of ZIFs. This promising approach represents an important way of improving the 7 

functionality of ZIFs for industrial applications. An interesting recent trend in the fabrication ZIF-based MMMs 8 

is the combination of ZIFs with a secondary carbon-based additive or filler such as CNTs or graphene oxide in 9 

MMMs, which can greatly improve the dispersion of ZIF particles within the polymeric matrix and therefore, the 10 

separation performance of ZIF-based MMMs. 11 

Controlling the size and morphology of ZIF NCs is important for optimizing their textural characteristics, 12 

including surface area and pore volume. To date, the control over the size of ZIF particles has been achieved 13 

mostly by directly modifying the synthetic parameters and to some degree, by the use of surfactants or non-ionic 14 

block copolymers. In contrast, the shape control of ZIF NCs often relies heavily on template-mediated approaches 15 

rather than non-templated ones as a more diverse morphology of ZIF NCs can be achieved. By employing soft or 16 

hard templates, ZIF nanostructures with controlled morphologies such as nanotubes, spheres, cubes, and prisms 17 

have been successfully obtained. Although the shape control of ZIF NCs (and their corresponding derived 18 

materials) has been acquired to some degree, the exploration of recently emerging templates such as block 19 

copolymers or inorganic metal acetate hydroxide may broaden the possibilities of morphology of ZIF particles 20 

which can be synthesized. 21 

Over the past few years, there has been a rapidly growing interest in the use of ZIFs as templates for 22 

deriving nanoporous carbon hybrid materials. This is due to their highly tunable composition, large surface area, 23 

controllable porosity and high carbon and nitrogen contents. In particular, the use of bimetallic ZIFs (e.g. ZIF-24 

8@ZIF-67) as precursors to derive N, Co-doped porous carbons has gained momentum due to the possibility of 25 
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combining the advantages of individual ZIF constituents, which may include higher graphitization degree, 1 

improved porosity, higher electrical conductivity and stability. Due to these advantages, future efforts should be 2 

focused more on the derivations of nanoporous hybrid materials from bimetallic ZIFs rather than from individual 3 

ZIFs, in order to optimize their functional properties. Despite the many advantages exhibited by ZIF-derived 4 

hybrids, it is still beneficial to combine them with other carbon-based materials such as N-doped reduced graphene 5 

oxide, CNTs or oxide-based materials to enhance their electrical conductivity for energy storage and conversion 6 

devices.  7 

In terms of future applications,  the superior chemical stability and vapor selective adsorption properties 8 

of ZIFs can be brought to a new height of technological development by developing ZIF-based 2D photonic 9 

structures and heterostructures as sensing platforms. Photonic ZIF patterns involving dynamic variation of optical 10 

properties depending on functional ZIFs as sensor matrix. The integration of functional ZIFs into 2D photonic 11 

components can pave the way for advanced optical devices in which the original properties of ZIFs (high porosity, 12 

sorption selectivity, etc.) and periodic structures (light confinement, diffraction, etc.) are combined and restored. 13 

For greater success with ZIF-derived materials, ZIFs need to be processed, shaped in nanoscale, and integrated in 14 

functional devices. This would especially enlarge the scope of applications for the utilization of ZIFs beyond the 15 

conventional regime. 16 
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LIST OF TABLES 1 

Table 1. Preparation method, particle size, and application of various metal NPs@ZIF hybrids 2 

ZIF 

 

Metal Metal 

precursor(s) 

Metal 

size 

(nm) 

Preparation  

method 

Reduction 

Method 

Application Ref. 

ZIF-8 

 

Au Au(CO)Cl 3.2 ± 0.1 CVD H2 Alcohol 

oxidation 

[44] 

ZIF-8 Au HAuCl4 2-6  Impregnation NaBH4 4-Nitrophenol 

reduction 

[41] 

ZIF-8 Ag AgNO3 2-6 Impregnation NaBH4 4-Nitrophenol 

reduction 

[41] 

ZIF-8 Ag AgNO3 2-6 Impregnation NaBH4 4-Nitrophenol 

reduction 

[41] 

ZIF-8 Rh RhCl3 ~2-3 Impregnation NaBH4 Alkene 

hydroformylation 

[42] 

ZIF-8 Cu CuSO4 2.5-5  Impregnation NaBH4 Glucose sensing [116] 

ZIF-67 Pd Pd(acac)2 - Impregnation Formic 

acid 

Cr(VI) removal [117] 

ZIF-8 

 

Ag-Pd AgNO3, 

H2PdCl4 

1.6 ± 0.2 Impregnation NaBH4 Formic acid 

dehydrogenation 

[47] 

ZIF-8 

 

Pt-Pd Na2PtCl4 

Na2PdCl4 

6.2 Bottle around 

ship 

approach 

NaI Ethylene  

dehydration 

[39] 

ZIF-8 Au@Ag HAuCl4 

AgNO3 

2-6  Sequential 

deposition-

reduction 

NaBH4 4-Nitrophenol 

reduction 

[41] 

ZIF-8 Rh-Ni RhCl3 

NiCl2 

1.2 ± 0.2 Impregnation NaBH4 Hydrogen 

generation 

[118] 

3 
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Table 2. Synthesis conditions of ZIF nanocrystals and the influence on their particle size and surface area. 1 

ZIF 

sample 

Metal 

precursor 

Organic 

linker  

Linker/Meta

l ratio 

Template Solvent Average 

size 

(nm) 

SBET 

(m2/g) 

Ref. 

ZIF-8 Zinc sulfate 2-MeIm 8:1 none Methanol 192 n/a [19] 

ZIF-8 Zinc 

chloride 

2-MeIm 8:1 none Methanol 388 n/a [19] 

ZIF-8 Zinc acetate 2-MeIm 8:1 none Methanol 312 1477 [19] 

ZIF-8 Zinc 

bromide 

2-MeIm 8:1 none Methanol 1160 1713 [19] 

ZIF-8 Zinc acetate 2-MeIm 4:1 none Methanol 2000 1960 [61] 

ZIF-8 Zinc nitrate 2-MeIm 4:1 none Methanol 300 1570 [61] 

ZIF-8 Zinc nitrate 2-MeIm 9:1 none Methanol 40 n/a [92] 

ZIF-8 Zinc nitrate 2-MeIm 40:1 none Water 3400 1520 [62] 

ZIF-8 Zinc nitrate 2-MeIm 60:1 none Water 830 1550 [62] 

ZIF-8 Zinc nitrate 2-MeIm 80:1 none Water 500 1580 [62] 

ZIF-8 Zinc nitrate 2-MeIm 100:1 none Water 320 1600 [62] 

ZIF-90 Zinc nitrate  ICA 4:1 none DMF 1430 1270 [65] 

ZIF-90 Zinc nitrate ICA 4:1 PVP (2 

wt%) 

H2O 2130 785 [65] 

ZIF-90 Zinc nitrate ICA 4:1 PVP (2 

wt%) 

H2O/ 

tert-

butanol 

275 766 [65] 
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ZIF-67 Cobalt 

nitrate 

2-MeIm 4:1 none Methanol/ 

ethanol 

1500 1562 [68] 

ZIF-67 Cobalt 

nitrate 

2-MeIm 8:1 none Water  300 386 [64] 

ZIF-67 Cobalt 

nitrate 

2-MeIm 8:1 none Methanol 

(60 °C) 

800 326 [64] 

ZIF-67 Cobalt 

chloride 

2-MeIm 10:1 none Water 

(120 °C) 

220 1278 [60] 

ZIF-67 Cobalt 

sulfate 

2-MeIm 10:1 none Water 

(120 °C) 

480 1375 [60] 

ZIF-67 Cobalt 

acetate 

2-MeIm 10:1 none Water 

(120 °C) 

570 1323 [60] 

ZIF-67 Cobalt 

chloride 

2-MeIm 8:1 PVP 

(0.6 g) 

Methanol 2000 n/a [119] 

* 2-MeIm = 2-methylimidazole, ICA = imidazole-2-carboxaldehyde, PVP = polyvinylpyrrolidone, DMF = N,N-1 

dimethylformamide 2 

^ Unless specified, the synthesis was carried out at room temperature. 3 

4 
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Table 3. Previous reports on different shape-controlled ZIF nanocrystals and their synthesis conditions. 1 

ZIF 

sample 

Morphology Metal 

precursor 

Organic 

linker  

Linker/Meta

l ratio 

Template Solvent SBET 

(m2/g) 

Ref. 

ZIF-8 Rhombic 

dodecahedron

s 

Zinc nitrate 2-MeIm 4:1 None Methanol 1570 [61] 

ZIF-8 Hollow 

nanoworms 

Zinc nitrate 2-MeIm 3:1 PS-b-P4VP Methanol n/a [62] 

ZIF-8 Nanocubes Zinc nitrate 2-MeIm 56:1 CTAB 

(0.025 

wt%) 

Water 1200 [4] 

ZIF-8 Truncated 

dodecahedron

s 

Zinc nitrate 2-MeIm 56:1 CTAB 

(0.0025 

wt%) 

Water 2800 [4] 

ZIF-8 Hollow 

spheres 

Zinc nitrate 2-MeIm 1:1 PS spheres Methanol n/a [71] 

ZIF-67 Hollow 

prisms 

Cobalt 

acetate 

hydroxide 

2-MeIm n/a None Ethanol 

(110 °C) 

1308 [120] 

ZIF-67 Truncated 

dodecahedron

s 

Cobalt 

nitrate 

2-MeIm 80:1 none Water 1550 [68] 

ZIF-67 Hollow 

spheres 

Cobalt 

nitrate 

2-MeIm 4.3:1 CnTAB 

 

Methanol 1580 [70] 
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ZIF-67 Truncated 

dodecahedron

s 

Cobalt 

sulfate 

2-MeIm 20:1 none Water  

(120 °C) 

1349 [60] 

ZIF-67 Truncated 

dodecahedron

s 

Cobalt 

acetate 

2-MeIm 20:1 none Water  

(120 °C) 

1395 [60] 

*PS = polystyrene, CnTAB = alkyltrimethylammonium bromide (n = 12, 14 or 16) 1 

^ Unless specified, the synthesis was carried out at room temperature. 2 
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Table 4. Previous reports on ZIF-based MMMs for gas separations 1 

ZIFs Polymers Gas or gas mixture Year Ref. 

ZIF-8 Matrimid® 5218 H2, N2, O2, CH4, CO2, C3H8, H2/CO2, 

CO2/CH4 

2010, 2012 [78, 121] 

ZIF-8 Ultem® CO2/CH4, CO2/N2 2012 [77] 

ZIF-8 6FDA-DAM C3H6, C3H8, C3H6/C3H8 2011 [1] 

ZIF-8 Poly(1,4-phenylene 

ether-ether-sulfone)  

H2, O2, N2, CH4, CO2, C2H4 and C2H6, 

O2/N2, H2/N2, C2H4/C2H6 

2011 [82] 

ZIF-8 Polybenzimidazole CO2, CO2/H2 2016 [122] 

ZIF-11 Polybenzimidazole H2/CO2 2016 [123] 

ZIF-11 6FDA-DAM H2/CH4, CO2/CH4 2017 [124] 

ZIF-71 6FDA-Durene O2, N2, CO2, CH4, O2/N2, CO2/N2, 

CO2/CH4 

2016 [125] 

ZIF-90 Matrimid, Ultem, 

6FDA-DAM 

CO2/CH4, CO2/N2 2010 [81] 

ZIF-301 

(with GO) 

Polysulfone CO2/N2 2016 [79] 

ZIF-302 

(with GO) 

Polysulfone CO2/N2 2016 [86] 

 2 

  3 
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Table 5. The synthesis conditions, textural characteristics and applications of previously reported ZIF-derived  1 

porous carbon hybrids and ZIF-derived  metal sulfides and phosphides. 2 

Sample ZIF 

precursor 

Secondary 

precursor 

Annealing 

 temp (°C) 

Surface 

area 

(m2 g-1) 

Application Ref. 

N, Co-doped  

carbon 

Bimetallic 

ZIFs (ZIF-

8/ZIF-67) 

None 900 (N2) 1225 ORR [94] 

C-N-Co-0.8 hybrid 

  

Bimetallic 

ZIFs (ZIF-

8/ZIF-67) 

None 900 (Ar) 484 ORR  [95] 

Co-SA/N-C hybrid Bimetallic 

ZIFs (ZIF-

8/ZIF-67) 

None 900 (Ar) n/a ORR [93] 

Co3O4/graphitic 

carbon polyhedron 

ZIF-

8@ZIF-67 

None 900 (N2) 

350 (air) 

282 Lithium 

oxygen 

batteries 

[126] 

Co3O4/N-doped C  ZIF-67 None 550 (Ar) 

150 (air) 

101 SIBs [103] 

CNT/Co3O4 

microtubes 

ZIF-67 None 950 (Ar/H2) 

360 (air) 

93.9 LIBs [107] 

Co/Co3O4/CNT-N-

doped C 

ZIF-67 None 800 (H2) 

250 (O2) 

111 ORR [96] 

Co-CoO@N-

doped C 

ZIF-67 None 700 (Ar) 291 Alcohol 

oxidation 

[105] 

ZnS nanocages ZIF-8 Thioacetamide 90 (air) 150 n/a [108] 
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CoS nanocages ZIF-67 Thioacetamide 

 

180 (air) n/a Supercapacitor

s 

[127] 

Co9S8 nanocages ZIF-67 Thioacetamide 90 (air) 

600 (N2) 

29.2 ORR [128] 

CoS@PCP/CNTs ZIF-67 Sulfur powder  600 (Ar) 108 LIBs [111] 

Co-C@Co9S8 

polyhedrons 

ZIF-67 Thioacetamide 

 

90 (air) 

600 (N2) 

106.2 ORR [128] 

CoP polyhedron ZIF-67 Sodium 

hypophosphite 

300 (air) 

250 (N2) 

46.9 ORR [129] 

CoP/N-doped C ZIF-67 Sodium 

hypophosphite 

900 (Ar) 

300 (N2) 

183 HER, OER [130] 

Co/CoP embedded 

N-doped carbon 

ZIF-67 Sodium 

hypophosphite 

700 (Ar) 

350 (Ar) 

n/a OER, ORR [131] 

* SA = single atoms 1 

  2 
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FIGURE CAPTION 1 

 2 

Figure 1. Representative crystal structures of ZIFs (the first three capital letters under each example stand for the 3 

zeolite structure code). Reproduced with permission.[6] Copyright 2014, The Royal Society of Chemistry. 4 

 5 

  6 
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 1 

Figure 2. a) Stepwise metal ion (Mn) and ligand (Br-im) PSE of ZIF-71. Reproduced with permission.[8] 2 

Copyright 2013, American Chemical Society. b) Illustration of the MOF ZIF-69. SALE occurs selectively at the 3 

benzimidazolate linkers that line the pores indicated with yellow spheres but not the 2-nitroimidazolate linkers 4 

highlighted with the purple spheres (c and d). Reproduced with permission.[26] Copyright 2016, American 5 

Chemical Society. 6 
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 1 

Figure 3. a) Schematic illustration of the fabrication process of ZnO@ZIF-8 nanorods. b, c) Low-magnification 2 

and high-magnification (inset) SEM images of the templates, ZnO nanorod and nanotube arrays grown on FTO 3 

substrate, respectively. c, d) Low-magnification and high-magnification (inset) SEM images of the ZnO@ZIF-8 4 

core-shell nanorod and nanotube arrays, respectively. f) High angle annular dark field (HAADF)-scanning 5 

transmission electron microscopy (STEM) image of an individual ZnO@ZIF-8 nanorod and g-i) elemental maps 6 

of C, N, and Zn concentrations in the ZnO@ZIF-8 nanorod recorded from the zone marked with a rectangle in 7 

panel f. j) Photocurrent response curves of the ZnO@ZIF-8 nanorod arrays toward hydrogen peroxide (H2O2) 8 

with different concentrations in serous buffer solution. Reproduced with permission.[36] Copyright 2013, 9 

American Chemical Society. 10 
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 1 

Figure 4. a) Schematic illustration showing the three characteristic cases A, B, and C of microstructures for NPs 2 

supported by Metal-Organic Frameworks (MOFs): (Case A) Particles typically larger than cavity size with a 3 

preferred anchoring close to the outer surface of the MOF; (Case B) Particles evenly distributed throughout the 4 

volume of the MOF crystal but still exhibiting a broad size distribution with an average particle size exceeding 5 

the dimensions of the pores; (Case C) Particles with a narrow size distribution matching with the cavities and 6 

homogeneously distributed over the volume of MOF. The real microstructure may be more or less close to one 7 

of these conceptual limiting cases. If particle sizes are, however, larger than the typical pore dimensions for A and 8 

B, local damage of the MOF support matrix has to be taken into account, which is not represented  in the scheme. 9 

Reproduced with permission[44] Copyright 2010, American Chemical Society. d) Templated synthesis of NPs 10 

(NP)@MOF composite materials with classification D. Reproduced with permission.[27] Copyright 2015, The 11 

Royal Society of Chemistry. 12 
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 1 

Figure 5. a) Scheme of the controlled encapsulation of Au nanoparticles (NPs) in ZIF-8 crystals. Through surface 2 

modification with surfactant PVP, NPs of various sizes, shapes and compositions can be encapsulated in a well-3 

dispersed fashion in ZIF-8 crystals, themselves formed by assembling zinc ions with imidazolate ligands. The 4 

spatial distribution of incorporated PVP-modified NPs within ZIF-8 crystals can also be controlled by their 5 

addition sequence (that is, addition at the beginning (T0) or after a certain time (T) during the MOF synthesis). 6 

Spatial distributions as a single type of NPs in the central areas 1) or off the central areas 2) of the MOF crystals, 7 

and as two types of NPs in the central areas 3) or one type in the central area but the other type in the transition 8 

layers 4) of the MOF crystals. b) TEM image of the intermediate product of Au NP/ZIF-8 hybrid crystals collected 9 

after three hours of reaction (case 1 in Figure 5a). c) TEM image of hybrid crystals obtained when Au NPs were 10 

introduced 15 minutes after the initiation of the reaction (case 2 in Figure 5a). d) Hybrid crystal that contains 11 

homogeneously distributed 13 nm Au and 34 nm Au NPs in the central area, prepared by simultaneously adding 12 

these two types of NPs at the beginning of the reaction (case 3 in Figure 5a). f) Hybrid crystals that consist of 34 13 

nm Au NP-rich cores, 13 nm Au NP-rich transition layers and NP-free shells prepared by sequentially adding 34 14 

nm Au NPs at the beginning of the reaction and 13 nm Au NPs after 40 minutes (case 4 in Figure 5a). Reproduced 15 

with permission.[32] Copyright 2012, Nature Publishing Group. 16 
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 1 

Figure 6. a) Strategies used to encapsulate enzymes in MOFs. Reproduced with permission.[132] Copyright 2017, 2 

The Royal Society of Chemistry. b) Schematic illustration of the selective encapsulation of the catalase enzyme 3 

in ZIF-90 with high functional activity for hydrogen peroxide decomposition. Reproduced with permission.[13] 4 

Copyright 2015, American Chemical Society. c) Preparation of the cytochrome c-embedded ZIF-8. A schematic 5 

showing the synthesis of the Cyt c/ZIF-8 composite. TEM images of the Cyt c/ZIF-8 composite obtained after a 6 

reaction time of 5 min (1) and 24 h (2). Reproduced with permission.[17] Copyright 2014, American Chemical 7 

Society. 8 
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 1 

Figure 7.  Influence of choice of solvent on the water-based synthesis of ZIF-90 crystals. a) The particle sizes of 2 

the ZIF-90 particles synthesized in different water/PVP alcohol systems. b) The corresponding measured viscosity 3 

of each H2O/alcohol system. Adapted with permission.[92] Copyright 2013, Wiley VCH. Examples of shape-4 

controlled ZIF nanocrystals. c) A typical SEM image of ZIF-GIS obtained by solvothermal reaction of zinc nitrate, 5 

2-ethylimidazole, and 2-dimethylbenzimidazole in a mixture of methanol (CH3OH) and aqueous ammonia 6 

(NH3∙H2O). Reproduced with permission.[66] Copyright 2012, the Royal Society of Chemistry. d) A typical SEM 7 

image of the leaf-like ZIF-L crystals. Reproduced with permission.[67] Copyright 2013, the Royal Society of 8 

Chemistry. e) FESEM image and f) HAADF-STEM image of ZIF-67 hollow spheres (HS). g) Simplified 9 

illustration of the growth mechanism of ZIF-67-HS: (i) nucleation, (ii) growth and (iii) removal of soft-template. 10 

Reproduced with permission.[70] Copyright 2016, The Royal Society of Chemistry. 11 
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 1 

Figure 8. a) Schematic illustration of the preparation of PVA/nano-ZIF-8 MMMs from ZIF-8 suspensions with 2 

and without drying. b) H2O permeability and separation factors of PVA/ZIF-8 MMMs with different ZIF loadings. 3 

c) Performance of PVA/ZIF-8 MMMs and membranes from the literature in ethanol dehydration pervaporation. 4 

d) Fractional free volumes of PVA, MMMs, and ZIF-8. e) Radii of the free volume of PVA, MMMs, and ZIF-8. 5 

Reproduced with permission.[83] Copyright 2016, Wiley VCH. 6 
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 1 

Figure 9. A schematic illustration showing the conversion of ZIF-67 into nanoporous materials and hybrids of 2 

various compositions, including i) Co3O4@C (Reproduced with permission.[126] Copyright 2016, American 3 

Chemical Society); (ii) CoO (Reproduced with permission.[133] Copyright 2016, Wiley VCH); (iii) Co3O4 4 

(Reproduced with permission.[134] Copyright 2016, The Royal Society of Chemistry); (iv) Co@C (Reproduced 5 

with permission.[96] Copyright 2016, Wiley VCH); (v) Porous carbon (Reproduced with permission.[64] Copyright 6 

2014, The Royal Society of Chemistry); (vi) CoS (Reproduced with permission.[127] Copyright 2014, The Royal 7 

Society of Chemistry); (vii) Co9S8@C (Reproduced with permission.[112] Copyright 2016, Wiley VCH); (viii) 8 

CoP (Reproduced with permission.[129] Copyright 2016, American Chemical Society) and (ix) CoP@C 9 

(Reproduced with permission.[115] Copyright 2016, The Royal Society of Chemistry), by simply tuning the heat 10 

treatment conditions.  11 
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 1 

Figure 10. a) Illustration of bimetallic-ZIF self-adjusted synthesis of Co−N−C-x hybrid: (i) Formation of Zn/Co 2 

bimetallic ZIF,  ZnxCo1−x(MeIM)2; (ii) Carbonization of the Zn/Co bimetallic ZIF to produce Co−N−C-x hybrid 3 

without any additional procedures and during carbonization Zn evaporation occurs. b) STEM and the elemental 4 

mapping images of bimetallic ZIF-derived Co−N−C hybrid : c) C, d) N, and e) Co. Electrocatalytic ORR results 5 

of bimetallic ZIF-derived Co-N-C hybrid in O2-saturated 0.1 M KOH: f) Comparison of half-wave potential (E1/2) 6 

and kinetic current density (Jk) for different catalysts. Adapted with permission.[95] Copyright 2015, American 7 

Chemical Society.  8 

  9 



75 

 1 

Figure 11. a–c) TEM images of CoS@PCP/CNTs polyhedron prepared at 600 °C (2 h), with the inset in c) 2 

showing the SAED pattern. d) A typical HRTEM image of the CoS@PCP/CNTs polyhedron. d–g) are SEM and 3 

elemental mapping images showing the homogenous distribution of all three elements of C, Co, and S in the 4 

polyhedron. h) cycling performances of CoS@PCP/CNTs-500, CoS@PCP/CNTs-600, and CoS@PCP/CNTs-5 

700 and Coulombic efficiency of CoS@PCP/CNTs-600 at the current density of 0.2 A g−1. i) rate capabilities of 6 

CoS@PCP/CNTs-600 at various current densities between 0.3 and 10 A g−1. Adapted with permission.[111] 7 

Copyright 2015, Wiley VCH. 8 

 9 
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TABLE OF CONTENT (TOC) DESCRIPTION 1 

Zeolitic imidazolate frameworks (ZIFs), a subclass of metal-organic frameworks built with tetrahedral metal ions 2 

and imidazolates, offer permanent porosity and high thermal and chemical stabilities. This progress report aims 3 

to provide an overview of the various strategies which have been developed for enhancing the functionality of 4 

ZIFs, including linker functionalization and hybridization with various guest species such as metal and metal 5 

oxide NPs and biological molecules. Furthermore, this report will cover the developed strategies for achieving 6 

the size and shape control of ZIF nanocrystals along with the utilization of ZIFs in mixed matrix membranes for 7 

industrial gas and liquid separations. Additionally, the emerging trend of using ZIFs as versatile templates for the 8 

fabrication of nanoporous hybrids of various compositions will be discussed. Finally, the future trends and 9 

prospects associated with the functionalization of ZIFs are also examined. 10 

 11 


