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Abstract 

Despite extensive studies on mesoporous silica since the early 1990’s, the synthesis of two-

dimensional (2D) silica nanostructures remains challenging. Here, we synthesized mesoporous 

silica at an interface between two immiscible solvents under conditions leading to the formation 

of 2D superstructures of silica cages, the thinnest mesoporous silica films synthesized to date. 

Orientational correlations between cage units increase with increasing layer number controlled 

via pH, while swelling with oil and mixed surfactants increase micelle size dispersity, leading 

to complex clathrate type structures in multilayer superstructures. Results suggest that three-
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dimensional (3D) crystallographic registry within cage-like superstructures emerges as a result 

of the concerted 3D co-assembly of organic and inorganic components. Mesoporous 2D 

superstructures can be fabricated over macroscopic film dimensions and stacked on top of each 

other. We envision realization of previously inaccessible mesoporous silica heterostructures 

with separation or catalytic properties unachievable via conventional bulk syntheses.  

 

Main text 

Since the early reports on directed silica self-assembly[1], these materials and their 

derivatives in the bulk[2, 3], as films[4], and as nanoparticles[5, 6] have been the subject of 

extensive research efforts. Benign synthesis conditions, often in aqueous solutions at room 

temperature, concomitant low toxicity and favorable biocompatibility[7], continuous structure 

discovery[8-10], as well as their application potential across different areas, e.g. in catalysis[11], 

energy[12], and nanomedicine[6, 13], maintain high academic and industrial interest levels. Facile 

pore accessibility makes cage-like mesoporous silica particularly interesting[3, 8, 14]. Recently, 

we isolated individual silica cages, grown around single organic molecule-swollen micelles.[10] 

However, fundamental understanding of how order emerges from a single cage to a 3D 

superstructure remains limited. In an attempt to close this knowledge gap and help rationalize 

observed structure formation, we assembled mesoporous silica at an interface between two 

immiscible liquids. Careful variation of synthesis conditions allowed the formation of a number 

of different 2D cage-like silica superstructures with controlled number of layers.  

Base-catalyzed hydrolysis of alkoxysilane precursors in water produces primary silica 

clusters of about 2 nm diameter[10, 15] that can further condense to form ultrasmall (< 10 nm) 

silica nanoparticles[16]. In the presence of cationic surfactants such as cetyltrimethylammonium 

bromide (CTAB), negatively charged clusters self-assemble into micelle-templated 

mesoporous silica[1], with sizes controllable down to single pore nanoparticles[17]. The addition 

of a pore expander increases micelle size, size dispersity, and deformability[9, 18], enabling cage-
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like mesoporous structures. Numerous studies have identified bulk mesoporous materials 

formed from such cages as basic building blocks[3, 8, 19], including 512, 51262, or 51263 cages, 

where 5x6y refers to a cage made of x pentagonal and y hexagonal faces. In contrast, details of 

the self-assembly processes involved in their formation, in particular the transition from a single 

cage to a 3D superstructure, often remains obscure. In this work, the controlled growth of 2D 

cage-based mesoporous silica enabled the direct real-space observation of structure evolution 

and the emergence of 3D order in those superstructures, one layer at a time. To the best of our 

knowledge, no such single-layer mesoporous silica films have ever been reported. These 

superstructures constitute a hitherto unknown type of material bridging the field of mesoporous 

materials with that of 2D materials. For example, borrowing ideas from the field of 2D 

electronic materials[20], results open scalable synthetic approaches to mesoporous silica 

heterostacks with property profiles inaccessible to date. 

 

Results and Discussion 

In order to create large liquid-liquid interfacial area for the confined growth of 2D 

mesoporous superstructures, a relatively large amount of an oil phase, namely cyclohexane, 

was dispersed in an equivalent volume of water under vigorous stirring, forming large droplets 

stabilized by CTAB. Tetramethyl orthosilicate (TMOS) was combined with (3-aminopropyl) 

trimethoxy silane (APTMS) as silica sources. Under basic conditions, neutral aminopropyl 

groups of APTMS intercalate the surfactant layer due to their hydrophobicity[21], serving as 

anchor points for primary silica clusters at the oil-surfactant-water interface[15]. This nucleates 

silica layer growth at the surface of the oil droplets as verified by fluorescence microscopy 

(Figure 1a-b). After removal of surfactant and oil, the ultrathin silica layers enabled 

unambiguous real-space structure analysis via comparison of transmission electron microscopy 

(TEM) images with structure models, i.e. without having to rely on reciprocal space analysis 

from diffraction patterns. This revealed nanosheets with hexagonally packed pores (Figure 1b, 
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d) and uniform thickness of only 6-7 nm (Figure S1, Supporting Information). Closer inspection 

revealed internal pore structures (Figure 1d) very similar to separately synthesized silica cages 

(Figure 1c), including patterns with 2-, 3- and 5-fold symmetry (Figure S2, Supporting 

Information). Lateral views provided by folds (Figure 1e and Figure S3, Supporting 

Information) showed vertical struts and windows rather than solid walls, supporting the 

assumption that these 2D superstructures are made of a single-layer of cage-like building blocks. 

The varying strut patterns suggest that a number of different cage orientations and/or cage 

structures may co-exist in these single-layer 2D superstructures. In this regard, these single-

layer superstructures may resemble 2D plastic crystals[22]. Long-range 2D hexagonal order is 

highlighted by fast Fourier transformation (FFT) of TEM images (Figure S4, Supporting 

Information). Detailed TEM analysis (Figure S4c, Supporting Information) shows that the 

building blocks of these single-layer superstructures exhibit very similar dimensions (pore, 

vertex and edge diameters) as individually synthesized cages[10], suggesting similarities in their 

formation mechanism. We speculate that negatively charged silica clusters adsorb at the 

water/oil interface attracted by positively charged CTAB surfactant head groups and further 

stabilized by the hydrophobic aminopropyl groups which intercalate with the CTAB layer[21]. 

Similar adsorption processes have recently been evidenced in EM images of CTAB micelles 

decorated with individual silica clusters,[18] an effect which is promoted by the deformability of 

the surfactant-water interface, which is enhanced by micelle swelling with hydrophobic 

molecules. In turn, the surfactant molecules wrap around these clusters, increasing the degree 

of interaction between the organic and inorganic components. In the current case, this creates 

negatively charged patches on the liquid substrate, which in turn attract CTAB micelles from 

the water phase that assemble as a single monolayer on the liquid substrate (Figure S5, 

Supporting Information). Further silica condensation around these micelles completes cage-like 

silica superstructure formation.  
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Increasing the amount of oil in the reaction concomitantly increased the chemical yield of 

silica superstructures (Figure S6a, Supporting Information). This is consistent with a larger 

number of oil droplets increasing their total surface area and with it the interfacial area between 

the two immiscible liquids where the superstructures form. Changing the oil phase and 

surfactant length enabled access to single-layers with varying structures and lattice parameters. 

Using either mesitylene or hexane instead of cyclohexane also resulted in superstructures with 

2D hexagonal pore arrangements, whereas using styrene or chloroform resulted in disordered 

or stripped patterns (Figure S6, Supporting Information). The lattice parameter of the 2D 

hexagonal structures decreased linearly with surfactant chain length from C18TAB to C12TAB 

(Figure S7, Supporting Information). 2D superstructure synthesis could also be realized at a flat 

liquid-liquid interface in a fully demixed biphasic system under slow stirring (Figure S8, 

Supporting Information), resulting in large scale superstructures, which fully retained the long-

range order. This approach enables scale-up of 2D superstructure synthesis to macroscopic 

areas, up to the millimeter range in the present work (Figure S9, Supporting Information). 

Single-layer silica cage-based superstructures grown at the liquid-liquid interface showed 

asymmetric chemical properties, corroborating the proposed formation mechanism with amine 

groups as anchoring points to the liquid-liquid interface (vide supra). This was demonstrated 

by immersing superstructures sitting on carbon coated TEM grids in a solution of citrate-

stabilized gold nanoparticles, which are known to readily bind to amine groups[23]. Only some 

of the superstructures on the TEM grid got functionalized with gold (Figure S10a,b, Supporting 

Information), however, whereas others remained completely free of nanoparticles. This 

suggests that amine groups are concentrated on one side of the superstructure, the one in contact 

with the oil phase during synthesis. Exchanging native citrate ligands with mercaptoundecanoic 

acid (MUA) allowed the particles to adopt the hexagonal pattern of the silica superstructure, 

resulting in an ordered array of gold nanoparticles (Figure S10c,d, Supporting Information), 

which may be of interest for a number of e.g. plasmonic or catalytic applications. 
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Increasing pH above neutral in silica sol-gel reactions accelerates silane hydrolysis rates and 

decreases condensation rates[24]. At a given time this increases the number of silanol groups, 

which remain available for longer times. Concomitantly, the increased deprotonation of silanol 

groups with increasing pH facilitates the interfacial self-assembly by larger coulomb attractive 

interactions between negatively charged silica clusters and positively charged CTAB 

surfactants at oil-water interfaces. Together, one would expect these effects to favor the 

assembly of multilayers, which likely form in a concerted rather than a layer-by-layer fashion. 

This is exactly what was observed. Silica cage bilayer superstructures could be grown by 

increasing the amount of ammonium hydroxide by a factor 2 (Figure 2). Bilayer domains could 

be evidenced by lateral views enabled by folds (Figure 2a, b). These bilayers randomly adopted 

two different structures at roughly equal proportions (Figure 2a). One was the dual structure of 

an equal sphere close packing (Figure 2c, d). In bulk materials, this corresponds to cubic close 

packed (ccp) and hexagonal close packed (hcp) structures, whose duals are built from either 

rhombic dodecahedral (rd) or trapezo-rhombic dodecahedral (trd) cages for ccp and hcp, 

respectively[25]. These cages result from their different stacking sequence (ABC and ABAB, 

respectively), thus with only two layers an ambiguity remains as to what type of cages form 

these domains. The second bilayer structure was an analog to the clathrate IV structure (Figure 

2e,f)[26], which is the dual of the Frank-Kasper Z phase (space group P6/mmm). It is built from 

512, 51262 and 51263 cages assembling into a triangular pattern with the hexagonal faces of the 

51262 cages forming large openings at the corners of each triangle (blue cages in Figure 2f). In 

contrast to single-layer superstructures, in bilayer domains the cages are now oriented relative 

to each other, indicating an increase of order in the cage assembly. However, there still remains 

ambiguity between the two observed structures, which appeared with the same probability.  

Further acceleration of silane hydrolysis rates allowed further increases in layer numbers in 

turn pushing the system into adopting more specific structures throughout the whole material. 

Further increasing the amount of ammonium hydroxide relative to single-layer conditions by a 



     

7 

 

factor of 2.5 resulted in superstructures exhibiting a mixture of ccp (space group Fm-3m) and 

hcp (space group P63/mmc) structures (Figure 3a, b). From lateral views provided by folds 

(Figure 3c), these are multilayer structures made of 3 to 4 layers of cages, which is enough to 

distinguish their stacking sequence along the c axis of the close packing arrangement and 

impose a specific cage symmetry. The ccp and hcp structures often coexist in 3D bulk 

mesoporous silica because of their similarity in packing arrangements[14]. Thanks to the limited 

thickness of the multilayers, ccp and hcp domains could be unambiguously distinguished 

directly from top views in TEM images (Figure 3a). Lateral views of these superstructures 

exhibited a square pattern (Figure 3c), consistent with simulated projections for both hcp and 

ccp structures (Figure 3b).  

While these structures result from the close packing of equal spheres, clathrate-like 

structures result from the topologically close packing of unequal spheres (vide supra). We 

recently demonstrated that increased size dispersion in surfactant micelle systems with added 

pore expander (i.e. oil phase) favors the formation of cage-like mesoporous silica with non-

uniform cage structures rationalizing the appearance of the clathrate IV structure at twice the 

ammonium hydroxide concentration (vide supra)[9]. In order to increase the micelle size 

dispersion and further bias the system towards such structures, we mixed two surfactants of 

different chain lengths (C16TAB and C8TAB, see experimental section). In conjunction with a 

1.5-fold increase of the amount of ammonium hydroxide relative to single-layer conditions to 

promote multilayer growth, this indeed resulted in superstructures showing exclusively the 

clathrate IV structure (Figure 3d-f). The very fine details of the struts forming this structure are 

consistent with observations from top and lateral views in TEM images (Figure 3d, f, and Figure 

S11a, Supporting Information). This structure assignment is corroborated by the occasional 

presence of square defects (Figure S11b, Supporting Information), which are also built from 512 

and 51262 cages with a packing analog to the clathrate I structure (space group Pm-3n, dual 

structure of the Frank-Kasper A15 phase), and can arrange well with the triangular pattern of 
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this structure[8]. Attempts to grow such superstructures thicker by further increasing the 

ammonium hydroxide concentration (1.8-fold increase) resulted in the appearance of domains 

analog to the clathrate II structure (space group Fd-3m, dual structure of the Frank-Kasper C15 

phase, Figure S11c, Supporting Information), introducing 51264 cages sharing their base 

hexagonal face with the 51262 cages of the clathrate IV structure. The clathrate IV structure has 

previously only been observed as a defect layer in bulk Fd-3m mesoporous silica (clathrate II 

structure)[14]. In contrast, the growth of a superstructure showing exclusively the clathrate IV 

structure, instead of the more favorable clathrate II structure, is likely due to the 2D confinement 

induced by the liquid-liquid interface and limited thickness of the superstructure. This is 

consistent with the evolution to the clathrate II structure (Fd-3m) in thicker multilayers, where 

2D confinement effects are essentially relaxed resembling the situation in the bulk. 

Access to well-defined individual 2D cage-like silica superstructures allows fabrication of 

heterostacks by tuning the angle between layers, their chemical composition, and structure 

(Figure 4a-c). Figure 4d-h provides examples of bilayer superstructures observed as a result of 

two single-layer pieces falling on top of each other at different angles, yielding well-defined 

Moiré patterns in TEM. Such stacks of two superstructures formed, e.g. during sample 

preparation for TEM observations, and a large variety of them, showing angular variations not 

limited to those illustrated in Figure 4, were found across multiple samples. Figure S10 

(Supporting Information) can be regarded as proof-of-principle for assemblies from layers with 

different chemical compositions. To demonstrate the third degree of freedom, a heterostack 

with varying structures was formed by mixing two different superstructure samples, one with 

single-layer superstructure and the other with multilayer clathrate IV superstructure (Figure S12, 

Supporting Information). In these examples, the heterostacks were formed simply by letting the 

superstructures fall on top of each other during solvent blotting and evaporation. More active 

methods can be conceived for the fabrication of these heterostacks such as successive 

mechanical transfer or Langmuir-Schaefer depositions directly from the liquid-liquid 
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interface[27]. In this regard, it might be possible to make use of the chemical asymmetry of these 

superstructures and the versatile functionalization of silica with a large variety of readily 

available organosilanes, to induce selectivity in stacking mechanisms and to provide cohesion 

within these heterostacks. We envision that similar to graphene and other 2D electronic 

materials[28], the ability to control structure and composition in such heterostacks layer by layer 

will open up a large hitherto unavailable design space for mesoporous silica heterostructures 

with potential separation or catalytic properties not accessible via conventional homogeneous 

bulk material synthesis. 

 

Experimental Section 

Single-layer silica superstructures: For the single-layer superstructures synthesized under 

vigorous stirring (Figure 1), cetyltrimethylammonium bromide (CTAB or C16TAB, 50 mg) was 

first dissolved in water (10 mL) at 60 °C in a round bottom flask. After cooling to room 

temperature, ammonium hydroxide solution (25 µL, 28-30% in water) and cyclohexane (10 

mL) were added under stirring at 1200 r.p.m. After 4 hours, a mixture of TMOS (34 µL) and  

APTMS (25 µL) was added dropwise, and the reaction was left to proceed overnight at room 

temperature. For the purification of the superstructures, the reaction mixture was centrifuged 

(7000 g, 10 min) resulting in the complete demixing of the oil and water phases with the product 

being located at the interface. The upper and bottom phases were carefully removed with a 

pipette and the product was dispersed in ethanol (10 mL) with help from an ultrasonic probe 

sonicator. The superstructures were first washed three times with ethanol (10 mL), followed by 

sonication and centrifugation (7000 g, 10 min). In order to fully remove the surfactant, the 

superstructures were then dispersed in a mixture of ethanol (10 mL) and acetic acid (50 µL). 

After sitting for 20 min, the solution was centrifuged and the superstructures washed another 

three times with ethanol (10 mL), followed by sonication and centrifugation (7000 g, 10 min). 

Finally, the superstructures were dispersed in ethanol (5 mL). 



     

10 

 

For the superstructures synthesized under slow stirring (i.e., with the oil and water phases 

completely demixed, Figure 2), myristyltrimethylammonium bromide (C14TAB, 10 mg) was 

first dissolved in water (10 mL) at room temperature in a cylindrical beaker. Then, ammonium 

hydroxide solution (25 µL) was added to the water phase and cyclohexane (10 mL) was slowly 

added on top. The stirring was set so that the interface remained essentially flat. Early stage 

experiments showed that using C14TAB instead of C16TAB helped keeping a smooth interface. 

In addition, in these experiments the surfactant concentration was kept lower as compared to 

the syntheses under vigorous stirring in order to account for the smaller surface area between 

the two phases. Finally, a mixture of TMOS (34 µL) and APTMS (25 µL) was slowly added in 

the oil phase, directly at the vicinity of the interface with the water phase. After a couple of 

minutes, flakes of few millimeters in size could be seen at the interface, and were scooped on a 

glass substrate or TEM grid for fluorescence microscopy or TEM analyses, respectively. 

 

Bilayer and multilayer silica superstructures: The bilayer superstructures (Figure 2) were 

synthesized using the same procedure as for the single-layer ones, except that 50 µl of 

ammonium hydroxide solution was added instead of 25 µl. For the multilayer superstructures 

with mixed hcp (P63/mmc) and ccp (Fm-3m) structures (Figure 3a-c), 62.5 µl of ammonium 

hydroxide solution was added instead of 25 µl. For the multilayer superstructures with the 

clathrate structure IV (P6/mmm) symmetry (Figure 3d-f), 37.5 µl of ammonium hydroxide 

solution was added instead of 25 µl and a mixture of 17.4 mg of octyltrimethylammonium 

bromide (C8TAB) and 25 mg of C16TAB (0.5:0.5 molar ratio, as compared to 1 molar equivalent 

in the single-layer superstructures synthesis) was used instead of employing C16TAB only as 

surfactant. The rest of the procedures and purifications were identical as described for the 

single-layer superstructures synthesis. 
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FIGURES 

 

Figure 1. a, Illustration of silica superstructure formation at the surface of large oil droplets. b, 

Low magnification TEM image of as prepared silica layer showing folds only in larger (> 5 

m) pieces (inset: fluorescence microscopy image of a partially preserved fluorescently stained 

silica layer grown around a vesicle). c-d, High magnification TEM images of isolated silica 

cages (c) and a silica cage superstructure with well-ordered honeycomb structure (d, inset: 

zoom-in on the cage structures within the superstructure). e, TEM image of a single-layer fold 

providing a double lateral view of the superstructure. 
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Figure 2. a-b, TEM images of a superstructure with bilayer islands (a) and corresponding 

lateral view from a fold (b). c-f, TEM zoom-ins (c and e) and illustrations (d and f) of bilayers 

resulting from the close packing of equal spheres, built from either rhombic dodecahedral (rd) 

and trapezo-rhombic dodecahedral (trd) cages (c,d), or from the packing of unequal spheres, 

built from 512, 51262, and 51263 cages (e and f). 
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Figure 3. a, TEM image of a superstructures exhibiting ccp (upper part) and hcp (lower part) 

structures. b, Illustration of ccp (top) and hcp (bottom) structures built from rhombic 

dodecahedral (rd) and trapezo-rhombic dodecahedral (trd) cages, respectively, and 

representative simulated top and side view projections. c, TEM image of a fold in a hcp/ccp 

superstructure providing a double lateral view. d, TEM image of a superstructure exhibiting the 

clathrate IV structure. e, Illustration of the corresponding superstructure derived from three 

different cage motifs and simulated top and side view projections. f, TEM image of a fold in a 

clathrate IV superstructure providing a double lateral view. 
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Figure 4. a-c, Illustration of superstructure heterostack designs by tuning the angle between 

layers (a), their chemical composition (b), and structure (c). d-h, Moiré patterns resulting from 

two single-layer cage superstructures stacking at different angles. TEM images (top), 

corresponding FFTs (middle), and simulated projections (bottom) of two superstructures at 

angles of 5° (d), 10° (e), 15° (f), 20° (g), and 25° (h). In both the TEM images and simulated 

projections easily identifiable motifs of the Moiré patterns are highlighted in red. 

 


