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The inhomogeneous phenomenon with a gradient distribution in
adsorption and diffusion behaviors of xenon within a large SAPO-34
crystal was revealed by 2°Xe NMR, 2D EXSY NMR and ?°Xe PFG
NMR techniques at the micro-scale. A multi-layer adsorption and
diffusion model for xenon in a single crystal was proposed.

Spatiotemporal inhomogeneity is ubiquitous in heterogeneous
catalytic processes catalyzed by nanoporous materials at the
macroscopic and microscopic levels."” In zeolite-catalyzed
processes, the heterogeneity in the catalyst particles is mainly
dependent on the adsorption and diffusion of reactants and
products within confined environments of nanopores.”* The
presence of diffusion limitation caused by pore architecture,**
chemical composition® and particle size® results in incomplete
utilization of active sites and induces the spatial and temporal
heterogeneous distribution for catalytic conversion at the single
crystal level. The significant role played by mass transport
limitation in the heterogeneity of catalyst particles has also
been confirmed in a SAPO-34 molecular sieve, a core commercial
catalyst used in the methanol-to-olefin (MTO) process which is one
of the most important heterogeneous catalytic reactions for the
generation of light alkenes on the basis of non-oil feedstock of
coal or natural gas.””® SAPO-34 with chabazite (CHA) topology,
consisting of CHA cages interconnected by eight-membered
ring (8-MR) windows, provides a highly selective and spatially
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confined surrounding for adsorption, diffusion and reaction. It
has been revealed that the inhomogeneous location of coke
formation on individual micron-sized SAPO-34 can be attributed
to the stronger diffusion resistance originating from outer pore
blockage by coke which prevents reactants from contacting
inner active sites during the MTO reaction.*® However, a direct
investigation of adsorption and mass transport in catalyst
particles and the corresponding contributions to inhomogeneous
coke formation is still scarce and required to be solved as an
essential issue.'® Consequently, a further fundamental insight into
adsorption and diffusion behaviors is extremely indispensable for
achieving the in-depth understanding of the role of adsorption and
mass transport in catalytic processes, and may provide new insights
for catalyst optimization.

As a sensitive and inert probe, xenon with van der Waals
diameter (4.4 A)"* was selected due to its suitable size that is
similar to that of the 8-MR window, and the particular use of
129%%e NMR. '*°Xe NMR is a very sensitive tool to probe the
variation in the local chemical environments of nanoporous
media."””"* Furthermore, '*Xe NMR, two-dimensional (2D)
exchange spectroscopy (EXSY) NMR and pulsed field gradient
(PFG) NMR techniques were used to explore the adsorption and
diffusion processes within the pores of the SAPO-34 molecular
sieve based on the host-guest interactions. This work proved
that the heterogeneities in adsorption and diffusion behaviors
of xenon, featuring a gradient distribution, exist in the SAPO-34
molecular sieve on a single crystal scale.

The physicochemical properties of the as-synthesized SAPO-34
molecular sieve are presented in the ESL{ The XRD and SEM
results show that SAPO-34 is a high-crystalline cubic crystal with a
crystallite size of ca. 15 pm (Fig. S1 and S2, ESIt). The SAPO-34
molecular sieve with different xenon loadings was prepared (see
details in the ESIt). *’Xe NMR spectra of SAPO-34 are displayed
in Fig. 1a, recorded at a series of average xenon loadings from
0.1 to 3.6 xenon atoms per cage at 298 K. The NMR signals at
higher field are assigned to gaseous xenon. And the broad peaks
at lower field in the spectra originate from xenon adsorbed inside
the CHA cages of SAPO-34.">° It is well known that the chemical
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Fig.1 (a) Loading-dependent *Xe NMR spectra of xenon adsorbed in
the SAPO-34 molecular sieve at 298 K under static conditions. (b) 12°Xe
MAS NMR spectra at a spinning rate of 8 kHz and 4 kHz and the
corresponding static spectra of xenon adsorbed in SAPO-34 with an
average loading of one atom per cage at 298 K. The fitting peaks are
shown as color-filled from light to dark blue. (c) Possible local structure of
Xe, clusters inside the CHA cages of SAPO-34.

shift (6) of xenon depends on different interactions and can be
summarized by the expression:'® & = 5 + ds + dxe_xe + Osas + O + O
Here, J, is set to 0 ppm (the chemical shift of xenon at zero
pressure). d; denotes xenon-surface interactions (depending on
the dimension and shape of the channel or cavity). dsas char-
acterizes the interactions between xenon and strong adsorption
sites. dxe_xe arises from xenon-xenon interactions and is related
to xenon density. dg and Jy; arise from the contribution of
electrostatic field and magnetic field by cations, respectively.
For the H-SAPO-34 molecular sieve, the contributions from Jgag,
o and &y can be neglected,"™'” then the chemical shift § can be
briefly written as é = ¢ + ds + Ixe-xe-

As shown in Fig. 1a, the increased chemical shift of the
adsorbed xenon indicates that more xenon atoms occupy the
confined space of cages which leads to increased xenon-xenon
interactions."'® An obvious asymmetric line shape and large
line width for the adsorbed xenon are also observed in the NMR
spectra as xenon loading increases. Such loading-dependent
line shape for the adsorbed xenon may arise from various Xe,
clusters (n denotes the number of xenon atoms) within the
confined space or can be attributed to chemical shift aniso-
tropic (CSA) line shape, because all '*°Xe NMR spectra were
obtained under static conditions. This line shape is further
verified by the fact that the NMR line shape remains unchanged
when increasing the equilibration time to 3 months at 298 K
(see Fig. S3, ESIT). As a result, the dynamic equilibrium has
been established in the host-guest system at the macro-scale.

To clarify the above case, the '**Xe magic angle spinning
(MAS) NMR experiment was performed (see details in the ESIT).
The chemical shift anisotropy of the adsorbed xenon is effectively
averaged by fast magic angle spinning of 4 and 8 kHz (Fig. 1b),
however, multiple signals of the adsorbed xenon within cavities
still exist. This indicates that inhomogeneous distribution of
xenon inside SAPO-34 occurs. Furthermore, by fitting the **Xe
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MAS NMR spectrum (Fig. 1b) with Dmfit software,"”” four
isotropic resonance signals at 113, 108, 104 and 102 ppm were
plotted (color-filled). The fitting separate lines of the adsorbed
xenon in SAPO-34 should be directly related to different xenon-
xenon interactions, corresponding to different Xe,, clusters with
different atoms inside CHA cavities. Therefore, *°Xe MAS NMR
spectra shed light on the existence of at least four types of Xe,
clusters inside cavities and imply that the asymmetric line
shape of xenon adsorbed inside SAPO-34 is mainly attributed
to inhomogeneous xenon distribution.

Such behavior can be related to the basic structural properties
of porous materials. The existence of different Xe, clusters has
been confirmed in A-type zeolites with the 8-MR and the cavity
structure, for which multiple resolved peaks were observed in
129%e NMR spectra.’®° This is due to diffusion limitation from
narrow pore openings of zeolites for inter-cavity diffusion of
xenon and xenon atoms cannot be exchanged rapidly between
the different cavities. The chemical shift of Xe,, clusters increases
with the number of xenon atoms. The smallest increment of the
chemical shift between Xe; (one xenon atom per cage) and Xe,
(two xenon atoms per cage) is about 20 ppm and the increment
between Xe, and Xe,_, clusters increases with the number of
xenon atoms of Xe,, clusters in Na-A zeolites."® However, the fast
exchange among Xe, clusters inside CaA zeolites results in a
single averaged signal in "**Xe NMR spectra.”® The Xe, cluster
model is also applied in other microporous materials under
fast-exchange conditions.*

In the case of SAPO-34, in the present work, it is reasonable
to infer that the minor difference in the chemical shift between
adjacent signals is probably ascribed to the faster exchange
among Xe, clusters in CHA cages compared to that in Na-A
zeolites in which the 8-MR window is partially blocked by Na*
ions. For SAPO-34, the chemical shift of one xenon atom inside
the CHA cage (Xe;) was found to be 84 ppm.'>'® Dimension
limitation of the CHA cage indicates that maximum five atoms
can be loaded (see Fig. S4, ESIt), corresponding to the NMR
peak with the highest chemical shift value (113 ppm). Other
peaks differ in the number of xenon atoms in cages (Xe,, Xe3
and Xe,) with decreasing chemical shift (Fig. 1c). For such
heterogeneous xenon distribution inside the CHA cages of
SAPO-34 with the average loading of one xenon atom per cage
(Fig. 1b), the calculated utilization ratio (defined as the ratio of
the number of occupied cages to the number of all cages in a
single crystal) of 0.39 for an individual SAPO-34 crystal reveals
that most of the CHA cages are empty (see Table S2, ESIf).
Therefore, the information on the local structure of Xe,, clusters
in CHA cages revealed by chemical shifts of '*°Xe reflects the
important consequence for adsorption and mass transport
inside a SAPO-34 crystal.

To further obtain detailed location information of these Xe,,
clusters in a single SAPO-34 crystal from the micrometre-scale,
2D EXSY NMR spectroscopy was employed to provide dynamic
information about the motion pathways of xenon between
different sites.>>*® The occurrence of cross peaks in the off-
diagonal of spectra indicates a correlation between two sites at
given mixing time, i.e. exchange of xenon occurs between the
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Fig. 2 2D EXSY NMR spectra of xenon adsorbed in the SAPO-34 mole-
cular sieve with an average loading of 3.6 xenon atoms per cage at 298 K
with mixing times of 1 ms (a), 2 ms (b), and 10 ms (c), respectively. The
existence of cross peaks (red lines) indicates the xenon exchange between
the gas phase and CHA cages of SAPO-34. The green dashed line
represents the exchange between different adsorption sites in the micro-
pores of SAPO-34. (d) Possible spatial location of Xe, clusters in a single
SAPO-34 crystal. The colors from dark to light blue represent the decrease of
the number of xenon per cage with the depth from the surface to interior.

adsorbed xenon and gaseous phase. Fig. 2 displays 2D '*°Xe
EXSY NMR spectra with increased mixing times (z,,,). The exchange
between the adsorbed xenon (A) and gaseous phase (G) was
unobservable and only diagonal peaks corresponding to the
self-correction of the adsorbed xenon or gaseous phase were
observed at a short mixing time of 0.2 ms (see Fig. S5a, ESIT). As
the mixing time increases to 1 ms, xenon from the gaseous
phase exchanges first with adsorbed xenon A, (defined as large
size Xe, clusters as revealed in Fig. 1b) inside cages, and
exchanges further with adsorbed xenon A, (defined as small
size Xe, clusters) as indicated by the occurrence of a characteristic
cross-peak between A, and G at a mixing time of 2 ms (Fig. 2b).
Furthermore, the exchange between the adsorbed xenon (A; and A,)
and gaseous phase becomes pronounced as the mixing time
increases to 10 ms. Meanwhile, the inter-cage motion between
different adsorbed xenon (A; and A,) also can be observed
(Fig. 2¢) at 10 ms which is much smaller than the mixing time
(tm = 200 ms) observed in NaA zeolites at 303 K.>* This indicates
the faster exchange among Xe,, clusters in SAPO-34 compared to
that in NaA, which agrees with our aforementioned inference.

This evolution feature of 2D EXSY NMR spectra with mixing
time indicates the characteristic of the xenon location in crystals,
and can be readily understood by considering the effect of
motion pathways. Given the identical CHA cavity environments
of SAPO-34 (see Fig. S6, ESIT), a faster exchange between G and A;
than that between G and A, indicates that the mean distance
between A; and G is shorter than that between A, and G. As a
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result, it is reasonable to infer that adsorbed xenon A; and A,
come from the surface and inner regions of the SAPO-34 crystal,
respectively, which implies that the number of atoms per cage
decreases from the surface region to the inner region of the
crystal, featuring a decreased size of Xe, clusters. The relative
proportion of Xe, clusters inside the SAPO-34 crystal enhances as
the chemical shift decreases as shown in Fig. 1b, indicating that
the number of occupied cages loaded with different Xe,, clusters
increases from the surface to the core of the crystal. Based on the
above analysis, the location of Xe,, clusters in a single SAPO-34
crystal can be visualized, as modeled in Fig. 2d. Here, Table S2
(ESIt) summarizes the proportion of occupied cages from the
core to surface regions and the thickness of each region in a
single crystal (on the basis of an essential assumption that each
region has the same Xe, clusters and all cages are occupied in
this region). Since the utilization ratio for an individual SAPO-34
crystal is smaller than 1, some CHA cages are empty. Therefore,
2D EXSY NMR provides straightforward evidence for the spatial
location of different Xe,, clusters in a single SAPO-34 crystal in the
micrometre-level.

Such an exchange between adsorbed and gaseous xenon at
thermodynamic equilibrium actually represents the inter-cage
motion, which is also the basic step for mass transport inside
the SAPO-34 crystal. The presence of Xe, clusters with a
gradient distribution in a single SAPO-34 crystal is probably
attributed to the surface barrier or internal diffusion resistance,
originating from surface composition or internal intergrowth
structures."”>*® This inhomogeneous adsorption phenomenon
is also influenced by crystallite size and temperature. The asym-
metric line shape of the adsorbed xenon with a smaller crystallite
size of 400 nm was less obvious, indicating a faster exchange
among Xe, clusters in a small crystal than in a large crystal
(Fig. S7, ESIf). The line shape of the adsorbed xenon is
essentially dependent on temperature (Fig. S8, ESIT). At lower
temperature, the multiple resonance line of the adsorbed
xenon becomes more resolved and the proportion of Xe, also
changed, which may be due to the slower exchange rate among
Xe, clusters at lower temperature.

An extensive investigation for intracrystalline diffusion depen-
dency on xenon loading in a SAPO-34 crystal by PFG NMR was
subsequently performed. Due to the presence of CSA line shape for
the adsorbed xenon, diffusion dependency on the spatial location of
different Xe, clusters in the SAPO-34 crystal cannot be determined
separately by PFG NMR under static conditions. *Xe PFG NMR
spin echo attenuation 7/1, decays as a function of §*y*g*(A — /3) on a
log-linear scale for xenon inside the SAPO-34 molecular sieve
recorded at 298 K (see Fig. S9, ESIT). A remarkable enhancement
in the average self-diffusion coefficient from 6.2 x 10™*3 to 5.8 x
10~"? m® s~ for xenon adsorbed in SAPO-34 was displayed as
the average loading increased from 1.3 to 4.0 xenon atoms per
cage at 298 K (Fig. 3). This clearly shows that the self-diffusion
coefficient of xenon adsorbed inside SAPO-34 is strongly depen-
dent on xenon loading. The increased intracrystalline diffusion
coefficient of xenon with loading implies that the adsorbed
xenon located at the near exterior surface of the crystal may
exhibit a faster diffusivity due to its higher xenon loading. It is
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Fig. 3 Loading dependence of self-diffusion coefficients for xenon in
SAPO-34 molecular sieves at 298 K. The error bars are based on the
standard errors.

worth mentioning that it is difficult to obtain the self-diffusion
coefficient of the adsorbed xenon with very low loading due to
short transverse relaxation time (75, see Fig. S10, ESIt) which
leads to the rapid decays of '*°Xe echo attenuation once the
pulsed magnetic field gradients (g) are applied. Therefore, the
diffusivity results also provide information about the presence
of heterogeneity in the diffusion of xenon inside the SAPO-34
crystal, featuring the enhanced xenon diffusivity from the inner
region to the surface region of the crystal.

In summary, the non-uniform distribution of xenon inside
SAPO-34 crystals in the micro-level was revealed by multiple
?Xe NMR methods. Based on '*°Xe MAS NMR and 2D EXSY
NMR spectroscopy, the presence of different Xe,, clusters con-
fined in cages and the corresponding adsorption regions in a
single SAPO-34 crystal could be identified, featuring with the
enhanced number of xenon atoms of Xe, clusters from the
inner region to the exterior surface region of the crystal. PFG
NMR diffusion exhibited a faster diffusivity of xenon adsorbed
at the near outer surface region of the crystal due to its high
xenon loading. Knowledge of such small scale heterogeneity in
zeolite-based catalysts is of great importance for revealing
catalytic processes under the real reaction conditions and
optimizing catalysts in heterogeneous catalysis. The observation of
inhomogeneous adsorption and diffusion together with catalyst
deactivation in the MTO process triggered the understanding of
diffusion limitation and provided insights into the relationship
between adsorption, diffusion and catalyst deactivation in the
MTO reaction. Longer diffusion paths arising from large crystal size
and internal diffusion resistance would cause the inhomogeneous
reaction on the microporous materials, which should be considered
in developing new catalysts and processes.
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