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Confinement in catalysis: what is confined and why is confinement important? 

Catalysis entails the atomic rearrangement of reactant molecules following a specific 

reaction pathway, facilitated by the active sites of catalysts. These catalytically active 

sites exist in various forms, such as a local coordination environment of metal atom(s) 

(typical for heterogeneous catalysis), or metal centers (typical for homogeneous 

catalysis). As the reactant species approaches and interacts with the active site motif, the 

reactant species becomes spatially confined, generally forming an adsorbate–surface 

atom bond (for heterogeneous catalysis), a metal-centered coordination complex (for 

homogeneous catalysis), or enzyme–substrate complex (for enzymatic catalysis). Since 

the active sites of heterogeneous catalysts are noticeably more poorly defined than their 

homogeneous and enzymatic catalyst counterparts (1), we hence focus here on 

highlighting the benefits, recent progress, and outlook of rational confinement in 

heterogeneous catalytic systems to encourage further research and discussion in this area.  

 

In heterogeneous catalysis, confining the adsorption geometry of reactant species 

energetically stabilizes specific transition states to direct size-, stereo-, or regio- selective 

chemical transformations. Such effects were traditionally achieved using microporous 

materials (e.g., zeolites, carbon nanotubes, and metal–organic frameworks), where the 

characteristic diffusion lengths of reactants are commensurate to the pore/channel 

dimensions, thereby enhancing the interactions between reactants and their surrounding 

pore walls within an internal diffusion-limited transport regime (2). Recently, these 

concepts were translated to metal oxide- or polymer-encapsulated nanoparticle (NP)-

supported catalysts (3, 4), ordered intermetallic NP catalysts (5), and bimetallic NP 

catalysts with somewhat defined surface domains (6, 7). The overarching concept 

underpinning all these examples is to replicate the well-defined active site motifs of 

homogeneous and enzymatic catalysts to induce similar catalytic selectivity effects (8). 

 

Another perspective arises when we spatially confine the active sites to a fixed position 

in the catalyst structure. Heterogeneous catalysts typically comprise NPs dispersed on 
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high surface area supports, but the poor contact and adhesion between the NPs and their 

supports often result in NP sintering (by coalescence, Ostwald ripening, and surface 

diffusion/migration) (9), which is accelerated under harsh operating conditions of high 

temperature and pressure  (10, 11). Thus, efforts were made to entrench these NPs in the 

support matrix to improve their resistance against sintering. Recent efforts include 

overgrowing metal oxide or polymeric overlayers around NPs through solution-based 

chemistry (e.g., sol-gel) (4, 12) or physical/chemical deposition (13) to form inverted 

catalyst structures, although we remark that the overgrowth conditions should be 

carefully chosen to prevent complete encapsulation of the NPs, which would significantly 

reduce reactant accessibility to the underlying catalytically active sites on the NP surface.  

 

Encouraged by these advantages of spatial confinement, our group has devoted research 

attention to gaining greater synthetic control over various confinement effects. For this 

purpose, we developed a modular raspberry-colloid-templated (RCT) catalyst platform, 

whose design, advantages, and relevant findings are summarized in the next section.  

Our contribution: raspberry-colloid-templated catalysts to study confinement 

To overcome the limitations of existing catalyst design—poor stability in conventional 

NP-supported catalysts or reduced reactant accessibility in inverted catalyst designs—we 

devised a RCT catalyst platform whereby NPs are partially embedded within the support 

to enhance resistance against sintering, while maintaining high reactant accessibility 

through the unembedded sections of the NP surface (14–16). In the RCT method (Fig. 

1a), catalytic NPs are attached to surface-functionalized templating colloids—which can 

be polymeric or inorganic—to form NP-decorated raspberry colloids. These raspberry 

colloids are self-assembled into a 3D colloidal crystal and then infiltrated or co-

assembled with support precursors (e.g., metal oxides such as pre-hydrolyzed 

silica/alumina/titania, or pre-formed titania/alumina nanocrystals). Finally, a templating 

colloid removal step (calcination for polymeric templates or solution-based 

etching/dissolution for inorganic templates) yields the 3D macroporous RCT catalyst 

(Fig. 1b) with NPs that are, by volume, more than 50% (but not fully) embedded within 

the support pore walls (17). Hence, the RCT catalysts can serve not only as practically 

relevant and exceptionally stable catalysts for industrial applications, but can also serve 

as a model catalytic platform to elucidate clear structure–property relationships (18–23).   

 

The high modularity of the RCT approach affords independent control over multiple 

levels of confinement as illustrated in Fig. 1c: (i) confinement of NP localization within 

and between pores, (ii) confinement of reactants within pores, (iii) confinement of NP at 

the pore–support interface, and (iv) confinement of reactants at the microporous voids at 

the embedded NP–support interface. These different levels of confinement operate at 

different length scales and are achieved through separate synthetic means, thus presenting 

their own unique confinement-related catalytic advantages, which we elaborate below.  
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Fig. 1.  RCT catalyst platform. (a) Synthetic scheme describing the preparation of RCT catalysts which 

comprise catalytic NPs partially embedded within a support matrix. (b) Scanning electron microscopy image of 

RCT catalysts depicting an ordered macroporous structure. (c) Different levels of confining reactants or 

catalytic NPs in RCT catalysts. (a) adapted from (15), (b) adapted from (24), (c) adapted from (14, 17).  

 

First, the placement of NPs within and between pores can be spatially confined by 

assembling more than one type of raspberry colloid, each bearing different catalytic NPs 

(Fig. 2a) (14). This design is especially useful for cascade catalytic networks where the 

desired product is only produced through a pre-defined sequence of active sites (25), or to 

physically separate two different sites that are chemically incompatible with each other 

while placing them in close proximity to facilitate the reaction cascade (26). One can also 

localize NP placement onto a pre-determined fraction of pores—by assembly with some 

NP-free colloids—to exploit NP proximity effects on reactant readsorption in multi-step 

reaction cascades (19), beneficially reducing the loading of (often precious) metal NPs.  

 

Second, each individual pore acts as a discrete hollow chamber where catalytic reactions 

occur on the NP surfaces decorating the pore wall. By synthesizing with smaller or larger 

templating colloids, the macropore size can be altered to enhance or alleviate physical 

confinement effects from the pore walls, respectively (Fig. 2b) (14). Moreover, pore level 

hierarchy can be achieved by assembling templating colloids with more than one size 

(27). Separately, we note that the well-defined 3D ordered macroporous structure of RCT 

catalysts (Fig. 1b) allows one to reliably extrapolate diffusional and transport results 

from the single pore level to the entire catalyst structure (28), which highlights the unique 

suitability of RCT catalysts to serve as a model catalytic platform (23).   

 

Third, all the NPs are partially embedded at the pore–support interface due to nanoscale 

wetting effects at the NP–templating colloid–support precursor interface (17, 24). Our 

extensive tomographic analysis (17) reveals that, on average, 85% of the NP volume is 
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embedded into the support (Fig. 2c1), which confines the NP position in place and 

considerably reduces surface NP migration and coalescence rates. Consequently, catalytic 

stability is enhanced for a variety of gas- and liquid-phase oxidation (10, 29–31) and 

hydrogenation (18–21, 24, 32, 33) reactions (Fig. 2c2–2c3). We further remark that the 

partial NP embedding feature creates more NP–support interfacial sites, which we 

exploited to increase catalytic contributions from active sites specifically confined at the 

interface (21). In summary, unlike traditional catalyst designs whereby NPs are deposited 

or formed onto support surfaces, the partial NP embedding feature in the RCT catalysts 

beneficially augments both their catalytic activity and stability. 

 
Fig. 2.  Inducing confinement in RCT catalysts and their effects on catalysis. (a) NP placement within and 

between pores is controlled by assembling multiple types of raspberry colloids, each bearing different types of 

NPs. (b) Reactants are confined within macropores whose pore diameters are tuned by the size of the templating 

colloids used. (c) NPs are physically confined at the pore–support interface as NPs are partially, but not fully, 

embedded into the support, as quantified by (c1) electron tomographic analysis. As a result, (c2) NP sintering is 
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substantially arrested under thermocatalytic reaction conditions, as verified by (c3) in situ environmental 

transmission electron microscopy. (d) Reactants can also be confined in microporous voids at the interface 

between the embedded regions of the NP surface and the support. This microporosity is visualized by (d1) the 

successful reduction of Ag around Au NPs in Au/SiO2 RCT catalysts, which indicate a 0.7 nm microporous 

pocket at the embedded NP–support interface (d1 inset). (d2) Energy-dispersive X-ray spectroscopy mapping 

confirms that the embedded sections of the Au NP are accessible to reactants (Ag+ precursor in this example). 

(a) adapted from (14, 19), (b) adapted from (19), (c1)–(c2), (d) adapted from (17), (c3) adapted from (34). 

 

Finally, a microporous void exists at the interface between the embedded regions of the 

NP and the surrounding support (17), due to volume shrinkage of the support sol-gel 

precursor in the heat treatment step to prepare the catalysts. We visualized this 

microporosity by reducing Ag+ on Au/SiO2 RCT catalysts (Fig. 2d), which reveals a 

narrow ≈0.7 nm pocket surrounding the embedded areas of the NP surface (17). Hence, 

we posit that reactants can, in principle, access both the unembedded and embedded 

regions of the NP surface, with the latter potentially exerting sterically-confined catalysis 

effects found only in microporous materials (2).  

Conclusions and outlook on confinement in heterogeneous catalysis 

We consider confinement to be an ever-present feature in both catalyst design and in all 

types of catalysis, be it heterogeneous, homogeneous, or enzymatic. To gain more 

synthetic control over confinement effects compared to conventional catalyst design, we 

devised a modular RCT catalyst platform. In the RCT catalysts, a segment of the NP 

surface is exposed to the macropore and its open environment for reaction, while the rest 

of the NP is partially embedded within the support matrix to resist NP sintering. We 

described how NP placement can be pre-defined within and between pores to align with 

the diffusive pathway in which reactants flow through the catalyst structure, while 

affixing the NP in place by partial entrenchment into the support. For the reactants, we 

illustrated how controlling the pore size modulates its physical confinement effects, and 

how the well-ordered macroporous structure allows diffusive and transport characteristics 

(of reactants) in a single pore to be reliably extended to the entire structure. Finally, we 

provide experimental evidence for the potential of confined catalysis in the microporous 

pockets surrounding the embedded NP surfaces in contact with the support, which allows 

the RCT catalysts to uniquely function as both a macroporous and microporous catalyst.  

 

Through the RCT platform, we demonstrate how rational colloidal design can be used to 

one’s advantage to induce distinctly different confinement-related effects and realize 

newfound catalytic performance. Critically, such design principles and confinement 

effects are broadly applicable to a variety of reaction classes and catalyst designs for 

broad-based adoption. Looking forward, we anticipate future designs to incorporate 

multiple confinement effects into a single catalyst platform. In this regard, we postulate 

that tuning the spatial placement and density of different types of NPs in precise pre-

defined locations will exert greater control over the reactant diffusive path across the 
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different catalytic sites and regulate the reactant’s local concentration around each 

catalytic NP, enabling one to steer selectivity while maintaining high catalytic activity to 

break archetypical activity–selectivity trade-offs. We also predict that the NP embedding 

levels and the size of microporous pockets around embedded NPs can be independently 

adjusted to tune the activity ratio from the unconfined NP surfaces to that from the 

confined regions at the embedded NP–support interface, forming “dual modality” macro-

microporous catalysts. We close by taking the position that through confinement, we 

“unconfine” new catalytic possibilities to reimagine future catalyst design.   
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