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Over the years, COK has developed a family of silicate materials and metal–organic framework hybrids with hierarchical porosity and functionality, coined zeogrids, zeotiles, and COK-x (stemming from the Flemish name of the laboratory “Centrum voor Oppervlaktechemie en Katalyse”). Several of these materials have unique features relevant to heterogeneous catalysis, molecular separation, and controlled release and found applications in the field of green chemistry, environmental protection, and pharmaceutical formulation. Discovery of a new material typically occurs by serendipity, but the research was always guided by hypothesis. This review provides insight in the process of tuning initial research hypotheses to match material properties to specific applications. This review describes the synthesis, structure, properties, and applications of 12 different materials. Some have simple synthesis protocols, facilitating upscaling and reproduction and rendering them attractive also in this respect.
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INTRODUCTION
Pores are an essential feature of materials developed with a focus toward practical applications in which adsorption and chemical conversion of molecules are involved. Pores generate surface area available for molecular interactions, void volume to incorporate hybrid components, and access ports, which can be exploited for molecular sieving. Dimensionwise, pores can be subdivided into micropores (diameters smaller than 2 nm), mesopores (2–50 nm) exhibiting capillary condensation, and macropores (wider than 50 nm) in which fluids assume their bulk behavior. Introduced in the 1960s (Dubinin, 1968), this categorization is still very useful today, especially when treating hierarchical materials where two or three types of pores are combined. Through the years, COK has discovered several materials that are classified as hierarchical and in which the pore architecture contributes special properties. In the field of silicates, we have discovered the “zeotiles” (a pun on the word “zeolites”) and “zeogrids,” which are hierarchical materials obtained via mesoscale structuring of prefabricated zeolitic precursor units called “zeolite nanoslabs.” Assembling zeolitic building units in the presence of micellar templates, a pore hierarchy in two and three dimensions was developed.
Metal–organic frameworks (MOFs) is another field where next to porosity, the chemistry of the linkers and the metal nodes of the framework can be adapted, such as to achieve unique selectivity in adsorption and molecular separation. The wealth of chemistry that can be built into these frameworks opens up all possible physical and chemical interactions with guest molecules, much more than with silicates. Organic as well as inorganic molecular templates are used to favor the polymerization of desired phases and to stabilize them for usage.
OVERVIEW OF MATERIALS AND THEIR APPLICATIONS
Zeogrids and zeotiles
Zeolites with MFI framework topology, especially ZSM-5, are very successful as acid catalysts in hydrocarbon conversion processes. The MFI type framework has two types of intersecting channels, straight and zigzag, and circumscribed with 10-membered rings. By running in two crystallographic orientations, they provide the zeolite with shape-selective properties. ZSM-5 zeolite is used as an additive to ultrastable Y zeolites in fluid catalytic cracking (FCC) processes for both propylene production and gasoline octane improvement (Madon, 1991). In this application, minimization of intracrystalline diffusion limitations is essential. Reducing the distance between bulk liquid and pore, by minimizing crystallite size, explains why the MFI type was one of the first zeolites for which the synthesis of nanosized particles has been reported (Persson et al., 1994; Ravishankar et al., 1998, Ravishankar et al., 1999). Structuring such nanosized crystallites into a macroscopic hierarchical structures with meso, micropores interconnecting the nanosized crystallites represented an even more attractive route to reduce diffusion limitations.
MFI-type zeolites are typically synthesized using tetrapropylammonium cations (TPA) as a structure-directing agent (Flanigen et al., 1978; Kokotailo et al., 1978; Jacobs, 1987). A silica source, tetraethyl orthosilicate (TEOS), when hydrolyzed in the presence of tetrapropylammonum hydroxide (TPAOH) creates a clear sol of nanoparticles called “clear solution” (Schoeman and Regev, 1996). The nature of these nanoparticles is intriguing, and many descriptions have been formulated explaining the interaction of TPA with the embryonic zeolite. Hypothetical sequences of molecular steps leading to encapsulation of a TPA+ molecule in a precursor of a channel intersection of the final zeolite framework have been reported (Burkett and Davis, 1995; Dokter et al., 1995; Kirschhock et al., 1999c; Rimer et al., 2005; Haouas et al., 2009). Once formed, the connectivity of silica in these nanoparticles starts to diverge from oligomers in solution and sequentially reaches the connectivity as observed in MFI (Lesthaeghe et al., 2008; Haouas et al., 2009). Either via hydrothermal treatment or by long-term aging at room temperature, the protozeolitic particles enhance their internal ordering to aggregate into zeolite nanoparticles (Kirschhock et al., 1999a; Davis et al., 2006; Aerts et al., 2007; Liang et al., 2007). Transmission electron microscopic (TEM) observation of the nanoparticles evidenced the existence of slab-shaped particles having long dimensions of ca. 4 nm × 4 nm (Kirschhock et al., 2001; Aerts et al., 2003), and atomic force microscopy (AFM) revealed the heights of these slabs to be ca.1.3 nm and its multiples (Ravishankar et al., 1998), explaining the notion of “nanoslab.” Nanoslabs, half nanoslabs, tablets, staples of tablets, and MFI zeolite nanocrystallites are created by hydrolyzing TEOS in concentrated TPAOH solution to create protozeolitic particles that aggregate subsequently upon dilution. Heating is needed for growing of larger crystals (Kirschhock et al., 1999b; Ravishankar et al., 1999; Kremer et al., 2005b). Idealized representations of protozeolitic particles (Martens et al., 2011) (Figure 1) explaining the NMR spectroscopic fingerprints and the bathochromic shifting of spectroscopic fingerprints, such as the Pentasil IR absorption band at 540–550 cm−1 according to the evolution from an isolated five-ring to full embedment in MFI framework (Lesthaeghe et al., 2008). The comparison of molecular simulations and experimental data of IR bands in nanoparticles extracted from silicalite-1 clear solutions supported their structured nature. Although the proposed aggregation has been debated in literature (Kragten et al., 2003; Ramanan et al., 2004), existence of nanoslabs has been a fruitful hypothesis for designing new materials.
[image: Figure 1]FIGURE 1 | Representation of idealized precursor and two nanoslabs (sizes indicated in Å units). Straight channels are indicated in red, zigzag channels in green (adapted with permission from Martens et al., 2011).
Several hierarchical structures have been obtained from nanoslab suspensions by using surfactant templates for ordering their assembly (Kirschhock et al., 2005; Martens et al., 2011). An overview of different types of hierarchical silicate structures realized using this approach is provided in Table 1.
TABLE 1 | Hierarchical silicate materials created using the nanoslab approach.
[image: Table 1]Zeogrids were initial synthesis successes of this approach. The name was selected based on the appearance of the structure as an interposed stapling of individual nanoslabs. Zeogrid was precipitated from the MFI nanoslab suspension by the addition of a saturated ethanolic solution of cetyltrimethylammonium bromide (CTAB) (Kremer et al., 2000, Kremer et al., 2002; Kremer et al., 2005b) In a zeogrid, the nanoparticles self-organize into layers intercalated by surfactant molecules (Figure 2). Following calcination to get rid of TPA and CTAB, macroscopic white particles exhibiting a dual microporosity are obtained. One type of micropore viz. ultramicropore (0.7 nm<) arises from inside the nanoslabs and the other one, which is supermicropore (>0.7 nm), is a result of spacing between the slab layers in between individual blocks leaving an opening. By modeling the N2 adsorption isotherms, the height of these spacings was estimated as ca. 1.4 nm, which is comparable with the thickness of an individual height of nanoslabs (Aerts et al., 2003; Aerts et al., 2004).
[image: Figure 2]FIGURE 2 | Schematic representation of tiling patterns of nanoslabs in a zeogrid (adapted with permission from Martens et al., 2011).
The molecular sieving properties of zeogrids were revealed with pulse gas chromatographic separation of alkane mixtures. Preferential adsorption of n-octane over isooctane confirmed the presence molecular shape selectivity being characteristic of ultramicropores (Kremer et al., 2002). Traditional MFI zeolites separate branched alkanes from linear ones regardless of the carbon number. Zeogrids behave differently. When the branched alkane is heavier than the linear one, the branched isomer is preferentially adsorbed. This deviation from the behavior of an MFI zeolite has been ascribed to the supermicropores. Ultramicropores can differentiate molecules based on their molecular weight, while supermicropores do this based on branchiness. Zeogrid offers the possibility to tune the adsorption preferences by altering the size of the building blocks, thus, tuning the size of the supermicropores to obtain the desired property (Kremer et al., 2002).
The molecular separation potential of Zeogrids was also revealed turning them into membranes (Martens et al., 2011). Continuous zeogrid layers were prepared by dipcoating nanoslab suspensions on flat and tubular porous alumina supports. Single gas measurements of N2, H2, and CO2 showed high permeabilities, proportional to the transmembrane pressure, and increasing with temperature (measured between room temperature and 200°C). In contrast to MFI zeolite membranes, zeogrid membrane retained selectively CO2 from a mixture with N2 or H2. This is explained by the strong affinity of the hydroxylated walls of the supermicropores located in between the interposed nanoslabs. This feature could make these membranes useful for CO2 capturing.
Contrary to these permanent gas separations where the supermicroporosity of the zeogrid is dominating the behavior, a clear manifestation of ultramicroporosity characteristic of zeolites was observed in the pervaporation of organic solvent/water mixtures. The zeogrid membrane showed an organophilic behavior, like an MFI zeolite membrane. The permeating stream experiences the presence of hydrophobic zeolitic micropores, which are considered to be located inside the nanoslabs composing the zeogrid. Compared with siliceous MFI zeolite membranes, zeogrid membranes showed lower separation numbers and much higher fluxes.
While Zeogrids are layered materials, three-dimensional structures called zeotiles have been obtained from nanoslab suspensions using other surfactant templates (Kremer et al., 2003; Kremer et al., 2005a; Bals et al., 2009). Zeotile-1 is precipitated from the nanoslab suspension by adding aqueous solution of CTAB. CTAB induces a hexagonal ordering of double nanoslabs leading to a regular pattern of parallel channels with hexagonal and triangular shape with free diameters of 3.5 and 1.4 nm, respectively. This tiling patterns of double nanoslabs in zeotile-1 is represented as an overlay over a TEM image in Figure 3. The formation of triangular pores in the presence of a surfactant favoring rounded structures is quite unique. It is a strong argument for an assembly from slabs.
[image: Figure 3]FIGURE 3 | Tiling patterns of nanoslabs in zeotile-1 superimposed on a transmission electron microscopic (TEM) image (adapted with permission from Martens et al., 2011).
Two other ordered materials of this kind, zeotile-2 and zeotile-6 were also created by the addition of CTAB powder to the nanoslab suspension (Kremer et al., 2005a; Martens et al., 2011). Zeotile-2 is synthesized at high temperatures, whereas zeotile-6 is formed at low temperature. Zeotile-2 is a material showing mesostructural similarities to MCM-48, which is a gyroid with mesopores with a diameter of ca. 2.7 nm. The removal of TPA from zeotile-2 results in a substantial amount of zeolitic micropores, as evident from N2 physisorption. The zeolite nature of the micropores was confirmed with pulse chromatographic separation of isooctane/octane mixtures. The selective access of octane to the micropores of zeotile-2 and the exclusion of isooctane confirmed the occurrence of molecular sieving similar to MFI zeolites (Kremer et al., 2005a). Zeotile-6, also synthesized using CTAB powder, has hexagonal mesoscale ordering, but the structure of this material has, thus far, not been analyzed in more detail (Martens et al., 2011).
A highlight of the zeotile family is zeotile-4 (Kremer et al., 2003). The synthesis of zeotile-4 was inspired by the synthesis of ordered mesoporous material called SBA-15 (Zhao et al., 1998). Mesostructuring is obtained using Pluronic P123 triblock copolymer, which forms micelles having hydrophilic PEO chains outside and hydrophobic PPO chains concentrated at the core of the micelle. Zeotile-4 has a unique pore architecture with fully accessible 3D porosity. Electron tomography and postsynthesis manipulations evidenced the existence of this peculiar three-dimensional pore system. The structure is built through stapling and clicking of slab units measuring ca. 8 nm × 4 nm × 1.7 nm. The nanoslab organization around the P123 micelle creates hexagonally ordered pores of ∼10 nm width, which are connected via ∼3.5-nm-wide slits as depicted in Figure 4 (Kremer et al., 2003; Bals et al., 2009; Pulinthanathu Sree et al., 2017). The hexagonal ordering of pores as evidenced in TEM was further substantiated via small-angle x-ray scattering (SAXS) pattern shown in Figure 5.
[image: Figure 4]FIGURE 4 | HR-SEM images of a zeotile-4 sample: (A,B and b) Lateral view of slit-like and (C) axial view of hexagonal mesopores. HAADF-STEM images of zeotile-4 particles: (D) lateral view and (E,F) axial view with an overlay of a schematic (reproduced from Pulinthanathu Sree et al., 2017 with permission from the Royal Society of Chemistry).
[image: Figure 5]FIGURE 5 | Small-angle x-ray scattering pattern of calcined zeotile-4 (reproduced from Pulinthanathu Sree et al., 2012 with permission from the American Chemical Society).
Zeotile-4, synthesized with P123 triblock copolymer, appears like rods in which the hexagonal channels run in the long direction (Figure 4) (Pulinthanathu Sree et al., 2012; Pulinthanathu Sree et al., 2017). Material belonging to the same family was formed when replacing P123 (EO20PO70EO20) with P104 (EO27PO61EO27). SEM images of this variant of zeotile-4 reveal a more equal growth of individual tiling in the different directions and agglomeration (Figure 6). Nitrogen physisorption isotherm of this variant of zeotile-4 showed perfectly parallel adsorption and desorption branches of the hysteresis loop, which indicated the presence of cylindrical pores with uniform cross section and very narrow pore size distribution (Figure 7), which is representative of a perfect zeotile-4 material (Pulinthanathu Sree et al., 2012). The pore size is around 10 nm. The pore volume reaches 1.7 ml/g, and the specific surface area is 1,005 m2/g. In another modification, LiCl salt was introduced in the nanoslab suspension together with Pluronic P123. Addition of LiCl at the time of synthesis yielded nicely formed hexagonal bodies as shown in Figure 8.
[image: Figure 6]FIGURE 6 | HR-SEM images of zeotile-4synthesized using Pluronic P104 as mesostructuring agent, material from the same family that is discussed in Pulinthanathu Sree et al. (2012) and Pulinthanathu Sree et al. (2017).
[image: Figure 7]FIGURE 7 | N2 physisorption isotherm of calcined zeotile-4 made using Pluronic P104, similar class of material discussed in Pulinthanathu Sree et al. (2012) and Pulinthanathu Sree et al. (2017). The pore size distribution PSD is shown in the inset.
[image: Figure 8]FIGURE 8 | Zeotile-4 synthesized using the procedure discussed in Pulinthanathu Sree et al. (2012) and Pulinthanathu Sree et al. (2017) with the addition of LiCl to Pluronic P123.
Spherical zeotile-4 particles with diameters between 3 and 10 µm were obtained using a mixture of P123 triblock copolymer and CTAB as tiling agent. This spherical shape renders the material useful as a packing of chromatographic columns (Martens et al., 2011). Via another adaptation of the zeotile-4 recipe, replacing P123 triblock co-polymer with P85 (EO25PO40EO25) spherical porous silica particles of sizes ∼5 µm were obtained (Figure 9). The internal porosity and brittleness are revealed by the presence of broken particles. The material had no ordering according to XRD. It is speculated that the shorter polymer chains of P85 compared with P123 and P104 could have limited the mesoscopic ordering power. The hysteresis loop suggests the presence of less uniformly shaped pores (Figure 10).
[image: Figure 9]FIGURE 9 | Spherical silica similar to those obtained from Martens et al. (2011) via modified recipe of zeotile-4 using P85.
[image: Figure 10]FIGURE 10 | N2 physisorption isotherm of spherical silica particles created via adapted recipe of zeotile-4 from Martens et al. (2011) and Pulinthanathu Sree et al. (2012) using Pluronic P85 copolymer.
The presence of microporosity inside the walls of zeotiles built from zeolitic nanoslabs has been probed with chromatographic separation. Preferential adsorption of n-octane in an admixture with isooctane over zeotile-2 was noted as a fingerprint of ultramicroporosity (Devriese et al., 2007). When analyzed for a broad set of molecules (viz C5–C9 n- and iso-alkane), zeotile-2 exhibited shape-selective discrimination between n and iso alkanes, while the MCM-48, being isostructural at mesoscale, did not show any shape selectivity. Zeotile-2 was concluded to be a hierarchical variant of MCM-48 having microporosity in its walls (Kremer et al., 2005a). Zeolitic properties were also observed in the separation of permanent gases, such as CO2, CH4, N2, and H2 (Martens et al., 2011). Zeotile-4 revealed to be an excellent HPLC (high-performance liquid chromatography) packing for the separation of oligopeptides (Martens et al., 2011).
Hierarchical silicates not only are useful for use in separation and catalytic processes, they can also serve as a template, creating a negative replica with a different composition. This approach, on the one hand, offers options, for example, to generate uniquely shaped materials consisting, e.g., of platinum, titanium dioxide and, on the other hand, also allows to investigate the pore architecture from a different perspective, probing not only the shape but also the accessibility. Zeotiles, and especially zeotile-4 with its unique pore architecture (Figure 4), are an attractive candidate to serve as a hard template for replication. The 3-dimensional channel system of zeotile-4 was replicated with platinum via atomic layer deposition (ALD) (Pulinthanathu Sree et al., 2017). The ALD process involved alternating pulses of (methylcyclopentadienyl) trimethylplatinum (MeCpPtMe3) vapor and O3 gas at 200°C. The replica was liberated by selective digestion of the zeotile using HF. The replica shown in Figure 11 is micrometers long, fully connected free-standing Pt nanostructures replicating the pores of the zeotile-4. High-resolution electron microscopy (SEM, STEM, and TEM) combined with electron tomography evidenced the presence of hexagonal Pt nanorods of ∼11 nm, which are replications of the main channels of zeotile-4. The replica confirms the hexagonal shape of the channels, with sharp corners, confirming in this way that the zeolite is built from slabs like a house of cards. Interestingly, in the replica, the hexagonal rods stay firmly connected and fixed in a hexagonal pattern (Figure 12). This fixation is interpreted by the presence of small linkages, which can be platinum features obtained from replication of the slit-like connecting pores. The Pt replica was found to have exceptional properties as an electrocatalyst for the hydrogen evolution reaction of water splitting and also as high-surface area microelectrode for biomedical sensing. The low impedance and high charge injection capacity could find applications in neural stimulation implants.
[image: Figure 11]FIGURE 11 | Free-standing Pt replicas of zeotile-4 obtained after silica digestion of zeotile-4 using HF, material discussed in Pulinthanathu Sree et al. (2017).
[image: Figure 12]FIGURE 12 | HAADF-STEM image of the parent zeotile-4 (A) and that of its platinum replica (B) along the cross section showing the hexagonal rods being exact replications of the main channels with platinum. Lateral views of the replica (C,D) showing the small struts of Pt lining up with the main rods being replicas of the interconnecting narrow pores (reproduced from Pulinthanathu Sree et al., 2017 with permission from the Royal Society of Chemistry).
Using ALD, zeotile-4 could be filled with TiO2 as well (Pulinthanathu Sree et al., 2012). By varying the exposure times of the zeotile-4 material to Ti precursor, the penetration depth into the main channel and the slit-like channels could be varied. Zeotile-4 particles partially filled with TiO2 in their rim with remaining porosity in the interior could be interesting for applications, such as photocatalysis.
For applications such as photocatalysis, thin films are desirable. Flexible and highly porous thin films without particular ordering have been prepared by spin coating nanoslab suspensions with P123 triblock copolymer meant for preparing zeotile-4 (Sree et al., 2011). By slight adjustments in the synthesis parameters, thin films with porosities ranging from 70 to 90% and varying pore sizes of 6–18 nm were obtained. These extremely porous thin films turned out to be surprisingly robust as well as flexible as evidenced with ellipsometric porosimetry. The films exhibit reversible shrinkage up to 30% by capillary condensation of toluene adsorbate. Using ALD, the porosity was systematically filled according to the number of ALD cycles (Figure 13). These ALD TiO2 layers can be transformed thermally to uniformly disperse anatase nanoparticles (sizes ∼4 nm) spread inside the mesopores of these thin films. These photocatalytic films showed excellent photocatalytic activity in methylene blue degradation (Sree et al., 2013) (Figure 13).
[image: Figure 13]FIGURE 13 | Electron tomography reconstructions of the atomic layer deposition (ALD) deposited TiO2 (50 cycles) containing mesoporous silica film made of nanoslabs having 80% porosity (A,C): 3D voltex visualization of the reconstruction of a part of the film; mesopores highlighted in white in (A), and anatase particles in green in (C). Toluene adsorption isotherms (B) determined using EP on different pieces of the same film after the indicated ALD treatments. (D) Photocatalytic degradation of methylene blue on the TiO2-loaded films (MF-x), with x referring to the number of ALD cycles; FLAT-x denotes a silicon wafer coated with TiO2 using x ALD cycles (reproduced from Sree et al., 2011, Sree et al., 2013 with permission from the Royal Society of Chemistry).
The potential of these films as part of a cheap, portable, and integrated breath ammonia-sensing instrument was investigated (Yebo et al., 2012). Silicon photonic microring resonators coated with this mesoporous silica, and further functionalized with Al-ALD to introduce acid sites, were found to be effective for ammonia sensing. Microring resonator sensors with these films showed fast and reversible response to ammonia with good selectivity relative to CO2.
Zeotile-1 and zeogrids have been used as support for photoluminescent europium and terbium. Discrete types of luminescence were observed, in contrast to zeolites in which a heterogenous distribution of luminescences were observed (Tiseanu et al., 2006; Tiseanu et al., 2008c; Tiseanu et al., 2008a; Tiseanu et al., 2008b; Tiseanu et al., 2009).
The potential of zeogrid and zeotiles in catalysis has been evaluated in hydroisomerization and hydrocracking, catalytic cracking, alkylation, and epoxidation reactions. The detailed reaction product distribution from hydroisomerization and hydrocracking of model n-alkanes, such as n-decane, gives detailed insight in the pore architecture of a microporous material (Martens et al., 1984; Martens and Jacobs, 1986; Souverijns et al., 1994). The test is applicable when the material has BrØnsted acidity. A trace amount of platinum is needed to provide alkene hydrogenation and alkane dehydrogenation activity. The porosity of zeogrids with aluminosilicate composition was probed with the n-decane test (Aerts et al., 2003, 2004). The common property of zeogrids built from nanoslabs (Figure 2) is the exposure of faces with openings made from intersected crossings of zigzag channels with straight channels. The same framework termination is present in the walls of the supermicropores. Molecular models revealed these pockets to be much wider than the channel segments being confined by 10 rings. Due to this peculiar framework termination, a zeogrid does not show molecular shape selectivity similar to MFI zeolites and nanosheets developed in other crystallographic directions (Verheyen et al., 2013). In this respect, the zeogrids resemble MCM-22 zeolite, in which surface pockets are also responsible for the catalytic activity (Aerts et al., 2003, Aerts et al., 2004) The isomerization yield from zeogrids and the nanozeolite assembled from nanoslabs was up to 70%, which is among the highest values reached with zeolites (Martens et al., 1991). In n-decane conversion, a freshly assembled MFI zeolite assembled from nanoslabs and a zeogrid show similar selectivities. Only after changing the particle morphology and elimination of the supermicroporosity upon ripening of the crystals in the synthesis medium can shape selectivity typical of ZSM-5 be manifested. Skeletal isomerization of long alkanes on 10-ring zeolites is a case of pore mouth catalysis (Martens et al., 1995, Martens et al., 2001; Claude and Martens, 2000). The framework termination mode appears to be critical for obtaining molecular shape selectivity (Aerts et al., 2004).
Zeotile-4 has been provided with BrØnsted acid sites using atomic layer deposition (ALD) aluminum in repeated cycles of trimethylaluminum deposition and hydrolysis. The catalytic behavior of modified zeotile-4 in hydrocracking and hydroisomerization was similar to an ultrastable Y zeolite also having a combination of micropores and mesopores (Detavernier et al., 2011). Catalytic cracking of isooctane and methyl cyclohexane was performed over zeogrid and compared with ultrastable Y and ZSM-5 zeolites (Borm et al., 2010; Van Borm et al., 2010). Zeogrid exhibits a product distribution similar to that obtained on a ultrastable Y zeolite, e.g., a high selectivity to C4 products as well as a relatively high selectivity toward branched products. Here again, like in the n-decane test, the active sites of zeogrid are situated in the surface pockets of supermicropores and external surfaces imposing little steric constraint.
Diisopropylation of naphthalene to 2,6-diisopropylnaphthalene (2,6-DIPN) is an intermediate step of the synthesis of 2,6-naphthalene dicarboxylic acid. Typical naphthalene diisopropylation catalysts are ultrastable Y and mordenite zeolites (Bouvier et al., 2010). Zeogrids were found to be equally active than the reference catalysts but produced significantly more diisopropylated (DIPN) and polyisopropylated (PIPN) products, and specifically the desired 2,6-DIPN. This property was ascribed to catalytic turnovers in supermicropores and their surface pockets being wide enough for the desired diisopropylation but limiting the over-alkylation by steric constraints (Martens et al., 2011). Zeogrid and zeotiles (zeotile-2, −4, −6) doped with Ti exhibit excellent catalytic activity and selectivity in cyclohexane epoxidation using tert-butylhydroperoxide (TBHP) (Reichinger et al., 2010). Depending on the organic solvent, the performance was even better than benchmark catalysts Ti-MCM-41 and TS-1 (Khouw et al., 1994; Srinivas et al., 2004).
Hierarchical COK-X ordered mesoporous materials
SBA-15 is an exponent of the ordered mesoporous silicate materials appreciated for its uniform porosity and excellent hydrothermal stability. An inconvenient aspect of the synthesis of SBA-15 is its synthesis in concentrated hydrochloric acid causing corrosion problems to the equipment and lots of chemical waste. This motivated the quest for alternatives synthesized under more gentle conditions (Kim et al., 2000; Kim et al., 2001), and COK-12 is one of these materials (Jammaer et al., 2009). COK-12 is a highly 2D ordered mesoporous structure with uniform mesopores at mesoscale similar to SBA-15. It is synthesized at room temperature using a cheap silicon source (waterglass) and quasi-neutral pH established in the synthesis mixture by using citric acid/citrate buffer (Jammaer et al., 2009). The synthesis procedure offers much flexibility in further tuning of the mesopore width by increasing the temperature and varying the pH. In the optimized procedure, an aqueous solution of Pluronic P123 triblock copolymer is prepared to which citric acid and trisodium citrate are added to obtain a pH buffer. Subsequently, sodium silicate solution is added. The formation of COK-12 occurs spontaneously at room temperature. COK-12 particles have a hexagonal disc-like morphology as observed with HRSEM (Figure 14). This platelet morphology is very attractive given the shortness of the mesopores, limiting the path length for molecular diffusion.
[image: Figure 14]FIGURE 14 | HR-SEM images revealing the hexagonal platelet morphology of COK-12.
This simple synthesis procedure can be used in a continuous manufacturing scheme (Jammaer et al., 2011). A stream of citric acid-/sodium citrate-buffered solution of Pluronic P123 polymer is combined with a stream of diluted sodium silicate. The formation of COK-12 is almost instantaneous such that a suspension of COK-12 can be recovered at the outlet of a conduct in which the mixing of the two streams occurs.
An attractive feature of the COK-12 synthesis is that the assembly process can be interrupted at any intermediate stage by limiting the amount of sodium silicate added. The synthesis mechanism revealed by SAXS (small-angle x-ray scattering) using this experimental procedure is represented in Figure 15. In the first step, spherical core–shell P123-silica micelles are formed. Silicate oligomers are accumulating selectively in the polar PEO shell of the triblock micelles. The steric stabilization of these micelles will be lost at critical point of silica addition. This destabilization of the emulsion leads to aggregation of the spherical core-shell PPO–silica + PEO particles to cylindrical features. Upon further addition of silicate, these elongated assemblies align and coalesce eventually shaping the final hexagonal platelets. This mechanism explains why the mesopores cross the platelets. The neutral pH minimizing the charge on the silicate oligomers promoting their accumulation in the PEO rim of the uncharged P123 micelle is at the origin of this unique formation mechanism. High-resolution TEM reveals the undulated nature of the mesopores, which originates from the linear assemblies of spherical P123 micelles (Jammaer et al., 2009).
[image: Figure 15]FIGURE 15 | Formation mechanism of COK-12. (A) Core–shell P123-silica micelle formation by incorporation of silicate oligomers in the layer of PEO chains extending toward the solution, (B) loss of steric stabilization at a critical point of silica addition, (C) spherical micelles aggregate to form cylindrical features, (D,E) agglomeration of cylinders eventually to hexagonally ordered structure upon final addition of silica (reprinted with permission from Jammaer et al., 2011, Copyright 2011 American Chemical Society).
The ease of preparation and the unique morphology with uniform, short-ordered mesopores with diameters tunable in the range from 5 to 10 nm prompted researchers to consider using COK-12 for multiple purposes. Ordered mesoporous materials, when used as support for poorly soluble drugs, enhance the bioavailability (Mellaerts et al., 2007; Vialpando et al., 2011b). In absence of water, the drug molecules show high affinity for the mesopore walls and spread along the internal surfaces of the mesopores. The hydrophilic/hydrophobic balance is such that upon contacting the drug-loaded support with aqueous solution, water wins the adsorption competition such that the drug molecules are expulsed from the pores generating this way a supersaturated solution. In oral drug formulations, the gastrointestinal track provides the water for such competition effect. The generation of a supersaturated drug solution leads to enhanced bioavailability. The phenomenon has been observed in the early studies with the antimycotic itraconazole in SBA-15, zeotile-4, and COK-12 and later with many more poorly soluble active compounds (Mellaerts et al., 2007; Speybroeck et al., 2009; Vialpando et al., 2011b). The bioavailability-enhancing effect of ordered mesoporous silica has been confirmed first in vitro, and later in animal studies (Bukara et al., 2016a), and finally in man in a phase I clinical study using fenofibrate as a model molecule (Bukara et al., 2016b). COK-12 also appeared to be advantageous for tableting. Because of its slightly thicker walls and higher condensation degree of the silicate framework due to the higher synthesis pH compared with SBA-15, COK-12 is more resistant to compaction (Vialpando et al., 2011a). Hydrophobic molecules can even be incorporated already during COK-12 synthesis itself because of their affinity to the PPO moiety of the triblock copolymer. Molecules like flurbiprofen have been incorporated in the cores of P123 micelles. Given the mild conditions of COK-12 synthesis (room temperature, quasi neutral pH), the molecules are encapsulated together with the triblock copolymer without deterioration. Silica capsules enclose P123 triblock copolymer micelles for flurbiprofen storage and release (Kerkhofs et al., 2015a).
In the application field of waste water purification, COK-12 was grafted with graphene oxide (GO) and evaluated for adsorption of methylene blue (Henning et al., 2019). The GO-grafted COK-12 was found to have superior adsorption capacity in comparison with other GO-grafted ordered mesoporous materials. GO grafting also had a positive influence on the stability of COK-12, even up to pH 10. In another study, Co3O4/COK-12 showed fast effective adsorption of methylene blue, thus, qualifying it as a low-cost material for elimination of methylene blue dye from wastewater (Jyothi et al., 2017).
COK-12 has also been investigated for photocatalytic applications. Anatase TiO2 nanoparticles, especially in size ranges of ∼10 nm and smaller, have excellent photocatalytic activity, but their use entails toxicity and environmental risks. Immobilization of these nanoparticles on to porous solid matrices is a way to overcome this problem. COK-12 is an effective support for anatase nanoparticles. Here again, the platelet morphology is favorable for the preparation of the photocatalyst merely by impregnation of titanium(iv) isopropoxide followed by calcination (Wee et al., 2016). In the photocatalytic degradation of various organic pollutants like 1-adamantanol, rhodamine 6G, and methylene blue under UV light irradiation, anatase-loaded COK-12 photocatalyst exhibited enhanced activity than the commercially available TiO2 catalyst. Similar advantages of COK-12 over other ordered mesoporous materials were encountered when confining hematite iron oxide (α-Fe2O3) nanoparticles for visible light photocatalysis (Wee et al., 2015). The structural details and distribution of these nanorods in the COK-12 channels can be appreciated in HAADF-STEM images and three-dimensional visualization by electron tomography in Figure 16.
[image: Figure 16]FIGURE 16 | Electron microscopic investigation of α-Fe2O3@COK-12. (A–C) HAADF-STEM image of α-Fe2O3@COK-12, EDX elemental mapping (green—Fe and red—Si), HAADF-STEM tomography reconstruction, respectively, along the pore direction and (D–F) similar observations along the direction slightly perpendicular to the pore (reproduced from Wee et al., 2015 with permission from the Royal Society of Chemistry).
The ease of synthesis, disc-like morphology, homogenous particle size, and short mesopores of COK-12 make it attractive as a filler of mixed matrix membranes (MMMs) for gas separations (Khan et al., 2015). Also, in the field of heterogeneous catalysis, some gains have been achieved by using COK-12 as support. For instance, COK-12-supported Co3O4 was found to be an excellent catalyst for oxidative ethylbenzene dehydrogenation to styrene (Pochamoni et al., 2015). In another report, MoO3/COK-12 catalyst with 14 wt% MoO3 loading was found to be very active in this reaction as well (Pochamoni et al., 2014). Na2WO4–Mn/SiO2 COK-12 catalyst was conceived as a catalyst for oxidative coupling of methane. COK-12 was found to be convenient for catalyst formulations like granules and monoliths (Colmenares et al., 2018).
COK-19 is another ordered mesoporous silica material having cubic symmetry, which is created at similar mild synthesis conditions as for COK-12, but using Pluronic F127 triblock co-polymer (EO100 PO70 EO100) instead of P123 (Kerkhofs et al., 2015b). Alike COK-12, COK-19 is also formed instantaneously when the buffered P127 solution is brought in contact with sodium silicate solution. The material has isolated spherical mesopores with diameters of ca. 7 nm separated via thick pore walls provided with interconnecting micropores. Enhancing the synthesis temperature to 50°C and 70°C caused widening of the main cavities as well as the interconnecting pores according to electron tomography. This enlargement can be explained by the swelling of the Pluronic micelles acting as mesoscopic templates for the porosity. HR SEM images unveiled the morphology of COK-19 to be that of collectively grown truncated octahedrons (Figure 17). Progressive addition of the silica in steps causes interruption of the formation process, which proceeds stepwise like in the case of COK-12 (Figure 15).
[image: Figure 17]FIGURE 17 | HRSEM images of COK-19 (reprinted with permission from Kerkhofs et al., 2015b, Copyright 2015 American Chemical Society).
Hierarchical COK-X metal–organic frameworks
The generation of hierarchical MOF materials with permanent mesoporosity next to microporosity is not straightforward. The use of secondary building units and surfactant-templated synthesis have been explored. Many synthesis attempts result in irregular mesopores that collapse after surfactant removal (Qiu et al., 2008; Sun et al., 2011). The overview of zeotiles and ordered mesoporous materials in the previous sections revealed how pore hierarchy can be obtained using a dual-template approach, with a molecular template for micropores, such as TPA for making nanoslabs, and micellar templates for shaping mesopores, which typically are surfactant micelles. A same dual-template approach can be followed to create hierarchical metal–organic frameworks (MOFs). The first MOF for which this approach has been successful was a copper benzene-1,3,5-tricarboxylate HKUST-1, Cu3(BTC)2 (Chui et al., 1999). It is a microporous MOF with small octahedral cages connected to form two types of large cavities. One of these large cages is ideally suited for encapsulation of polyoxometalates (POMs). Strong interaction between Cu(II) and Keggin type HPW ions leads to spontaneous, room temperature self-assembly of a microporous HKUST-1 HPW@Cu3(BTC)2 coined COK-16 (Bajpe et al., 2010, Bajpe et al., 2011). The assembly of the MOF proceeds by initial formation of POM-encapsulating cages, which connect in space to for the microporous MOF. Encapsulation of the POM not only enables room temperature synthesis of Cu3(BTC)2 MOF but also protects the structure against degradation in heated, humid conditions (Mustafa et al., 2011) and provides it with cation exchange properties (Bajpe et al., 2013), enabling its conversion into a photoluminescent material by incorporation of rare earth ions and exploiting the metal–organic framework as sensitizer (Mustafa et al., 2014).
By adding cetyltrimethylammonium bromide (CTAB) to the synthesis as secondary structure-directing agent, it was discovered that the aggregation sequence of the elemental cages could be altered. A robust hierarchical MOF material, COK-15, schematically shown in Figure 18, with strictly repetitive 5-nm-wide mesopores was obtained from which the CTAB could be removed without structural collapse (Wee et al., 2012). The robustness of this particular MOF originates from the reinforcement of the mesopore walls with Keggin POMs filling systematically one of the cages of the HKUST-1 structure composing the walls.
[image: Figure 18]FIGURE 18 | Schematic representation of hierarchical metal–organic framework (MOF), COK-15 (reprinted with permission from Wee et al., 2012, Copyright 2012 American Chemical Society).
The copper benzene-1,3,5-tricarboxylate composition is particularly versatile for creating hierarchical materials. Departing from a dense Cu3(BTC)2 phase with excess copper, thermal expansion created a sequence of new materials with mesoporosity increasing in dimensionality to reach a three-dimensional interconnected hierarchical pore system in an MOF-coined COK-18 (Wee et al., 2017). The volumetric expansion is assisted by the systematic presence of Cu(II) unsaturated coordination sites. COK-18, by its special chemistry of its pore walls, exhibits peculiar adsorption enthalpies and entropies in hydrocarbon separation.
Hierarchical-layered double hydroxides
A dual template approach has been applied to fabricate layered double hydroxides (LDH) with the shape of nanotubes (Morais et al., 2017). In this synthesis procedure, hydrolysis of Zn2+, Al3+, and Eu3+cations was performed in the presence of 1,3,5-benzenetricarboxylate anion-shaping primary units, while non-ionic worm-like micelles were used to arrange the oligo layering at longer length scales into easily accessible cylindrical mesopores. When provided with CdTe quantum dots, enhanced overall luminescence behavior was obtained.
CONCLUSION
Hierarchical materials with structural order and porosity at different levels, and especially the combination of micropores and mesopores, are very useful in catalysis, adsorptive separation, hosting of functional nanoparticles, and controlled release for a myriad of applications. For all these applications, the stability of the material after evacuation of the molecular and supramolecular templates from the pores is a primordial property. In the world of silicates, the paradigm of creating building units such as zeolitic nanoslabs and assembling them in grids and tiles in two- and three-dimensional space has been very successful. Zeogirds and zeotiles and materials like spacious films have demonstrated their usability. In MOF materials, the use of templates is less obvious given the structure-directing action at the ligation of the metal centers by themselves. Nevertheless, MOFs are fragile materials, and by permanently reinforcing the cages with an inorganic primary template, such as with Keggin POM in HKUST1, the dual-template approach was met with success. The dual-template approach is quite generic and has been used to synthesize hierarchical LDH materials as well.
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