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Porous materials are used on a global scale in a plethora of 
applications, from medicine to agriculture and the chemicals 
industry (among many others)1–3. The interplay between pore 

size, connectivity and accessibility impact materials’ functional-
ity on multiple length scales, from the molecular level through to 
the macroscopic level of behaviour4–12. A typical and yet important 
example is heterogeneous catalysis, which plays an enormous role in 
producing many of our everyday needs, such as materials, chemicals 
and fuels. Molecular transport to and from catalytic active sites via 
macro- (> 50 nm), meso- (2–50 nm) and micro- (< 2 nm) pores is a 
major factor in determining whether or not the catalyst is process 
efficient, consequently dictating its deactivation13–16.

In an academic setting, the focus is normally on so-called ‘research 
catalysts’17, such as micro- and/or mesoporous fine powders or sin-
gle crystals18–21. Although this develops the excellent and necessary 
fundamental knowledge, a more realistic example of an industrially 
applied heterogeneous catalyst is a shaped catalyst body containing 
catalytically active material (zeolite) dispersed in a matrix and/or 
binder (silica, alumina and/or clay)17,22–28. Such catalyst materials are 
imperative in a number of industrial processes (for example, hydro-
carbon processing, which includes aromatization, alkylation and 
isomerization reactions29–32). These millimetre-sized catalyst bodies 
contain a complex hierarchical pore arrangement, from the mac-
ropores of the binder to (inter or intra) particle mesoporosity and 
zeolite micropores. The role of the binder component is essential 
for material strength, thermal stability, avoiding pressure drop and 
enhancing molecular transport. However, this last attribute depends 
on a high-level of meso- and macro-pore connectivity and acces-
sibility in order that molecules can efficiently move into and out 
of the shaped bodies32. For instance, if these hierarchical pores are 
formed in such a way that a limited amount of interconnectivity is 
obtained, reactant molecules struggle to diffuse or navigate among 
the heterogeneous macro-, meso- and micropores, resulting in low 

product selectivities (due to sequential reaction mechanisms) and 
poor catalyst lifetime. Ideally, reactants should be free to navigate 
the well-connected hierarchical pore system (of the binder and zeo-
lite components, both intra- and inter-particle space), before bind-
ing to a catalytic active site (for example, the Brønsted acid site in 
zeolite), reacting further with the desired product molecule(s) (that 
is, with other reactant and/or intermediate molecules), then leaving 
via the hierarchical pore network, eventually to the exterior of the 
catalyst particle.

So far, we have relied heavily on bulk and often non-visual mea-
surements to obtain information, for example by probe molecule 
physisorption and/or porosimetry33–35 (using Ar or Hg, respectively, 
which can be considered unrealistic for comparison with molecular 
access in some catalytic reactions) and/or diffusion measurements 
in large-scale materials36. Advances have been made to visualize 
the pore network in catalyst particles using advanced electron- and 
X-ray based techniques (such as focused ion beam–scanning elec-
tron microscopy (FIB–SEM) and transmission X-ray microscopy 
(TXM)), but these require elaborate studies with intricate sample 
preparation and/or synchrotron radiation17,37–39. In all cases, these 
approaches do not allow a facile and direct visual correlation 
between where and how interconnected and/or accessible these 
pores are and the effect this has on the material’s actual functional-
ity. Recently, a significant step was taken to spatially resolve catalytic 
events as well as the self-diffusion of realistically-sized molecules 
in single nanocatalysts40 and fluid catalytic cracking (FCC) catalyst 
particles, respectively, using single-molecule fluorescence micros-
copy (SMF)41,42. However, linking pore architecture and perfor-
mance in a visual manner, under realistic catalytic conditions, is yet 
to be accomplished.

Taking bio-imaging and petrographic imaging with fluores-
cent probes as inspiration (for example, in the former to discrimi-
nate between the size dependence of uptake and the transport of  
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fluorescent microspheres (representing regional blood flow) in 
lungs or other tissue43–46, and in the latter to image void space in 
geomaterials47,48) we ask the question ‘Can we establish a visual 
link between where specifically sized fluorescent probes are able to 
access and be taken up within a catalyst particle, and the molecu-
lar transport of fluorescent molecules within these regions during a 
catalytic reaction?’ Developing this visual structure–function rela-
tionship of a catalyst (and other materials) will enable us to manu-
facture more efficient porous materials that, for instance, not only 
limit the production of waste, but also increase catalyst lifetime49.

In this work we take an integrated, facile bio-imaging-inspired 
approach using fluorescent nanoprobes and confocal fluorescence 
microscopy (CFM) to resolve this knowledge gap. Two different clay-
bound ZSM-5-based catalyst bodies (Z:Kaolin and Z:Bento) were 
impregnated with four specifically sized fluorescent nanoprobes 
(catalyst pore dimensions and typical feedstock-like molecules41, ~2,  
20, 45 and 100 nm in diameter), before imaging their uptake and 
correlating with the pore architecture and/or accessibility of meso- 
and macropores. The ~2 nm probe molecule was N,N′ -bis(2,6-
dimethylphenyl)-perylene-3,4,9,10-tetracarboxylic diimide (PDI), 
and the 20, 45 and 100 nm probes were all FluoSpheres carboxylate-
modified microspheres. In a separate, yet integrated approach, a 
methanol-to-hydrocarbon (MTH) reaction was performed on cor-
responding fresh catalyst bodies. The fluorescent molecules, formed 
in a time-resolved manner during this reaction, were imaged within 
millimetre-sized catalyst bodies, and a clear, visual link was estab-
lished between molecular transport, deactivation and accessibility 
during the zeolite-catalysed hydrocarbon conversion process.

results and discussion
Linking pore architecture with catalyst deactivation using fluo-
rescent nanoprobes. To determine the molecular diffusion and 
uptake properties, and hence accessibility parameters, of differently 
sized Z:Kaolin extrudates (1, 2 and 3 mm diameter), incubation 
time studies using a ~2 nm fluorescent nanoprobe were performed. 
Individual catalyst extrudates were impregnated with the probe, then 
removed at intervals (Fig. 1a) for bisectioning and CFM imaging to 
determine the probe penetration depth and corresponding probe 
uptake (in μ m min−1). From the uptake profile of the largest Z:Kaolin 
(3 mm diameter) extrudate it is evident that at least three diffusion 
regimes (R1, R2 and R3) exist, with the probe penetrating quickly 
to a depth of 220 ±  22 μ m (R1) at a rate of 15 μ m min−1, before slow-
ing to a rate of 0.6 μ m min−1 (R2) and then to 0.06 μ m min−1 (R3).  
A visual representation of this uptake process is provided in Fig. 1a,  
where the CFM images were taken at specific time intervals, and 
again reveal a substantial uptake of the ~2 nm probe in the first 
240 min (358 ±  9 μ m), before abating (434 ±  49 μ m after 1,440 min 
(24 h)). Although the probe appears to come to a halt at an ‘ideal’ 
boundary (Fig. 1a), higher magnification (Supplementary Fig. 1) 
reveals that the probe fades away immediately after this ‘boundary’, 
suggesting pore narrowing. However, considering that the majority 
of the probe slows to such a definitive depth, we will refer to it as a 
boundary throughout.

A similar uptake profile is observed for the 2-mm-diameter 
Z:Kaolin extrudates (Fig. 1a), but slightly slower uptake rates 
are obtained in the first two regions (13 μ m min−1 in R1 and  
0.4 μ m min−1 in R2) compared to those of the 3-mm-diameter 
Z:Kaolin. However, the uptake profile of the 1-mm-diameter 
extrudate (Fig. 1a) differs significantly from those of the 2- and 
3-mm-diameter extrudates, where in R1, almost double the rate of 
probe uptake is obtained (28 μ m min−1) compared to the other two 
extrudates (13 and 15 μ m min−1, respectively). Although the rate of 
uptake in the 1-mm-diameter Z:Kaolin in R2 is similar to that of 
the larger extrudates (0.4 μ m min−1), the probe has already reached 
a depth of 420 ±  10 μ m in R1, which is 84% of its potential maxi-
mum uptake. Considering the penetration depths observed after 

24 h (1,440 min) incubation in 2- and 3-mm-diameter Z:Kaolin 
(408 ±  54 and 434 ±  49 μ m, respectively), it is highly plausible that, 
due to the smaller size of the 1 mm extrudate, the calcination treat-
ment is able to draw out water and organics (used during extrudate 
preparation) more homogeneously from the pores in the smaller 
extrudate compared to the larger extrudates, creating a more acces-
sible uniform and/or well-connected pore system.

As a proof of concept that calcination treatment plays such a con-
siderable role in determining pore architecture and/or accessibility, 
2-mm-diameter Z:Kaolin extrudates were prepared and calcined at 
500, 550 and 600 °C (Supplementary Fig. 2). Uptake profiles and CFM 
images at certain incubation time intervals reveal a trend in acces-
sibility as follows: Z:Kaolin(500) >  Z:Kaolin(550) >  Z:Kaolin(600).  
This matches the trend in pore volumes measured by Hg porosim-
etry analysis (Supplementary Fig. 2), which can be explained by the 
dehydroxylation of the kaolinite binder phase to metakaolin under 
higher calcination temperatures (this has a denser structure than 
kaolinite50).

To investigate accessibility into pores of varying dimensions and 
their degree of interconnectivity in Z:Kaolin extrudates, we used 20, 
45 and 100 nm fluorescent nanoprobes that are of similar dimen-
sions to the available pores (Supplementary Fig. 3). By impregnating 
the Z:Kaolin extrudates with any one of the fluorescent nanoprobes, 
followed by 24 h incubation, bisectioning and 3D CFM imaging, a 
visual relationship between the size of the probe and its accessibility 
into the catalyst bodies is established.

By marking the transport limitation regions (R1–R3) from Fig. 1a  
on the penetration depth charts for these larger nanoprobes (Fig. 1b),  
a link between their behaviour and pore accessibility is evident. 
First, taking the largest nanoprobe (100 nm in diameter), it is clear 
that although Hg porosimetry revealed macropores in the range 
of 100–600 nm (Supplementary Fig. 3), they are actually difficult 
to access from the external surface, with minimal penetration 
observed (< 12 μ m) (Fig. 1b). Staining with 45 nm nanoprobes dis-
played penetration depths of 127 ±  37, 164 ±  58 and 195 ±  54 μ m in 
1-, 2- and 3-mm-diameter Z:Kaolin extrudates, respectively (Fig. 1b 
and Supplementary Fig. 4), with impregnation of the 20 nm probe 
showing depths of 362 ±  123, 228 ±  50 and 254 ±  26 μ m (1-, 2- and 
3-mm-diameter Z:Kaolin extrudates, respectively). A surprising 
feature of the 2- and 3-mm-diameter Z:Kaolin extrudates impreg-
nated with 20 and 45 nm probes is that both probes curtail at (or 
near to) the interface of R1 and R2 (192 ±  7 and 220 ±  22 μ m, respec-
tively). This provides substantial evidence for pore architectural 
size differences throughout the cylindrical extrudates, most prob-
ably due to a radial gradient of pore narrowing from the extrudate 
exterior to its interior. In the case of the 1-mm-diameter Z:Kaolin 
extrudate, the 20 nm probe also curtails close to the interface of R1 
and R2 (420 ±  10 μ m), but the 45 nm probe stops at a depth well 
before (127 ±  37 μ m). Given the similarity in uptake behaviour of 
the ~2 nm and 20 nm probes (compared to the 45 nm probe), this 
backs our previous theory that more uniform (but narrower) pores 
are formed upon calcination in the smallest extrudate, compared to 
its larger counterparts.

Given the significance of these findings (specifically, the different 
uptake regimes and more homogeneous pores in the 1-mm-diam-
eter Z:Kaolin), it is essential to understand how such accessibility 
parameters relate to the functionality and deactivation profiles of 
these catalytic materials. MTH is a global zeolite-catalysed reac-
tion for converting methanol into larger, more valuable chemical 
building blocks, such as ethylene and propylene (important to the 
polymer industry)51,52. Larger aromatic molecules are also formed 
that can be valuable (para-xylene), but these molecules can oligo-
merize to produce even larger polyaromatic molecules that even-
tually cause catalyst deactivation (for example, pore blockage). 
Therefore, due to the production and transport of differently sized 
molecules within the catalyst bodies, MTH is an excellent means 
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to investigate the relationships between pore architecture, molec-
ular transport and catalyst deactivation. By performing the MTH 
reaction in a fixed-bed reactor loaded with Z:Kaolin extrudates, 

and subsequently removing them after a period of reaction time,  
3D CFM can be used to explore the extent of coking within the 
catalyst bodies53. Moreover, ZSM-5 within the Z:Kaolin extrudates 
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Fig. 1 | Visualizing accessibility and deactivation in zeolite-based catalyst bodies. a, Incubation time uptake measurements of a ~2 nm fluorescent 
nanoprobe in Z:Kaolin extrudates with (i) 3 mm diameter (Ø); (ii) 2 mm diameter; (iii) 1 mm diameter. Left, Penetration depth measurement versus time 
profiles, with different molecular transport rate regimes or regions (R1–R3) highlighted. R1: 0–15 min, up to the light blue dotted line; R2: 15–240 min, from 
the light blue dotted line to the red dotted line; R3: 240–1,440 min, from the red dotted line to the purple dotted line. Right, 3D CFM images of Z:Kaolin 
quadrants from selected incubation time intervals, providing a visual representation of the fluorescent probe uptake (slowing over time) in each case. Error 
bars are based on s.d. of six penetration measurements from two extrudates (Supplementary Table 2). b, 24 h incubation with differently sized fluorescent 
nanoprobes in Z:Kaolin extrudates with (i) 3 mm diameter; (ii) 2 mm diameter; (iii) 1 mm diameter cross-sections. Left, Top-view 3D CFM images of the 
penetration of four specifically sized fluorescent nanoprobes in quadrants (see Supplementary Fig. 4 for full cross-sections). Error bars are based on s.d. 
of 12 penetration measurements from three extrudates (Supplementary Table 3). Right, Corresponding charts revealing the quantitative penetration depth 
measurements of each nanoprobe. Transport regions (R1, R2 and R3 from the incubation time studies, a) are highlighted to show how they impact the 
penetration depth of the differently sized nanoprobes. c, ‘Half–half’ images of differently sized Z:Kaolin extrudates impregnated with a ~2 nm nanoprobe 
(24 h incubation) (left half) and 3D top-view CFM images (using 488 and 642 nm lasers simultaneously) of methanol-to-hydrocarbon (MTH) reacted 
Z:Kaolin extrudates, removed from the reactor (and bisected and imaged) after 75 min of reaction time (right half). Black, non-fluorescent regions are 
coke species; orange fluorescence in the core is related to a mixture of both large and small (more and less conjugated, respectively) species. Depth 
measurements were taken from the outside of the extrudate to where the orange fluorescent region starts (shown by a blunt-headed arrow), revealing a 
similarity in the depth at which the ~2 nm probe uptake slows (a,b). MTH deactivating species refers to large polyaromatic molecules, as exemplified by 
pyrene and coronene molecules, formed via oligomerization reactions, which block pores within the catalyst body.
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conveniently catalyses the formation of light absorbing species 
(carbocations) that can be excited with specific wavelength lasers, 
akin to the absorption maxima of such species54. On removal of the 
extrudates from the reactor, bisectioning and then imaging with 488 
and 642 nm lasers simultaneously, the location of both large (more 
conjugated) and small (less conjugated) species, respectively, can 
be visualized (the higher the degree of conjugation, the longer the 
absorption wavelength55) (Supplementary Methods).

Figure 1c presents ‘half–half ’ CFM top-view 3D images of 1-, 
2- and 3-mm-diameter Z:Kaolin extrudates after (left half) 24 h 
incubation of a ~2 nm probe and (right half) 75 min of MTH reac-
tion. It is evident that a boundary exists, with the latter producing 
a non-fluorescent zone around the near-edge region of the cross-
section, with a fluorescent orange core. The non-fluorescent zone is  
attributed to large polyaromatic species, such as graphitic coke 
molecules54 (akin to the size of the ~2 nm probe), whereas orange 
fluorescence in this case is typical of a mixture of less and more 
conjugated species (that is alkylated naphthalene and pyrene car-
bocations, respectively). More notably, the depth at which the non-
fluorescent coke regions are found inside the MTH reacted catalyst 
bodies lies around the interface of R2 and R3 (and R1 and R2 for the 
1-mm-diameter extrudate), as highlighted in Fig. 1b. The similarity 
in the depth of the coke region with that of the second uptake limi-
tation in the ~2 nm probe incubation experiments points towards 
a link between pore narrowing and limited molecular transport, 
leading to the formation of coke precursors and, eventually, catalyst 
deactivation.

As a proof of concept, this also appears to be the case when using 
differently shaped extrudates (Fig. 1c). For instance, using tri- and 
quadrilobe extrudates, a very similar non-fluorescent coke region 
replicates near perfectly the region penetrated by the fluorescent 
nanoprobes for these shaped materials (Supplementary Fig. 5), 
revealing that the shape of the extrudate is independent of the pore 
architecture.

Micro-spectroscopic revelations of molecular transport bound-
aries. Given that a specific region of the catalyst extrudate is influ-
ential in forming coke molecules after 75 min of MTH reaction, it 
is then interesting to observe how such molecular transport bound-
aries impact earlier stages of the MTH reaction. Using a similar 
approach, Z:Kaolin extrudates were removed after 15 min reaction 
time, before bisectioning. Optical absorption spectra were sub-
sequently measured at the core and near-edge regions (similar to 
those regions that are inaccessible and accessible to the nanoprobes, 
respectively) within each cross-section. Due to the broad nature of 
the commonly reported visible absorption bands produced dur-
ing MTH55–57, it is highly unlikely that only one type of molecule 
is excited when using specific laser line wavelengths (Fig. 2a). 
However, using both short- and long-wavelength lasers simultane-
ously (488 and 642 nm, respectively) ensures limited spectral over-
lap, and a relative discrimination between the location of ‘small or 
less conjugated’ (alkylated benzenes and/or naphthalenes (N): green 
fluorescence) and ‘large or more conjugated’ (alkylated phenanthra-
cenes (PH), pyrenes (PY) and/or (LPAs): red fluorescence) species.

From Fig. 2b (Supplementary Fig. 6), it is clear that even at this 
early stage of the reaction a similar molecular transport bound-
ary, akin to that inaccessible to the fluorescent nanoprobes, exists. 
A combination of small (less conjugated) and larger (more conju-
gated) species (orange fluorescence) are located in the core of the 
cross-section (Fig. 2c), with a high concentration of mainly smaller 
species (green fluorescence) located at the near-edge region55–57. 
As with the coke region observed after 75 min of MTH in Fig. 1c, 
the dimensions of this near-edge region of green fluorescence after 
15 min match closely that accessible to the nanoprobes, revealing a 
consistency of the accessibility measurements and molecular trans-
port in porous media. Furthermore, it appears that the smallest  

extrudate size (1 mm diameter) allows the formation of larger spe-
cies in general (Fig. 2c), with a more homogeneous distribution 
of orange fluorescence throughout the cross-section, again cor-
roborating the high accessibility observed in fluorescent nanoprobe 
uptake studies (Fig. 1). This relation between extrudate diameter, 
pore architecture and the link to molecular transport should be a 
crucial factor when selecting extrudates of a specific size, and not 
just for pressure drop concerns.

Interestingly, if we look at Z:Kaolin cross-sections at reaction 
time periods before and after 15 min (Fig. 3 and Supplementary 
Fig. 6), detailed mechanistic insights into molecular transport 
during MTH can also be observed. After 2 min of reaction, again, 
a similar boundary separating two different types and/or sizes of 
molecule exists; however, here, a red fluorescent near-edge region 
exists together with a fluorescent green core, which is in stark con-
trast to that observed after 15 min. Given the visual confirmation 
of the accessibility of the nanoprobes into this very specific region 
and their inaccessibility further into the core (Fig. 1a,b), this inac-
cessible boundary (most probably due to pore narrowing and/or 
disconnected pore networks) clearly creates a limitation in molecu-
lar transport towards the core. Oligomerization to form larger mol-
ecules ensues (PH and PY) at the near-edge, leaving a substantial 
core of smaller molecules (B and N) (Supplementary Fig. 7).

Because these larger pyrene-type molecules occupy the perim-
eter of the extrudate, smaller molecules at the core have difficulty 
leaving via the once accessible near-edge region, leading to oligo-
merization to larger molecules within the core of the extrudate over 
time, hence the orange fluorescence after 15 min. At the same time, 
pyrene-type molecules contained in the near-edge region are less 
likely to leave the extrudate, given their large dimensions, and there-
fore undergo cracking reactions, leading to the formation of smaller 
benzene and naphthalene molecules in this region (hence green flu-
orescence at 15 min). Online gas chromatography (GC) analysis of 
products leaving the reactor bed provide evidence of cracking reac-
tions (Fig. 3d). It is clear that at 2 min of reaction, a lower yield ratio 
of C5 olefins to C3 olefins is produced due to blocking of pores by the 
pyrene-type molecules around the near-edge region. However, after 
15 min, there is a significantly higher formation of C5 oligomers 
leaving the Z:Kaolin extrudates, which are most probably formed 
from the cracking of these larger aromatic molecules.

At 30 min of MTH reaction, it is clear that deactivation has 
started to take place, with the near-edge region containing more 
non-fluorescent species such as graphitic coke molecules, which 
again trap the movement of species out of the core. This deactiva-
tion then continues at 75 min of reaction (via oligomerization with 
methanol and/or intramolecular transformations), with the higher 
concentration of coke species at the perimeter blocking pores, lead-
ing to a decreasing yield of C5 olefins compared to smaller C3 olefins 
(Fig. 3d).

Effect of changing pore architecture on accessibility and perfor-
mance. This revelation into the visual relationship between pore 
architecture and performance is crucial to understanding how 
to make more efficient catalyst bodies, but so far only one spe-
cific porous medium (Z:Kaolin) has been studied. The question 
remains—can this bio-inspired approach also be applied to investi-
gate the effect of using different porous media on the performance?

To unequivocally determine the effect of accessibility in cata-
lyst materials, 2-mm-diameter Z:Kaolin(500) (calcined at 500 °C) 
and 2-mm-diameter Z:Bento (bentonite binder instead of kaolin-
ite) were selected due to their considerable difference in pore vol-
ume, as shown by Hg porosimetry analysis (Supplementary Fig. 8). 
Nanoprobe (~2 nm) incubation time accessibility studies (Fig. 4a) 
support pore volume measurements with vastly different uptake 
profiles. For example, in R1, Z:Kaolin(500) shows an uptake rate 
of 40 μ m min−1 (depth of 606 ±  7 μ m), compared to 5 μ m min−1 
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(depth of 69 ±  3 μ m) achieved by Z:Bento. The probe penetration 
abates in R2 (as in previous studies; Fig. 1a), with an uptake rate of 
0.4 μ m min−1 for Z:Bento and 1.7 μ m min−1 for Z:Kaolin(500) (the 
latter reaches its maximum (1,000 μ m) penetration depth during 
this regime). When removing each extrudate from the MTH reac-
tor after 15 min and chemically mapping the species within each 
cross-section (Fig. 4b), there is a striking difference between the 
types and locations of the species present. As expected, due to the 
highly accessible nature of the pores in Z:Kaolin(500), a homoge-
neous orange fluorescence is observed throughout the cross-sec-
tion, which matches well the penetration depth of the ~2 nm probe 
after 24 h incubation. The orange fluorescence is attributed to a 
mixture of small and large species (Fig. 4c,d), which indicates an 
efficient molecular transport system. On the other hand, Z:Bento 
displays a shallow green fluorescent zone of mainly smaller species 
at the near-edge region of the extrudate, which closely matches that 
accessible to the ~2 nm probe. A deep red fluorescence within the 
sizable core of the reacted Z:Bento is attributed to larger alkylated 
pyrene molecules (Fig. 4c,d). With this clear distinction in location 
between small and large molecules, it is unequivocally clear that 
pore narrowing is causing larger molecules to become trapped in 
the core of the extrudate, once they are formed.

Analysis of the yield ratio of larger C5 olefins to smaller C3 
olefins confirmed that, indeed, larger molecules are able to leave 
Z:Kaolin(500) more efficiently than Z:Bento (Fig. 4e).

To understand the decreasing trend in C5:C3 olefins over time, 
both 2-mm-diameter Z:Kaolin(500) and Z:Bento extrudates were 
investigated after 2, 15, 30 and 75 min of MTH reaction (Fig. 4e, 
inset images). After 2 min, Z:Kaolin(500) displays a homogeneous 
orange fluorescence throughout, whereas Z:Bento displays a smaller 
red fluorescent near-edge region, with a substantial green fluores-
cent core. This shallower outer region of accessibility in Z:Bento, 
coupled with the formation of larger pyrene-type (PY) molecules 
located therein, appears to be trapping smaller molecules within 
the core of the extrudate, preventing molecules such as C5 olefins 
from leaving. This can be observed by the substantially lower yield 
ratio of C5:C3 olefins for Z:Bento, compared to the more accessible 
Z:Kaolin(500) at 2 min reaction time.

As the reaction proceeds, limited molecular transport from the 
core to the exterior of the extrudates leads to deactivation in both 
cases (more so in the case of Z:Bento). At 30 min of reaction time, 
oligomerization of alkylated benzene and naphthalene (B and N) 
molecules to larger polyaromatic species in both samples leads to 
the formation of graphitic coke-like molecules (non-fluorescent 
coronene). Such coke molecules block access into and out of the 
catalyst bodies, contributing to a ‘coking front’ that is observed to 
move towards the core of the extrudates over time, leading to cata-
lyst deactivation.

This study shows us that, for heterogeneous catalyst bodies,  
we should be aware that when attempting to tailor their degree of 
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accessibility, there is a fine balance between the pore dimensions 
and/or interconnectivity, the types of molecules produced therein, 
their transport, and deactivation of the catalyst.

Conclusions
We report a direct visual representation linking pore architecture 
with molecular transport and performance, under realistic cata-
lytic conditions in porous catalyst bodies. By correlating fluorescent 
nanoprobe pore accessibility imaging with the location and type 
of fluorescent molecules formed during a separate catalytic reac-
tion, a direct visual relationship between the degree of accessibil-
ity and/or interconnectivity and its effect on molecular transport 

has been established. Dependent on the size of the catalyst body 
and the choice of porous binder, variations in probe accessibility 
were observed to unequivocally impact the functionality of the 
catalysts during a separate MTH reaction study. In particular, the 
region of accessibility probed in each sample significantly dictated 
the size and/or type and location and/or transport of molecules 
formed, hence dictating deactivation. A larger region of accessibil-
ity increased the amount of larger products able to leave the catalyst 
bodies; however, at their own expense, larger polyaromatics were 
allowed to form over time, leading to deactivation. Compared to 
traditional bulk pore measurements, this enhanced integrated 
imaging approach into the link between pore architecture and  

2 m
in

15 m
in

30 m
in

75 m
in

Cracking

Oligomerization

Oligomerization

0.20

0.16

C
5=

 : 
C

3=
 y

ie
ld

 (
%

)

Fluorescent
nanoprobes

C2-5
=

C1-5 C2-5
=

MeOH

TTra
ns

po
rt

bo
un

da
ry

a

b

d

Cor
e

Oligomerization

Oligomerization

0.26

0.24

0.22

0.18

0 10 20 30 40 50 60 70 80

Reaction time (min)

t

c

R1N

NR1

O

O

O

O

Rn

Rn

R
n

Rn

Rn

Rn

Rn

Rn

Rn

Rn

Rn

Nea
r- ed
ge

Fig. 3 | Visualizing molecular transport phenomena at different stages of a MTh reaction. a, Schematic key representation of the penetration depth and 
transport boundary observed by ~2 nm and 20 nm fluorescent nanoprobe (shown as a molecular structure and green sphere, respectively) accessibility 
studies on the 3 mm diameter Z:Kaolin catalyst bodies (Fig. 1a,b). b, Schematic representation of the reactor. C2-5= represent C2-5 olefins. c, 3D top-view 
CFM images (after simultaneous excitation with 488 and 642 nm lasers) after removal from the reactor (and bisectioning) at different MTH reaction 
times. Fluorescence colours in each CFM image are attributed to the types of molecule located within the different regions of accessibility within the 
extrudate (Supplementary Methods). Schematic representations of each CFM cross-sectional image are provided directly above, showing the effect of 
the molecular transport boundary on the mechanistic pathways that exist during the MTH reaction. Optical absorption spectra (Supplementary Fig. 7) 
taken at the ‘near-edge’ and ‘core’ regions gave rise to the molecules, whose structures are displayed with colour coding of the molecules linked to the 
fluorescence colour in the CFM images below (to further highlight their location within the extrudate). It is evident that as the MTH reaction proceeds, 
the molecules in each region undergo either cracking or oligomerization mechanisms to form other fluorescent products (hence the fluorescence colour 
changes over time in the two specific regions of accessibility). d, Online gas chromatography analysis of product molecules able to leave the reactor 
containing 3-mm-diameter Z:Kaolin—specifically, the ratio between C5 olefins and C3 olefins—over time. Error bars are based on the s.d. of three separate 
experiments (Supplementary Table 3).

NATure CheMIsTry | VOL 11 | JANUARY 2019 | 23–31 | www.nature.com/naturechemistry28

http://www.nature.com/naturechemistry


ArticlesNATure CHemisTry

performance in porous catalyst bodies can lead to the manufacture 
of enhanced materials, whereby regions of accessibility can be tai-
lored to influence product formation and/or deactivation. Not only 
can this facile bio-inspired approach of fluorescent nanoprobes be 
used to study alternative porous media within the field of catalysis, 
but it can also be applied to study an even wider range of important 
meso- and macro-porous materials, such as controlled drug deliv-
ery carriers, membranes, batteries and biomaterials.

Methods
Shaped catalyst body preparation. Zeolite H-ZSM-5 (ACS Materials, M38) was 
mixed as a dry powder with either kaolinite (Sigma Aldrich, Natural) or bentonite 

(SWy-3, Source Clays Repository, The Clay Minerals Society), methylcellulose 
(Sigma Aldrich, 4,000 cP) and the required amount of Milli-Q water to ensure 
an optimum solid-to-liquid ratio for extrusion (measured using a mixer torque 
rheometer, Caleva). The paste, containing a ratio of 70:30 wt% zeolite:binder, was 
extruded using a Mini-Screw Extruder (Caleva) through a 1-, 2- or 3-mm-diameter 
die plate of either cylindrical, trilobe or quadrilobe shape. After drying overnight, 
the extrudates were calcined in a tubular furnace at 823 K for 6 h (5 K min−1) in 
flowing air. Kaolinite-bound ZSM-5 extrudates are termed Z:Kaolin, whereas 
bentonite-bound ZSM-5 extrudates are termed Z:Bento. In the case of Z:Kaolin 
extrudates, assume a calcination temperature of 550 °C unless stated otherwise 
(that is, Z:Kaolin(500) is calcined at 500 °C).

Physicochemical characterization. Ar physisorption of the catalyst bodies 
was performed using a Micromeritics TriStar 3000 instrument. Before the 

a

Reaction time (min)

C
5=

 : 
C

3=
 y

ie
ld

 (
%

)

e

Z:BentoZ:Kaolin(500)

Time (min)

b

40200
0

500

1,000

0 200PDI 600 1,000 1,400
0

500

1,000

250

750

P
en

et
ra

tio
n 

de
pt

h 
(µ

m
) R1, 40*

R1, 5*

R
2,

 1
.7

*

R2, 0
.4*

*µm min–1

A
bs

or
ba

nc
e 

(a
.u

.)

Z:Kaolin(500)

Z:Bento

400 500

488488488

600 700

Wavelength (nm)

Z:Kaolin(500)

Z:Bento

MTH reaction
15 min

MTH reaction
15 min

d

c

Z:Kaolin(500) Z:Bento

0
0

0.1

0.2

0.3

Z:Kaolin(500)

Z:Bento

100 200 300 400 500

t = 500

t = 2 t = 15 t = 30 t = 75

t = 2 t = 15 t = 30 t = 75

250 ± 15 µm 1,000 ± 0 µm

500 µm

R3, 0.07*

Rn

Rn

Rn

Rn

Rn

B PH

N PY

LPAs

R1N NR1

O

OO

O

Rn

Rn

Rn

Rn
Rn

Rn

Rn

642642

Fig. 4 | Visualizing the effect of changing accessibility on catalyst performance. a, Incubation time uptake measurements of ~2 nm fluorescent 
nanoprobes in Z:Kaolin(500) (solid black line) and Z:Bento (solid magenta line) 2 mm diameter extrudates, with different molecular transport rate 
regimes highlighted (R1–R3). R1: 0–15 min, up to the light blue dotted line; R2: 15–240 min, light blue dotted line to the red dotted line; R3: 240–1,440 min, 
up to purple dotted line, only shown for Z:Bento. Error bars are based on the s.d. of six penetration measurements from two extrudates (Supplementary 
Table 2). b, Half–half CFM images of 2-mm-diameter Z:Kaolin(500) (left) and Z:Bento (right) after ~2 nm fluorescent nanoprobe incubation for 24 h and 
after 15 min of MTH reaction (left half and right half, respectively). c,d, Schematic representations of the type and location or distribution of molecules 
observed within both extrudates after 15 min of MTH reaction (c) as measured by optical absorption spectra (d) taken at the near-edge (solid circle, b) 
and core regions (inside dotted circle, b) of both Z:Kaolin(500) (black) and Z:Bento (magenta) MTH reacted cross-sections, with the related molecules 
expected at each region of the spectra depicted. e, Ratio of the yield of C5 to C3 olefins that are able to leave 2-mm-diameter Z:Kaolin(500) and Z:Bento 
after different stages of the MTH reaction (measured in operando using an online GC). CFM images of full extrudate cross-sections after 2, 15, 30 and 
75 min (t) of reaction are shown as insets, demonstrating the effect on the types of molecules present and their specific location based on the substantial 
difference in accessibility between the two catalysts as observed in a. Error bars are based on s.d. of three separate experiments (Supplementary Table 4).

NATure CheMIsTry | VOL 11 | JANUARY 2019 | 23–31 | www.nature.com/naturechemistry 29

http://www.nature.com/naturechemistry


Articles NATure CHemisTry

measurements, the samples were outgassed for 16 h at 300 °C under a dry N2 flow, 
with measurements performed using Ar at − 196 °C. Hg porosimetry measurements 
were carried out in a Poremaster (Quantachrome) instrument. The extrudates were 
degassed in a N2 flow at 80 °C overnight. Surface tension (γ) and contact angle (θ) 
were set to 485 dyn cm−1 and 130°, respectively, and the materials infiltrated in the 
pressure range p =  2 ×  10−2 −  55,000 psi, to probe pores with a minimal diameter 
of 6 nm. The sample were subjected to two intrusion–extrusion cycles, and the 
Washburn law p =  − 4γcosθ/d was applied in the pressure range probed. SEM was 
performed using an FEI Helios Nanolab G3 instrument, and before analysis the 
extrudate cross-sections were coated with a layer of Pt to increase the conductivity 
of the samples. Powder X-ray diffraction (PXRD) patterns of the catalyst bodies 
(crushed and flattened) were recorded on a Bruker D8 X-ray powder diffractometer 
equipped with a Co Kα  X-ray tube (λ =  1.7902 Å). Temperature-programmed 
desorption of ammonia (NH3-TPD) was performed using a Micromeritics 
AutoChemII 2920 equipped with a TCD detector. Catalyst (0.1 g) was first 
outgassed in He for 1 h at 600 °C with a heating ramp of 10 °C min−1. Ammonia 
was adsorbed at 100 °C until saturation using a flow of 25 ml min−1 of 10% NH3 
in He, followed by flushing with He for 120 min at 100 °C. Ammonia desorption 
was monitored using the TCD detector until 600 °C, with a ramp of 10 °C min−1. 
FIB–SEM images were recorded on an FEI Helios NanoLab G3 UC (FEI Company) 
instrument in a similar manner to routine FIB–SEM measurements described 
in the literature58. A protective layer of Pt was deposited on top of the region of 
interest, before milling trenches either side. Slices were milled perpendicular to the 
surface, before SEM images were recorded in backscatter mode (2 kV, 50 pA).

Staining and visualization. The ~2 nm probe molecule, N,N′ -bis(2,6-
dimethylphenyl)-perylene-3,4,9,10-tetracarboxylic diimide (PDI, Sigma Aldrich) 
is a highly fluorescent and photostable dye with an absorption maximum 
at 525 nm. The probe molecule was diluted to 1.67 ×  10−4 M in toluene and 
impregnated in single catalyst bodies for nine different time periods (1, 3.5, 7.5, 
15, 60, 120, 240, 960 and 1,440 min), before removal, drying under atmospheric 
conditions, bisectioning and imaging with a 488 nm laser. Larger probes of 20, 
45 and 100 nm (FluoSpheres, carboxylate-modified microspheres in Milli-Q 
water, ThermoFisher Scientific) were also impregnated in similar experiments 
(for a period of 24 h incubation), and imaging with 488, 642 and 561 nm lasers, 
respectively. Imaging was performed using a confocal fluorescence Nikon Eclipse 
90i microscope equipped with a pin hole to filter out-of-focus light, and dichroic 
mirrors corresponding to the relevant laser line wavelength were used. The 
microscope was equipped with a Nikon A1 scan head, accommodating the optics, 
which coupled fibre optics for excitation and emission light with the microscope. 
A Nikon × 10/0.30 objective was used along with a spectral analyser in the Nikon 
A1 system, equipped with 32 photomultiplier tubes (PMTs) set to collect emission 
light in the region of 487–720 nm (resolution of 10 nm). 3D reconstruction of 
the individual imaged slices produced volumes of 1.29 ×  1.29 ×  ~0.5 mm (x, y, z 
(depth), respectively), visualized as top-view images. Probe penetration depths 
were measured manually using the microscope software, and were evaluated for 
two catalyst particles in the case of the incubation time studies (Fig. 1a and Fig. 4a) 
and for three catalyst particles in the case of the 24 h incubation time studies  
(Fig. 1b) (Supplementary section ‘Statistical analysis’).

Catalytic testing and imaging. Catalytic testing was performed using 100 mg 
of catalyst bodies in a rectangular quartz, fixed-bed reactor (inner diameter 
of 6 mm ×  3 mm) with a weight hourly space velocity (WHSV) of 8 h−1. Before 
reaction, the reactor was heated at 500 °C under a N2 flow for 2 h, and then cooled 
to 350 °C. A He flow with a methanol saturation of ~15% was introduced by 
flowing He as carrier gas through a saturator containing methanol at 20 °C. Online 
analysis of the reactant and reaction products was performed immediately using an 
Interscience Compact GC equipped with an Rtx-wax and Rtx-1 column in series 
and an Rtx-1, Rt-TCEP and Al2O3/Na2SO4 in series, both connected to a flame 
ionization detector (FID). Products were identified according to retention times, 
and confirmed using reference standards. Methanol conversion was calculated 
as ([MeOHin] – [MeOHout])/[MeOHin], with hydrocarbon (CnHm) product yields 
calculated based on carbon atoms: n[CnHm]/[MeOHin]. (See Supplementary 
Methods for a description of the imaging procedure.)

Data availability
All data supporting the findings of this study are available within the Article and 
its Supplementary Information, and/or from the corresponding authors upon 
reasonable request.
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