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ABSTRACT: One of the utmost targets for catalysis research is to meet social
needs in a profitable manner. Zeolitic and “nonzeolitic components” (such as
silica, alumina, amorphous aluminosilicate, clay, etc.), as indispensable constituents
of an industrial catalyst, both actively participate in industrial processes like
polyolefin catalytic cracking and residue fluid catalytic cracking. Yet, the main
research activities focus mainly on the diffusion behaviors of a single zeolitic or
nonzeolitic component. In this work, the pore interconnectivity between zeolitic
and nonzeolitic components to better ensure the diffusion and migration of
reaction intermediate products in between was systematically studied by adopting
a series of ZSM-5@meso-SiO, core—shell mesostructures as models to mimic
industrially applied multicomponent zeolite-based catalysts with varying pore
interconnectivities between the zeolitic (ZSM-5) and nonzeolitic components
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(meso-Si0,). Their distinctive differences in the multiscale diffusion behaviors and structure-performance relationships represent the
following three summarized scenarios: (1) micro/mesopore orientation, (2) spatial distribution of components, and (3) micro/
mesoporous relative pore sizes thereof. These reveal that a well-connected micro/mesopore network can effectively accelerate
interfacial diffusion and fully enhance the catalytic efficiency of the zeolitic component, highlighting the foundational functions of
pore interconnectivity between zeolitic and nonzeolitic components in terms of the significance of the free migration of reactant

species in between.

H INTRODUCTION

Owing to the unique crystalline microporous framework, finely
tunable acid/base property, and excellent ion conduction ability,
zeolites play pivotal roles in chemical manufacture,"” environ-
ment recovery,s’4 energy transition,” etc. Additionally, the
intrinsic intracrystalline diffusion limitations within the narrow
zeolite framework can be dramatlcally soothed via introducing
secondary ?ore networks,*™® leading to enhanced catalytic
efficiency.”

However, (hierarchical) zeolites alone cannot be directly
utilized in actual industrial chemical processes.'’ Nonzeolitic
components, such as silica, alumina, amorphous aluminosilicate,
and clay, are also indispensable parts of the industrial catalysts as
they fulfill rigorous requirements under harsh operational
conditions (e.g., mechanical strength for fluidization, hydro-
thermal stability for extremely high temperature, poisoning/
coking resistance for impurity-containing feedstock, etc.).'”” ">
Except for the contributions to the above-mentioned mechanical
and engineering aspects, these nonzeolitic components
themselves are not inert spectators of some industrial catalytic
processes but active participants. For the processes involving
bulky reactants, such as polyolefin catalytic cracking (PCC) and
residue fluid catalytic cracking (RFCC), two steps are needed:
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(I) preconversion of initial bulky reactants into intermediates
(preliminary cracking step) via mesoporous nonzeolitic
components and (II) conversion of intermediates into low-
carbon and value-added products (deep cracking step) via
zeolitic components.”'®™'® Therefore, in order to coordinate
both the preliminary and deep cracking steps for the “dual
improvements” of both catalytic cracking conversion and low-
carbon olefin selectivity, free migration of the intermediates in
between zeolitic and nonzeolitic components should be ensured.

In view of mass transfer, such free migration of the
intermediates is dependent on the pore interconnectivity
between zeolitic and nonzeolitic components.'” Although
researchers have intensively studied the diffusion behavior
within a single zeolitic or nonzeolitic component, reports on the
influence of pore interconnectivity between zeolitic and
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Figure 1. (a—d) 3D structure scheme of the ZSM-5@meso-SiO, core—shell mesostructures are illustrated schematically to facilitate visualization. The
blue part represents zeolite components, and the pink part represents nonzeolite components. (e—h) SEM and (i—1) TEM images of ZSM-5 and ZSM-
S@meso-SiO, core—shell mesostructures. The arrows indicate the connection between the micropores from the ZSM-$ core and the mesopores from
the coating SiO, shells. (m) Nitrogen adsorption—desorption isotherms. (n) BJH pore size distribution curves. (o) IR spectra of model catalysts using

pyridine as a probe molecule measured at 423 K (Py-IR).

nonzeolitic components on catalytic reaction are still scarce.
Recently, several research groups have noticed that the pore
structures and diffusion features of practical industrial catalysts
strongly differ from their purely zeolitic counterpart due to the
introduction of nonzeolitic components.”*~>* Song and co-
workers™ infer that the rate-determining step for industrial
zeolite-based catalysts is not the intracrystalline diffusion within
zeolite components but may be the diffusion at the interface
between their zeolitic and nonzeolitic components. Our
previous works also confirmed that the differences in macro-
scopic diffusion behaviors between the multicomponent catalyst
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and its zeolitic moiety.”* However, understanding the added
complexity of these multicomponent systems and the
consequences for the structure-diffusion-reactivity relationships
remains elusive in academic research. The entanglement of
complex multiscale diffusion behaviors in multicomponent
catalysts impedes the design of cost-effective industrial zeolite-
based catalysts. Therefore, the changes in diffusion and catalytic
efficiency caused by nonzeolitic components need to be
mechanistically investigated. This is of utmost importance for
the rational design of highly efficient zeolite-based catalysts at
the industrial catalyst level. Nevertheless, it is still a challenge to
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achieve a systematic and fundamental understanding of the
influences of pore interconnectivity between zeolitic and
nonzeolite components and their consequences on diffusion
and catalyst efficiency, especially when directly relying on a real
industrial catalyst. On the one hand, since the design and
manufacture of the applied contemporary industrial catalysts
still heavily rely on “trial and error,”*” the empirical information
based on them cannot always be generalized to other fabrication
cases.”® On the other hand, because of the entangled complexity
of these multicomponent systems, the results are therefore
challenging to decouple, making them sometimes unjustified.

Although it is still challenging to fully understand the
migration and diffusion of guest molecules within real industrial
catalysts, factors affecting pore interconnectivity between
zeolitic and nonzeolitic components can still be figured out
and summarized based on plenty of research and exploitation on
them. Three key influential scenarios are listed herein: (1)
Different pore orientations between microporous zeolitic and
mesoporous nonzeolitic components, (2) different spatial
distributions of mesoporous nonzeolitic components, and (3)
relative pore size between microporous zeolitic and mesoporous
nonzeolitic components.

In this work, the effects of pore interconnectivity between
zeolitic and nonzeolitic components were systematically
investigated via constructing a corresponding ZSM-S@meso-
SiO, core—shell material as a model catalyst system, where the
ZSM-5 core and the meso-SiO, shell served as zeolitic and
nonzeolitic components, respectively. Each of the above factors
affecting pore interconnectivity between zeolitic and nonzeolitic
components had its own elaborated representative model
catalyst system via a specific Stober-based synthesis strategy.
The distinctive pore interconnectivity of their respective
elaborated representative model catalyst systems between the
zeolitic (ZSM-S) and nonzeolitic components (meso-SiO,)
were confirmed by SEM, TEM, small-angle X-ray scattering
(SAXS), and laser-hyperpolarized '*’Xe (HP '**Xe) one-
dimensional variable temperature nuclear magnetic resonance
(1D VT NMR) and two-dimensional exchange spectroscopy
NMR (2D EXSY NMR). Furthermore, the global diffusion and
zeolitic portion diffusion behaviors of the model multi-
component catalysts were investigated by intelligent gravimetric
analysis (IGA) and time-resolved in situ Fourier transform
infrared spectroscopy (time-resolved in situ FTIR). The
differences in the macroscopic diffusion behaviors and
structure-performance relationship during catalytic cracking
reactions in the model catalysts were quantitatively established.

B RESULTS AND DISCUSSION

Construction of ZSM-5@meso-SiO, Multicomponent
Model Catalysts. A short b-oriented ZSM-5 nanosheet was
selected as the core since it can effectively alleviate the
intracrystalline diffusion resistance at the zeolitic level (SEM
and TEM images in Figure S6a).”” ">’ Based on four different
Stober-based synthesis strategies, intimately contacted meso-
SiO, shells, different from the mechanical mixture, were
overgrown on the surface of b-oriented ZSM-$ nanosheets.*
For mimicking the three scenarios of pore interconnectivity,
three types of core—shell samples were adopted. (1) Orientation
between the microporous core and mesoporous shell is either
well connected (nZS@S-P, Figure 1b) or randomly connected
(nZS@S-R, Figure la). (2) The meso-SiO, shell is either
uniformly coated (as shown in nZS@S-R, Figure la) or
randomly dispersed (as shown in nZS@S-G, Figure 1d) on

the surface of the ZSM-S core. (3) The mesopore diameter of
the meso-SiO, shell is confined to smaller (nZS@S-P, ~3.1 nm)
or larger (nZS@S-P-L, ~12.9 nm, Figure 1c). The different
morphologies and pore distributions for the four ZSM-S@meso-
SiO, samples are assured by their different Stober-based
synthesis strategies,”"”> which has-been illustrated as Figure
S1 and its corresponding notes in the Supporting Information.
For more information on preparation and physicochemical
characterizations of these samples, see the Supporting
Information (Figures S6—S9: Supplementary SEM images and
magnified TEM images; Table S1: Textural properties and
acidity data of the ZSM-S nanosheet and the four ZSM-5@
meso-SiO, samples).

Scenario I, i.e., different pore orientations in between
microporous zeolitic and mesoporous nonzeolitic components
were represented by nZS@S-R and nZS@S-P samples where
alignment of the SiO, mesopores is either more perpendicular
(Figure 1b) or less (Figure 1a) to the surface of the ZSM-5
nanosheet, respectively. By comparing the TEM images of
nZS@S-P (Figure 1j, magnified TEM images in Figure S8) and
nZS@S-R (Figure 1i, magnified TEM images in Figure S7), the
mesopore of the shell for nZS@S-P is indeed more
perpendicular to the micropore of the ZSM-S nanosheet,
while the core and shell of the nZS@S-R sample are not fully
connected due to randomly oriented micro- and mesopores.
The magnified TEM images of nZS@S-R and nZS@S-P are
presented separately as Figures S7 and S8 of the Supporting
Information. Such differences in the alignment of SiO,
mesopores in between ZS@S-P and nZ5@S-R samples are
also in accordance with the SAXS pattern shown in Figure S5 of
the Supporting Information. The single scattering peak at the g
value of 0.53 nm™!, inferring the perpendicular stretch to the
micropore of ZSM-S, exclusively appears in the nZ5@S-P
sample but is absent in ZS@S-R. Additionally, for the nZS@S-P
sample, its nitrogen adsorption—desorption isotherm (Figure
Im) displays parallel adsorption and desorption branches,
indicating typical open and channel-like mesopores.*” Besides,
the SEM images of both samples (Figure le,f) exhibit that the b-
oriented ZSM-S zeolite nanosheet is coated by a uniform
mesoporous SiO, shell. The pore size distribution curves show
that the mesopores are highly concentrated at a pore size of c.a.
2—3 nm (BJH pore size distribution curves in Figure 1n). The
integrated differential phase contrast (iDPC) scanning trans-
mission electron microscopy (STEM) images (Figure S10)
confirm that the incorporation of meso-SiO, does not influence
the pore mouth or surface defects. Scenario II, i.e., different
spatial distributions of mesoporous nonzeolitic components
were represented by the nZS@S-R and nZS@S-G samples,
where the mesoporous SiO, is either a uniformly coated surface
of the ZSM-S nanosheet (Figure 1a) or just deposited on it as
mesoporous spheres (Figure 1d), respectively. The SEM
(Figure le) and TEM (Figure 1i) images of the samples exhibit
a mesoporous SiO, shell uniformly coating the surface of the b-
oriented ZSM-S zeolite nanosheet in the nZS@S-R sample. In
contrast, the TEM images (Figures 1l and S6e) and SEM images
(Figures 1h and S6e) of the nZS@S-G sample show that
mesoporous SiO, submicrometer spheres are either around the
surface of the ZSM-5 core or loosely packed in the empty space
among the coffinlike ZSM-5 crystals. Scenario I11, i.e., the relative
pore size between microporous zeolitic and mesoporous
nonzeolitic components was represented by nZ5@S-P with a
mesopore size of ~3.1 nm and nZS@S-P-L of ~12.9 nm
illustrated by each of their BJH pore size distribution curves
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Figure 2. (a) HP '®Xe NMR spectra of Xe adsorbed in ZSM-5 and ZSM-5@meso-SiO, model catalysts at 143 K. (b, c) HP '*Xe 2D EXSY NMR
spectra of Xe adsorbed in (b) nZS@S-R and (c) nZS@S-P at 133 K, respectively. (d) Diffusion pathway diagram of nZS@S-R (left) and nZS@S-P

(right).

(Figure 1n) and magnified TEM images (Figures 1c and S9).
The above results verify that the four ZSM-5@meso-SiO, core—
shell materials can indeed effectively represent the above-
mentioned three scenarios summarizing the factors affecting
pore interconnectivity between zeolitic and nonzeolitic
components.

To draw a more systematic conclusion, the model catalysts
need to be simplified from real industrial catalysts and subjected
to precision control. This study mainly focuses on the impact of
the pore interconnectivity between components. To highlight
this effect, other potential influencing factors, such as the acidity
of nonzeolitic components and aluminum migration, are
intentionally excluded. Due to the mild synthetic conditions of
the adopted Stober-based synthesis strategies, the endowment
of meso-SiO, does not lead to apparent aluminum migration
that might be observed in industrial catalysts,"”"* which can be
confirmed by the Al MAS NMR spectra (Figure S14c) and
STEM-mapping (Figure S15). Additionally, supplementary
experiments have demonstrated that the post-treatment SiO,
coating synthesis conditions do not cause any significant
alterations to the ZSM-S zeolitic component (Figures S11 and
S12 and the following discussion in the Supporting Informa-
tion). Besides, the pyridine absorbed IR spectra (Figure lo),
NH;-TPD profiles (Figure S13), and corresponding acid site
quantification data (Table S1) further confirm that the
incorporation of the meso-SiO, shell does not alter the inherited
acid properties of the ZSM-S core, while the 28i MAS NMR
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(Figure S14ab), *’Al MAS NMR (Figure S14c), and '"H MAS
NMR spectra for all model catalysts (Figure S14d) indicate that
there is no significant change of ZSM-5 framework aluminum
after the introduction of the SiO, process. At this stage, we have
successfully constructed three categories of model catalysts, each
representing distinct pore interconnectivity characteristics:
different micro/mesopore orientation (nZ5@S-P and nZS@S-
R), different spatial distribution of components (nZS@S-R and
nZS@S-G), and different micro/mesoporous relative pore sizes
(nZS@S-P and nZS@S-P-L). Throughout the synthesis process,
the pore structure is the primary regulatory factor, while other
physicochemical properties remained largely consistent across
the model samples. Consequently, considering the closest
comparability in both porous architecture and acidic properties,
the optimal samples, namely, nZ5@S-R, nZS@S-P, nZ5@S-P-L,
and nZS@S-G, have been used as model catalysts to determine
the impact of pore interconnectivity between components, and
the characteristics of the pore network, including diffusion
properties, are characterized in detail.

Identification of Multicomponent Hierarchical Pore
Network Connectivity. To gain a deeper insight into the pore
interconnectivity of the ZSM-5@meso-SiO, core—shell meso-
structures, HP '*Xe 1D VT NMR and 2D EXSY HP '*’Xe
NMR techniques were adopted for identifying the exchange rate
and diffusion path of probe molecules in between zeolitic and
nonzeolitic components (Figure 2). HP 129e NMR is a
powerful tool to explore the exchange rate during the rapid
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Figure 3. (a, b) Isooctane uptake curves for model catalysts measured by IGA technique at 473 K: (a) normalized relative uptake as a function of time
and (b) global fractional uptake as the square root of time. (¢, d) Isooctane uptake curves of model catalysts measured by time-resolved rapid-scan in
situ FTIR technology at 473 K: (c) coverage of Brgnsted acid site as a function of time (inset is the absorbance variation of IR spectra in the Si—O(H)-
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Figure 3. continued

Al region of nZ5 catalyst as a function of time as an example) and (d) normalized relative coverage of Brgnsted acid sites as a function of square root of
time. The characteristic diffusion time constants 7y ' and 7, ' can be obtained from the slope of linear in (b) and (c) (cf. Supporting
Information), which represent the macroscopic diffusion behaviors of the global model catalyst and its zeolitic moiety, respectively. (e) Relationship

between temperature and zeolitic component diffusion time constant 7,

zeolite

~! obtained from isooctane uptake time-resolved in situ FTIR experiments.

(f) Proposed diffusion pathway for the mass transport of isooctane molecule during the interface of zeolitic and nonzeolitic component model catalyst:
(f-1) pore orientation between the nonzeolite component and zeolite component is not well-connected, (f-2) zeolitic micropore is well-oriented to the
nonzeolitic mesopore, and (f-3) spatial distribution of nonzeolitic components is randomly dispersed around the zeolitic component.

exchange condition with high sensitivity by detecting the
differences the chemical shift reflect.”* ™ Besides, the spin
exchange optical pumping method, by which alkali metal
electron spins toward the '*’Xe nuclear spins can be polarized,
can effectively reduce the nuclear relaxation time and improve
the detection sensitivity.”**” The exchange of xenon atoms
between different pore environments leads to time-dependent
averaging of chemical shifts, which can be analyzed using EXSY
NMR or VT NMR. The peak at 0 ppm is assigned to xenon in
the gas phase, while the other two peaks at ~175 and 120—140
ppm contributed to the adsorbed Xe in the ZSM-S micropore
and the SiO, mesopore, respectively (Figures 2a and S16). Since
the chemical shift of '*’Xe includes various interactions between
xenon atoms and pore materials, the chemical shift difference
(AS) of Xe between the core and the shell can be used to reflect
the exchange rate under rapid exchange conditions.”*** This
correlation is rooted in the exchange regime of nuclear spins,
which can be described using the Bloch-McConnell equations
for two-domain exchange systems.””*” The various values of the
chemical shift observed for many different structures allowed us
to establish a relationship between the chemical shift and the
exchange rate via the mean free path of a Xe atom diffusing in the
pores. When in the slow-exchange regime, the xenon atoms
remain in their respective environments long enough for distinct
chemical shifts to be observed, a faster exchange rate results in
xenon rapidly migrating between two domains, averaging the
Xe-Xe chemical shifts. For the same ZSM-S-contained multi-
component materials, a smaller A value indicates faster xenon
exchange between the mesopores and micropores. Sample
nZS@S-P-L reveals a narrower and more symmetric peak at 174
ppm (ZSM-S signal) and an additional signal at 140 ppm
(assigned to the unrestricted rapid exchange in larger
mesopores). Besides, its A (34 ppm) is the lowest among all
of the samples. Such results indicate the highest xenon exchange
rate between micro- and mesopores. In addition, the Aé of two
domains in sample nZ5@S-G is 54 ppm, indicating its slower
exchange rate compared with the uniformly coated nZS@S-P
and nZS@S-R samples. This may be because the Xe exchange
chiefly happens within the mesoporous shell, and only a small
portion of Xe exchanges occur between the core and the shell.
For the two uniformly coated core—shell samples, the AS of
nZ5@S-P is 2 ppm smaller than that of nZS@S-R, inferring their
differences in pore interconnectivity and diffusion behaviors. In
order to unravel the detailed xenon dynamic processes and
motion pathways of the above two samples, 2D EXSY HP '**Xe
NMR with mixing times (7,;,) of 0.1, 1, S, and 10 ms at 133 K
was adopted (Figure 2b,c). 2D EXSY NMR spectroscopy is a
powerful tool employed to provide dynamic processes about the
motion pathways of xenon between different sites. By using the
continuous-flow technique, hyperpolarized Xe can be continu-
ously delivered to the sample allowing the recording of 2D
exchange spectra and collection of information on the
interconnectivity of the hierarchical pore orientation. The off-

diagonal cross peaks in 2D EXSY HP '*Xe NMR infer the
existence of xenon exchange between the microporous ZSM-$
core (A) and the mesoporous SiO, shell (B) with the given
mixing time (denoted as A—B), while the peaks shown at the
diagonal are assigned to the self-correlation within the core
(denoted as A—A) and/or the shell (denoted as B—B). At a
short mixing time (7,,,) of 0.1 ms, the absence of off-diagonal
cross peaks in nZS@S-R reveals that there is no exchange
between its core and shell. This phenomenon is consistent with
the results of TEM and SAXS, further suggesting undesired pore
interconnectivity, allowing for multiple collisions and exchanges
of Xe in the SiO, mesopores. The cross peaks are more intensive
with the increase of 7,,;, in the nZS@S-R sample, indicating its
enhanced “A—B” domain xenon exchange. The result shows that
the rate of exchange of xenon between SiO,—SiO, (B—B)
domains is faster than that between SiO0,-ZSM-5 (B—A)
domains. This indicates that '*?Xe exchange between mesopores
occurs faster, suggesting that mesopore connectivity is superior
to micropore-mesopore connectivity. In contrast, for the sample
with well-interconnected micro- and mesoporosity (nZS@S-P),
only a weak cross-peak signal is observed with no signals
attributed to mesopore self-correlation at a 7,,;, of 0.1 ms. As 7,
increases, even though the cross-peak signal becomes more
pronounced, there is still no mesopore self-correlation signal
even after 10 ms, indicating its enhanced “A—B” domain xenon
exchange rate. This kind of exchange is always superior to that of
“B—B” domains. These results unambiguously confirm the
distinctive diffusion paths and behaviors of the two samples.

Based on the '®Xe NMR results, possible diffusion paths for
the samples with different micro/mesopore interconnectivities
are summarized (Figure 2d). For the sample where the relative
orientations of micro/mesopores are random (nZS@S-R),
although its interconnectivity between micro- and mesoporous
structures is inferior, the interconnectivity of mesoporous SiO,
is still greatly improved. In this case, the guest molecules located
at the meso-SiO, shell (nonzeolitic component) may leave from
the sample system after a long period of mesopore diftusion, and
only a small portion of guest molecules can continue to diffuse
along the interconnected meso-SiO, and/or external surface of
the zeolite until they find an interconnected entrance to enter
the microporous zeolitic component. Such a process obviously
results in a greatly increased diffusion path length, leading to a
lower Xe exchange rate. This process is defined as “interfacial
walking effect.” On the contrary, owing to the well-connected
micro- and mesoporous channels (nZS@S-P), not only can the
possibility of guest molecules entering the zeolitic channels be
effectively raised, but also the diffusion along the zeolitic external
surface is shortened, and even the diffusion entities within the
mesoporous shell can be emptied due to the greatly decreased
path length (showed in Figure 2c with 7, of S and 10 ms),
thereby accelerating the Xe exchange rate between the
microporous core and the mesoporous shell.
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Relating Pore Interconnectivity to Diffusion in Multi-
component Model Catalysts. The above characterization
and identification of pore interconnectivity of the ZSM-5@
meso-Si0, core—shell mesostructures results confirm the
significant differences in the arrangement and orientation
between their microporous zeolitic core and mesoporous
nonzeolitic shell. In order to fully analyze how different
arrangements and orientations affect the diffusion properties
of the ZSM-5S@meso-SiO, core—shell materials, two techniques,
i.e., IGA and time-resolved in situ FTIR analysis, were adopted
to investigate the macroscopic diffusion behaviors of the global
model catalyst and its zeolitic moiety, respectively (Figure 3). In
order to avoid the inappropriate estimation of diffusion path
length (L) which can further cause errors in the estimation of
effective diffusivity (D,g), the diffusion time constant (7, present
as 7! thereafter for comparison), which is a function of both the
effective diffusivity and the diffusion path length (7' = D.¢/L?),
is calculated as the descriptor for evaluating diffusion properties
in this work. The quantification of characteristic diffusion time
constant 7' can be obtained from the slope of linear portion of
the fractional uptake versus square root of time plots (Figure
3b,d), which is valid for the initial uptake for particles of arbitrary
shapes (detailed quantification information cf. Supporting
Information 1.4.):

) _ 2 Do 2 T
g(o0) Jz\ 12 NZAR

where q(t) and q(o0) are the uptake of probe molecule at time ¢
and at equilibrium, respectively. 2,2,4-Trimethylpentane (iso-
octane) was chosen as a probe molecule not only because it is a
typical intermediate after bulky molecules (such as polyolefin or
residual oil) precracking within the nonzeolitic component but
also due to its kinetic diameter (0.62 nm) being larger than the
pore openings of ZSM-S zeolite (0.55 nm).

The global diftusion behaviors of the model multicomponent
catalysts measured by IGA and the corresponding diffusion time
constant reciprocal (indexed as Tglobal_l) at 473 K are shown in
Figure 3a,b, Tables S2,and 1. The isooctane global fractional

Table 1. Diffusion Time Constants of Isooctane Uptake

Curves (Figure 3b,d) for Model Catalysts Calculated from

IGA (Zyopa ') and Time-Resolved In Situ FTIR Technology
1

(Tzeolite

sample Tgobal - (107%s7") Tyeatite - (107 s71)
nZS 1.74 + 0.07 289 +43
nZ5@S-R 1.52 + 0.04 29.7 £ 5.0
nZ5@S-P 2.04 £+ 0.0 44.0 £2.0
nZS@S-P-L 177 + 0.05 375432
nZ5@S-G 1.45 + 0.09 321 4.5

uptake curves show that Tglobal_l of the samples increases in the
following order: nZ5@S-G < nZ5@S-R < nZ5 < nZS@S-P-L <
nZS@S-P. At the initial stage of the diffusion process, the
apparent uptakes of isooctane for samples nZ5@S-P-L and nZ5
are quite close and lower than those of nZS@S-P, while nZ5@S-
G and nZ5@S-R show a slower diffusion rate than nZS3,
indicating that introducing mesopores into microporous
(zeolite) structures does not always lead to enhanced diffusion
properties. Previous works by various research groups have
demonstrated that for the single zeolitic component only,
introducing mesostructures does accelerate intracrystalline
diffusion.*’ =** Considering that the zeolitic component of

model samples, a b-oriented ZSM-S nanosheet which increased
intracrystalline diffusion along the shortened b-axis, has been
demonstrated,”” however, such a scenario is not always the case
for the multicomponent catalyst. Our results for model
multicomponent catalysts indicate that not all samples
experience an increase of diffusion properties (Tglobal_l: nZS@
S-P > nZS5@S-P-L> nZ5). Instead, such rates of some
mesoporous samples are even slower than that of their single-
component zeolitic counterparts (TglobaI_I: nZ5S@S-G < nZS@S-
R < nZ$). Such phenomena reflect the effects of mismatched
interconnectivity between micro- and mesoporous interfaces.
The results show that under multicomponent catalyst circum-
stances, the nonideal pore interconnectivity, such as mis-
matched spatial distribution and/or pore orientation between
the zeolitic and nonzeolitic components, can deteriorate the full
enhancement of diffusion properties owing to the hierarchical
zeolite. This is in good accordance with our previous works.”*
Another interesting phenomenon is that the sample with a larger
size of mesoporous shell does not always lead to a faster diffusion
rate (Tglobal_I: nZS@S-P > nZS@S-P-L). This may be because
the mesoporous shell with a smaller size has a confined space,
which could provide a “hyperloop-like diffusion” phenomenon
of long-chain molecules.” Tts confined space might restrict the
degree of freedom for diffusion in mesopores, reducing the
disorder and forcing the molecules to diffuse in an orderly
manner, thereby promoting transport.*®

In order to further explore how the interconnectivity of the
microporous core and mesoporous shell affects the diffusion
properties of ZSM-S, time-resolved in situ infrared spectroscopy
analysis was applied. In the ZSM-5@meso-SiO, composite
catalyst, the chief active sites for the deep cracking in the bulky
molecules involved processes like PCC or RFCC are Brgnsted
acid sites, which originated from bridged hydroxyl groups (Si—
O(H)-Al) on the ZSM-5 framework.'®*” Thus, technology can
be recruited as a clue to track the exclusive diffusion property of
ZSM-S core when the meso-SiO, shell coexists (see the dynamic
process as Figure S2 in the Supporting Information).** Direct
quantitative measurements of the diffusion property toward the
ZSM-S5 core are shown in Figure 3c,d, which were performed on
the basis of the coverage of Si—O(H)-Al (IR signal at about
3610 cm™) as a function of time. A linear relationship is
obtained by plotting the fractional coverage of Si—O(H)-Al
versus the square root of time (Figure 3d). The corresponding
diffusion time constant reciprocal, which is indexed as 7,¢qjiee ', is
summarized in Table 1. All tests have been repeated three times
to obtain the average diffusion data and error bounds; the
repeated experiments and fitting procedure are provided in
Figures S17 and S18. The summary of repeated experiments
results is listed in Table S3 and Figure S19. Statistically speaking,
the nZS@S-P sample exhibits a statistically significant enhance-
ment in the diffusion performance. The samples nZ5, nZS@S-R,
and nZ5@S-G are statistically indistinguishable within the
current experimental resolution. This may be attributed to the
subtle structural differences among these three samples, which
infer that under the industrial catalyst production conditions
represented by samples nZS@S-R and nZS@S-G, the
introduction of nonzeolitic components does not exhibit
statistically significant effects on the diffusion properties of the
zeolitic component itself exemplified by sample nZ5. Therefore,
our discussion mainly focuses on the differences between the
nZS@S-P sample and the other samples. For the case where the
micro- and mesopores are well connected (nZS@S-P), its
Tyeolite ~ (44.0 X 107* s7') is approximately 1.5 times that for
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sample nZS@S-R (29.7 X 107* s7'). Compared with the
randomly interconnected counterpart, the well-interconnected
micro- and mesopores can significantly reduce the diffusion
barrier between the components, showing that when the pore
orientation of nonzeolite components is interconnected with
zeolite components, the surface barrier for intermediates
diffusing into the zeolite component is significantly reduced,
showing great advantages in improving the accessibility of
active-sensitive sites such as Brgnsted acid sites. Interestingly,
when the ZSM-S micropore is well-oriented to the SiO,
mesopore, as shown in nZS@S-P, its diffusion constant can
even exceed its single-component zeolitic counterpart of nZ5@
S-P (44.0 X 107* s7") which is 1.52 times higher than that of
ZSM-5 (28.9 x 10™*s7"), and that of nZ5@S-P-L (37.5 x 107
s7!) is also higher than that of ZSM-S. Theoretically, coating an
inert shell will inevitably block some zeolitic micropores, so the
diffusion upper limit of core—shell multicomponent catalysts
might be the same as that of ZSM-S. However, considering that
the adopted 7, " exclusively reflects the diffusion properties
of ZSM-§ and that the influence of diffusion in the mesoporous
structure in SiO, has been ruled out, the enhanced diffusion rate
of the ZSM-S component clearly reveals that the pore
interconnectivity in between zeolitic and nonzeolitic compo-
nents has a significant promotional effect on the diffusion
properties of ZSM-5. Considering the truncated diffusion
pathways obtained from HP '»’Xe NMR, the highest 7, o
of the nZS@S-P sample infers that its uniformly coated meso-
SiO, shell that is well-connected to microporous ZSM-S core
may act as a “funnel” to directly pump the adsorbed guest
molecules into the microporous ZSM-5 core by accelerating the
interface diffusion between the two components.*® Kirger and
co-workers defines it as the contribution of the “transport pores,”
and their determination on already “simple” external surfaces is
far from being trivial.*”*° For the case where meso-SiO, is
randomly dispersed (i.e, nZS@S-G), its T,eqc " is much lower
than that of the uniformly coated nZS@S-P sample (32.1 X 107*
vs 44.0 X 107" s7), even similar to that of single-component
ZSM-5 (28.9 X 107*s7"). Since meso-SiO, partially covered the
ZSM-S surface, some guest molecules can still directly interact
with the zeolitic component, and a great extent of guest
molecules tend to diffuse within or on the surface of nonzeolite
components following the diffusion processes mentioned above.
Consistent with the IGA results, the sample with a lower
mesoporous shell size exhibits higher diffusion property (nZS@
S-P, T,eqiie ' 44.0 X 107* s7) than its larger mesoporous shell
counterpart (nZS@S-P-L, Tyeolite 2 37.5 X 107*s71). As a direct
consequence, the mesopore diameter of the overlayer is crucial
for the transport process of the multiporous channels. This may
be because the narrower pore size (2—3 nm) restricts the free
rotation of isooctane macromolecules in the pores, so they can
arrive at the interface with minimal energy. Also, its confined
space might be closely related to the diffusion paths inside the
complex structure of the surface pore mouths and the shapes of
the guest molecules. This result again shows the importance on
the compatibility of the microporous core and mesoporous shell,
inferring that additionally introduced mesoporous structures do
not always lead to higher diffusion property, and only the
optimized pore size of micro- and mesostructures can effectively
improve mass-transfer efficiency, which is consistent with some
previous works done by Su and co-workers’"* A well-
connected micro/mesopore network can effectively accelerate
the interfacial diffusion, even exceeding its single-component
zeolitic counterpart.

Based on HP Xe NMR, IGA, and time-resolved in situ
FTIR results above-mentioned, the role of pore interconnectiv-
ity during diffusion at the interface of zeolitic and nonzeolitic
components is discussed as follows. As illustrated in Figure 3f,
mass transport within the multicomponent catalyst likely
involves a combination of the zeolitic diffusion and interface
diffusion between zeolitic and nonzeolitic components.”*>’
When the pore orientation of ZSM-5@meso-SiO, core—shell
mesostructure is poorly connected (Figure 3f-1), the micropores
at the zeolite’s external surface are partially blocked, requiring
guest molecules to diffuse within the nonzeolitic components or
along the zeolite’s surface, thereby extending the diffusion time.
This “interfacial walking effect,”, as previously discussed (Figure
2d), could be minimized by reducing the nonzeolitic component
coverage on the zeolite surface. Furthermore, due to the
prolonged mesopore diffusion path, the global diffusion
property may not accurately represent the real diffusion rate
into active sites. Distinguishing whether diffusion resistance
arises from multiscale pore system connectivity or single-
component contributions remains challenging. Here, time-
resolved in situ FTIR technology offers valuable insights into
distinguishing the diffusion contributions from the zeolitic
components within multiscale pore systems. When the zeolitic
micropores are well-oriented to nonzeolitic mesopores (Figure
3f-2), the interface diffusion could be accelerated. As guest
molecules diffuse from the gas phase into micropores, the
nonzeolitic mesopores can act as a “funnel” to directly pump the
enriched guest molecules into the zeolitic micropores, thereby
accelerating the interface diffusion between two components.
This enhancement may be due to the gradual loss of entropy
upon collision with the nonzeolitic mesopores, increasing the
sticking probability.** Additionally, the “interfacial walking
effect” has been reduced. These factors collectively promote
overall diffusion. Notably, the diffusion rate is not positively
correlated to the mesopore size. The multicomponent catalysts
with smaller mesopores exhibit higher diffusion rates due to the
“confinement effect.” When nonzeolitic mesopores are
randomly dispersed around the zeolitic component (Figure 3f-
3), the likelihood of self-diffusion within nonzeolitic compo-
nents increases, the re-enter into micropores and repeat the
micropore diffusion process might be reduced,”* though this
effect is less significant for macromolecule guests.

To date, we have investigated the diffusion properties and
microscopic mechanisms associated with various pore inter-
connectivities between components in the ZSM-5@meso-SiO,
core—shell model multicomponent catalysts. Then, our next
effort is to explore the influences from temperature. To assess
the effects of different temperatures, time-resolved in situ
infrared spectroscopy measurements were conducted in a range
of temperatures (433, 453, 473, and 493 K) on three samples:
nZS, nZS@S-R, and nZS@S-P (Figure 3e). All experiments
were conducted three times, and the final 7, ;. ~" values were
determined based on the averaged values and repeated errors.
The repeated experiments and fitting procedure are provided in
Figures $20—S22. The summary of repeated results is presented
in Figure 3e and Table S4. The results indicate that the
adsorption and diffusion behaviors vary significantly with the
temperature. At lower temperatures (433—453 K), ZSM-S and
the two core—shell samples exhibit similar diffusion properties
(Tyeotte ')+ This indicates that all mesoporous shells tend to
adsorb more guest molecules at lower temperatures, which is
due to the gradual loss of entropy upon collision with the
roughened surface.*® This enriched adsorption capability is also
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Figure 4. (a) Isooctane cracking conversion as a function of time on stream and (b) initial cracking rates for model catalysts. (c) Estimating Thiele
modulus and catalyst effectiveness factor of model catalysts. (d) Isooctane conversion rate based on the BAS number at different temperatures.

verified by super-resolution structured illumination microscopy
(SIM) using 4-(4-diethylaminostyryl-1-methylpyridiniumio-
dide) as a fluorescent probe to record the dynamic adsorption
process over time (Figure $23). During the observation period,
the fluorescence signals of the ZSM-5 sample showed no
significant change, while the other two core—shell samples
exhibited notable fluorescence signals, confirming that the
nonzeolite mesoporous shell has an enrichment capability for
adsorbing guest molecules at low temperatures. The role of
mesoporous structures is more complex at high temperatures.
When the temperature is high, the stuck molecules in the
mesopores diffuse toward the interface and then transfer into the
micropores. When the testing temperature exceeds 473 K,
although the 7, for all samples increases with temperature,
the extent of such enhancement is quite discrepant. For nZ5@S5-
P, its T, value exhibits a remarkable increase, whereas the
improvements for the other two samples are much lower. It
means that at elevated temperatures, diffusion across the micro/
mesopore interface becomes more critical. A well-connected
pore orientation at the interface of the core—shell sample
effectively accelerates this diffusion. Consequently, the corre-
sponding diffusion properties are more sensitive to pore
interconnectivity at high temperatures, resulting in more
pronounced differences among the samples. Therefore, the
diffusion property of the nZS@S-P sample is most sensitive to
temperature changes. It can be qualitatively estimated that at the
reaction temperature, the influence of pore interconnectivity will
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be more crucial, and thus multicomponent catalysts with better
connectivity will have a greater diffusion advantage at high
temperatures.

For multicomponent catalytic systems where bulky reactants
like polyolefins or residual oil are preconverted into
intermediates via nonzeolitic components, the migrated
intermediates could be varied, which may also contain iso-
hydrocarbons and aromatics.'® In order to explore how these
intermediates with different kinetic diameters are influenced by
the micro/mesopore interconnectivity, two additional probe
molecules, n-octane and cumene (with kinetic diameters of 0.49
and 0.68 nm, respectively), were also selected as intermediates
alongside isooctane. N-octane and cumene represent the
intermediate products can easily or hard to enter the ZSM-5
micropores due to a slight or severe diffusion resistance. The
time-resolved in situ FTIR technology and fitting results are
presented in Figures S24 and S25, and Table SS. When small
molecules like n-octane are adopted as the probe molecule
(Figure S24, Table S5), the 7,qg. ' of the samples increases in
the following order: nZS < nZS@S-P ~ nZ5@S-P-L < nZS@S-R
< nZ5@S-G. This infers that the influence of micro/mesopore
orientation may be less significant for small molecules. The
diffusion properties are more influenced by spatial distribution
than by micro/mesopore orientation connectivity in multi-
component systems for small molecules. For bulky molecules
such as cumene (0.68 nm), which is also a model molecule of
coke precursors, its diffusion properties (7, ) increase in the
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following order: nZS@S-R < nZ5@S$-G < nZ5 < nZ5@S-P-L <
nZS@S-P (Figure S25, Table SS), indicating that the diffusion
properties of bulky molecules are significantly restricted by the
micro/mesopore orientation connectivity. The diffusion is
greatly restricted by the orientation connectivity of the micro/
mesopores, and this diffusion behavior is generally consistent
with that of isooctane, which can be of support for the diffusion
of restricted bulky molecules. The specific behavior still differs
slightly, possibly due to the intrinsic property differences
between aromatic and aliphatic hydrocarbons. The z-electron
interaction between aromatic molecules and acidic sites, as well
as the rotation of the molecules, will affect diffusion. Never-
theless, samples with well-connected micro/mesopore orienta-
tion between components exhibit a significant diffusion
advantage.

Catalytic Efficiency Assessment of Multicomponent
Model Catalysts in Catalytic Cracking of Model Inter-
mediates. To evaluate how changes in pore interconnectivity
of industrial multicomponent zeolite catalysts affect their
catalytic performance, the catalytic cracking performance of
model intermediates, i.e., isooctane, was evaluated to
quantitatively establish the structure-diffusion-reactivity rela-
tionship. The catalytic cracking was chosen as a model reaction
to evaluate the catalytic performance of the ZSM-S@meso-SiO,
model catalysts. Since the active components all come from
ZSM-5, the selectivity of the products is not emphasized here.
Considering that the isooctane conversions for some of the
samples were higher than 5%, the initial apparent reaction rates
(measured at 3 min after the reaction commenced) under
integral reactor conditions were tested. The conversion over
time and the initial rates (r) of the five model catalysts are
presented in Figure 4a,b. For samples with a uniform and well-
connected meso-SiO, shell (nZ5S@S-P and nZS@S-P-L), the
initial rates were 0.122 and 0.128 mmol ¢! min~', respectively.
In contrast, for the samples with the meso-SiO, shell either
randomly connected (nZS@S-R) or randomly dispersed
(nZS@S-G), their initial cracking reaction rates were 0.099
and 0.075 mmol-g~"*min~", respectively. In order to quantita-
tively correlate with diffusion properties (indexed as 7, ")
and the catalytic performance (indexed as r), the catalyst
effectiveness factor (#) is adopted and calculated using Thiele
modulus (¢) as an intermediate:

_tanhgp 1

¢ L

where r, is the apparent reaction rate and r; is the intrinsic
reaction rate. The differences in acid quantity and density among
different samples have been corrected in the calculation
equation (Eq S10) in the process of determining the catalyst
effectiveness factor. For a detailed calculation method, see cf.
Supporting Information 1.6. The catalyst effectiveness for all
model catalysts is summarized in Figure 4c and Table S6 based
on the two types of expression (cf. Figure S3). For the nZS@S-R
and nZS@S-G samples, their lower 1 values (approximately 44—
76%) indicate that both disconnected micro/mesopore
orientation and random spatial distribution can lead to strong
diffusion resistance between the microporous ZSM-$ core and
the mesoporous SiO, shell, severely impeding the iso-octane
diffusion and its subsequent catalytic cracking reaction.
Conversely, the catalyst effectiveness of the samples with well-
connected core and shell orientations (nZS@S-P and nZ5@S-P-
L) can reach 89—98%. Furthermore, to exclude the effect of

different acidities on the apparent catalytic activities, the
apparent reaction rates per Brgnsted acid site (BAS) (rpas)
were calculated (using Eq S4) and compared in Figures 4d and
S26. The effect of temperature on the apparent reaction rates for
each sample is generally similar to that on the corresponding
diffusion rate (Figure 3e): the apparent reaction rate is more
sensitive to pore interconnectivity at high temperatures than at
low temperatures. In comparison with multicomponent
counterparts, it is noteworthy that the single-component nZ5
sample (b-oriented ZSM-S nanosheet that serves as a model
hierarchical zeolite) has a catalytic effectiveness factor of only
48—74%. Such results clearly demonstrate that the well-
connected pore structure in between microporous zeolitic and
mesoporous nonzeolitic components effectively reduces the
diffusion resistance and enhances the catalytic efficiency of the
zeolitic component for bulky reactants such as isooctane, while
for samples with nonideal pore interconnectivities between
zeolitic and nonzeolitic components, this improvement is not as
pronounced. The findings emphasize that although constructing
hierarchical zeolite materials by introducing meso- and/or
macrostructures into the zeolite framework effectively improves
diffusion properties and catalyst efficiency, such advantages can
be fully exploited under industrial multicomponent zeolite
catalysts only if the pore interconnectivity between zeolitic and
nonzeolitic components is totally fulfilled.

B CONCLUSIONS

In this study, a quantitative structure-performance relationship
of diffusion properties and reaction kinetics performance under
controlled pore interconnectivity between zeolitic and non-
zeolitic components was systematically established using ZSM-
S@meso-SiO, as a model multicomponent industrial zeolite-
based catalyst. HP '*?Xe NMR effectively identifies the complex
pore interconnectivity and diffusion paths between zeolitic and
nonzeolitic components, while time-resolved in situ infrared
spectroscopy accurately distinguishes the diffusion properties of
zeolitic components within multicomponent systems. Advanced
characterization tools are capable of highlighting how the
interface properties between zeolitic and nonzeolitic compo-
nents impact both diffusion and reaction catalytic efficiency. The
results reveal that nonideal pore interconnectivities between
zeolitic and nonzeolitic components, which can be due to either
disconnected micro/mesopore orientation, random spatial
distribution, or mismatching relative pore sizes thereof, can
awaken diffusion properties and reaction performances.
Conversely, when the zeolitic and nonzeolitic components
have well-connected micro/mesopore orientation, it can
effectively accelerate interfacial diffusion and fully enhance the
catalytic efficiency of the zeolitic component. Therefore,
introducing hierarchical structures into the zeolite alone does
not sufficiently enhance diffusion and catalyst efficiency under
industrial multicomponent conditions. The diffusivities of
zeolite-based catalysts under industrial catalysis circumstances
are strongly determined by high levels of pore systems’
connectivity so that molecules can effectively diffuse into and
out of the zeolitic components. For the elaborate design of
industrial multicomponent catalysts, more attention should be
devoted to constructing highly interconnected hierarchical pore
systems between zeolitic and nonzeolitic components (both
intra- and intercrystal spaces) and their surface properties.
Finally, revealing the transport properties in these complex pore
systems of practical zeolitic catalysts is unambiguously vital to
guiding the design of high-performance practical catalysts.
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However, there is still a long way to go to achieve a
comprehensive acidity-diffusion coupling model between
zeolitic and nonzeolite components and their consequences
on diffusion and catalyst efficiency, especially when directly
relying on a real industrial catalyst. This presents a significant
challenge for interfacial characterization techniques. Further-
more, other zeolitic and nonzeolitic components interactions
that exist in practical catalysts, such as aluminum migration and
interfacial modifications, require further in-depth investigation
in future studies.
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