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ABSTR.ACT.: Temperature .is a critica? par_am.eter in chemical 1) Temperature
conversion, significantly affecting the reaction kinetics and thermody- "1 Species Temperature heterogeneity
namics. Measuring temperature inside catalyst particles of industrial 7 Active sites within catalyst
interest (~micrometers to millimeters), which is crucial for ,\49)0@

S

understanding the evolution of chemical dynamics at catalytic active
sites during reaction and advancing catalyst designs, however, remains
a big challenge. Here, we propose an approach combining two-photon
confocal microscopy and state-of-the-art upconversion luminescence
(UL) imaging to measure the spatiotemporal-resolved temperature
within individual catalyst particles in the industrially significant
methanol-to-hydrocarbons reaction. Specifically, catalyst particles
containing zeolites and functional nanothermometers were fabricated
using microfluidic chips. Our experimental results directly demon-
strate that the zeolite density and particle size can alter the temperature distribution within a single catalyst particle. Importantly, the
observed temperature heterogeneity plays a decisive role in the activation of the reaction intermediate and the utilization of active
sites. We expect that this work opens a venue for unveiling the reaction mechanism and kinetics within industrial catalyst particles by
considering temperature heterogeneity.

y Zeolite catalyst
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Bl INTRODUCTION At the single catalyst level, temperature has proved to be
closely related to the structure of active sites (e.g, sintering of

Heterogenous catalysis by porous solid catalysts such as
metal clusters'® and vibration of protonic acid'”'®), the

zeolites is of great importance in the efficient and sustainable

. : L1920 o )
conversion of carbon-based resources (e.g, crude oil, coal, reactivity of the lntermedlatze{ and the intrinsic reaction
biomass, natural gas, and CO,) for producing valuable rate and molecular diffusion.”” Recently, Weckhuysen and his
chemicals.!™* The essence of catalyst development lies in the co-workers found that the temperature difference between the
optimized active sites™® and anticipated reaction rates,’ local external catalyst surface and the reactor bed can be up to
enabling on-purpose chemical reactions to proceed with high +16 K for methane oxychlorination®” and +40 K for syngas to
efficiency, mild conditions, and low cost. Temperature, a direct hydrocarbons.” However, for solid porous catalysts, the active
indicator of the kinetic energy and collisional frequency of sites are usually decorated as catalytic substrates within the
reacting molecules, determines the kinetics and thermody- catalyst particles.'”** This suggests that the local temperature
namics of chemical reactions.”” In real applications, measuring at active sites inside a single catalyst could deviate significantly
the reactor temperature has become a common practice to from the expected reactor temperature. Meanwhile, with the
monitor the apparent reaction performance of bulk catalysts advance of the exploitation of spatiotemporal-resolved spec-
including but not limited to the reaction rate, heat and mass troscopy, anisotropic reaction rates have been commonly

. . 11 9,10 e i i
transfer, reactant conversion, and product yields. In observed within individual catalyst particles. Using a confocal

practical chemical industries, catalytic active sites are fluorescence microscope'> (CEM) or an infrared microscope””
commonly sealed in grain to reduce the mass transfer (IRM), the spatial heterogeneous distributions of Brensted

. . . . 1 11-13
resistance or .mf’lke catalyst particles readily ﬂuldlzed.- . acid sites (BAS) and carbonaceous intermediates within a
Desplte its 31gn1ﬁcance, temperature as the most decisive

operating parameter in catalysis, however, has yet to be
carefully studied at the single catalyst particle. In particular,
lacking real-time temperature information at local active sites
inside catalyst particles greatly hinders the insightful under-
standing of the reaction mechanism in heterogeneous catalysis.
Therefore, measuring temperature at catalytic sites within
catalyst particles remains a nontrivial task.'*"
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Figure 1. Schematic illustration for fabrication of catalyst particles and multimodal imaging techniques. (a) Schematic diagram of fabrication of
catalyst particles containing zeolites, a nanothermometer, and a SiO, binder by T-shaped combined with cross-shaped microfluidic chips. Typical
morphology of the prepared catalyst particles: scanning electron microscopy images of (b) H-ZSM-$ zeolites and (c) catalyst particles, and (d)
transmission electron microscopy images of NaYF,@SiO, nanoparticles. (e) Schematic diagram of multimodal imaging, i.e, upconversion
luminescence imaging, infrared microscopy, and super-resolution confocal fluorescence microscopy to monitor spatiotemporal evolutions in
temperature, active sites, and carbonaceous species within individual catalyst particles during the methanol-to-hydrocarbons reaction.

single zeolite crystal or catalyst particles in different reaction
stages of hydrocarbon conversions have been demonstrated. In
addition, heterogeneous concentration profiles of guest
molecules within zeolites or catalyst particles during the
uptake process, which are directly relevant to molecular
diffusion, have also been depicted by IRM,” CFM,"! and
interference microscope.”® The spatial heterogeneity of active
sites and guest molecules within a single catalyst will
undoubtedly lead to the spatial distribution of the reaction
rate. Consequently, the quantity of heat (estimated by the
product of the reaction rate and enthalpy) and temperature
change aroused by reactions may vary in both space and time
inside a single catalyst particle. Therefore, directly measuring
the temperature distribution inside individual catalyst particles
and further understanding the effects of local temperature on
reaction dynamics at active sites (e.g, guest molecular
activation, intermediates formation, and active site utilization)
remain considerable challenges in heterogeneous catalysis.
Electricity-based (e.g, invasive multiple thermocouples”)
and spectroscopy-based (e.g., nonintrusive infrared,”” nuclear
magnetic resonance,”® and Raman®) thermometries are often
applied to detect spatiotemporal evolution of temperature and
evaluate the thermal effect in the catalyst bed of the reactor.
However, the spatial resolutions of these thermometric
techniques are limited to millimeters, restricting their
applications for individual catalyst particles with sizes of
industrial interest (~microns). Luminescence thermome-
tries,” " which rely on the changes in adsorption or
emission spectrum induced by temperature variations, provide
a potential way for nonintrusive local temperature sensing with
sufficient spatial and temporal resolution. For instance, the
luminescence of lanthanide ions Er’*, Nd*, or Eu®" in
inorganic hosts excited by near-infrared light (980 or 78S
nm) or UV light is temperature-dependent. Implementing the
upconversion spectrometer to detect the luminescence spectra
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of Yb**,Er**-codoped NaYF,@SiO, nanoparticles®® adhered to
the catalyst surface or mixed with the catalyst can obtain the
local surface temperature of the individual catalyst or catalyst
bed with transparent walls during hydrocarbon conversions.””
Spatially resolved detection of the upconversion luminescence
(UL) spectra of Y,0; doped with Nd** mixed in Ni/TiO,
catalysts can obtain the local temperature of the catalyst
surface during CO, methanation.” In the methane oxy-
chlorination reaction catalyzed by EuOCI, the fluorescence
emission spectra of the catalyst material can also be used to
operando determine the local surface temperature in the fixed-
bed reactor.”” As discussed, implementing lanthanide-doped
temperature nanosensors stimulated notable advances in the
local surface temperature measurement at individual catalyst
levels. However, the technologies based on either the
luminescence or fluorescence emission spectra require the
measuring points to be optically accessible, which constrains
that only local temperature at the catalyst surface can be
detected.””* Thus, these developed techniques cannot be used
to study the interplay between local temperature distribution
and heterogeneous catalytic activity inside a single catalyst
particle.

Here, we propose to use two-photon confocal microscopy
with state-of-the-art upconversion luminescence (UL) imaging
to measure spatiotemporal-resolved temperature distribution
within individual H-ZSM-$S zeolite catalyst particles in the
industrially significant methanol-to-hydrocarbons (MTH)
reaction. Methanol can be readily converted into valuable
hydrocarbons over zeolite catalysts, which are attractive
building blocks for sustainable fuels and chemicals.”®*" In
addition, the MTH reaction is an archetypal strong exothermic
reaction with hydrocarbon pool (HCP) as the controlling
mechanism,*®*°~** which thus is selected as a model reaction
in this work. The product selectivity**** and catalyst lifetime*
in MTH depend upon the activation of HCP species, which
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are highly sensitive to temperature.”* Direct observation of
the effects of temperature heterogeneity on the efficiency of
active sites and activation of HCP species within individual
catalyst particles can profoundly unveil the reaction mecha-
nism and kinetics under actual operating conditions. To this
end, we first applied microfluidic chips to fabricate catalyst
particles containing H-ZSM-S zeolites and functional nano-
sensors (luminescence nanothermometry Yb**,Er**-codoped
NaYF,@SiO, in this work) to imitate industrial catalysts
(Figure 1a). Then, using confocal two-photon microscopy, we
can measure the temperature distribution inside individual
catalyst particles based on the ratiometric thermometry of
nanothermometry embedded in a catalyst. Thus, a multimodal
imaging approach,”” which combines a super-resolution
confocal fluorescence microscope® (CEM), IRM,”** and
UL imaging, was utilized to monitor carbonaceous species
formation and BAS utilization, together with temperature
distribution inside individual catalyst particles (Figure le).
Based on the multimodal images of well-prepared catalyst
samples (catalysts with similar particle sizes but different
zeolite densities and catalysts with similar content of zeolites
but different particle sizes), the heat transfer process and the
effect of heat release and thermal conductivity aroused by an
exothermic MTH reaction on the utilization of active sites and
activation of HCP species can be well elucidated. It is
discovered that at a low start-up temperature, large heat
discharge and a lower temperature gradient within a single
catalyst particle favor fully activating hydrocarbon pool species
and thus enlarging the throughput of the reactant in bulk
catalysts. We show that spatiotemporal heterogeneity of
temperature within individual catalyst particles has a crucial
impact on catalyst performance, which should be considered to
be an indispensable factor in the rational design of solid porous
catalysts.

B RESULTS AND DISCUSSION

Fabrication of Catalyst Particles Containing Func-
tional Nanosensors. For catalyst particle fabrication, T-
shaped and cross-shaped microfluidic chips®”>' were em-
ployed, as shown in Figure la. In T-shaped microfluidic chips,
soybean oil was injected as an oil-continuous phase into
entrance 1. Silica gel (as a source of binder), Na-ZSM-$
zeolites (Si/Al is 36.2, and for the characterization, see Figure
S3), and Yb**Er’*-codoped NaYF,@SiO, nanoparticles
(NaYF,@SiO, for short; for the characterization, see Figure
S1) were premixed and injected as a water-continuous phase
into entrance 2. Regulating the ratio of zeolites to silica gel can
control the content of zeolites in catalyst particles, while
NaYF,@SiO, was fixed at 8 wt %. In addition, controlling the
flow rate of the water phase can regulate the size of the catalyst
particles. At the intersection of the oil and water phases, under
the surface tension of the water phase in the oil phase, aqueous
droplets, i.e., precursors of catalyst particles, were formed and
injected into a cross-shaped microfluidic chip. In the cross-
shaped microfluidic chip, adjusting the pH value of the
solution to neutrality by acetic acid can facilitate the
solidification of precursors to catalyst particles. Subsequently,
catalyst particles containing H-ZSM-S were obtained by a
successive ion exchange method. According to the above
experimental procedures, customized catalyst particles were
obtained (for the characterization, see Figure S4 and Tables S1
and S2). One is catalyst particles with a similar particle size
(330 pm; the particle sizes of catalyst samples were counted by
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a scanning electron microscope) but contained different
contents of zeolites (15, 25, and 35 wt % of zeolites, which
are named CAT-15% zeo., CAT-25% zeo., and CAT-35% zeo.,
respectively) to achieve different heat conductivities between
samples. The other one is catalyst particles with similar content
of zeolites (25 wt %) but with different particle sizes (270, 300,
and 330 um of particle sizes, which are named CAT-25% zeo.
(S), CAT-25% zeo.(M), and CAT-25% zeo., respectively) to
achieve different temperature gradients between samples.
These particle sizes of the catalyst are designed to imitate
the industrial catalyst used in the MTH process.’” It needs to
be emphasized that the nanosensors embedded into the
catalyst are not limited to nanothermometers. Nanoparticles
can be versatile functional nanosensors, e.g, Au@SiO,, to
detect surface—hydrocarbon intermedia by confocal Raman
spectroscopy””® and to satisfy the needs of spatiotemporal-
resolved characterization of local conditions, chemical species,
and surface intermedia within the individual catalyst.

The structure and crystalline of pristine and calcined
NaYF,@SiO, (at 773 K) were examined by high-resolution
transmission electron microscopy and X-ray powder diffraction
(Figure S1), respectively, which show the excellent thermo-
stability of NaYF,@SiO,. In this work, the major function of
the coating of the SiO, nanoshell deposited on NaYF, is to
prevent the degradation of the crystal structure of NaYFE,
following the research®*"*” by Weckhuysen and co-workers.
The SiO, nanoshell will mainly influence the luminescence
intensity of NaYF, excited by a 980 nm laser. Chen et al.>*
found that as the thickness of the SiO, nanoshell increased
from 0 to 14 nm, the emission peak intensity of NaErF,
gradually increased, which can be explained by the fact that the
coating of the SiO, shell can reduce the surface defects of the
luminous core particle. However, as the thickness of the SiO,
nanoshell further increases from 14 to 30 nm, the emission
intensity gradually decreases. This implies that a SiO,
nanoshell on the luminous core particle that is too thick will
block the radiation of 980 nm excitation light to Er’* and is not
conducive to upconversion luminescence. In this work, the
thickness of the SiO, shell is ~12 nm, as shown in Figure S1,
which is close to the oEtimized thickness of the SiO, shell
reported by Chen et al.”* Geitenbeek et al.*’ compared the
ratiometric-based thermometry between NaYF, and NaYF,@
SiO, coated with a 10 nm SiO, nanoshell using the intensity
ratio between *H,/, and *S,/,. They found that the energy
difference between the excited states AE of NaYF,@SiO, (716
cm™!) is similar to that of NaYF, (714 cm™), which can
illustrate that coating the 10 nm SiO, nanoshell on NaYF, has
a slight influence on the temperature measurement accuracy of
the NaYF, core particle. In this work, the thickness of the SiO,
nanoshell on NaYF, is ~12 nm following the recipe from
Geitenbeek et al.,*" which indicates that the effect of the SiO,
nanoshell on NaYF, in this work on temperature measurement
accuracy can be neglected. The content of H-ZSM-S$ in catalyst
particles was verified by quantitative BAS amount measure-
ment, as shown in Table S2. The reactive probe-molecule
furfuryl alcohol (FA), which can be converted into fluorescent
products over BAS,” was specifically selected to stain the H-
ZSM-5 zeolites. Figure S6 shows the uniform distribution of
H-ZSM-5 within all catalyst samples.

Spatiotemporal-Resolved Measurements of Temper-
ature within Individual Catalyst Particles. The simplest
way for luminescence thermometry is based on the recording
of absolute luminescence intensity (ie., “single intensity”
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Figure 2. Illustration of nanothermometers for spatiotemporal measurements of temperature within individual catalyst particles. (a) Schematic
detection of the luminescence intensity of NaYF,@SiO, embedded within the catalyst at $10—570 (green channel) and 625—750 nm (red
channel) excited by 980 nm lasers with the implementation of upconversion luminescence confocal microscopy. (b) Emission spectra of NaYF,@
SiO, in the CAT-25% zeo. catalyst upon excitation at 980 nm for temperatures ranging from 298 to 673 K recorded with steps of 25 K in nitrogen.
(c) Energy level diagrams of NaYF,:Yb* Er**. Solid, dotted, and wavy arrows represent photon absorption or emission, energy transfer, and
relaxation processes, respectively. The linear relation between the integrated intensity ratio of the 625—750 and 510—570 nm bands of NaYF,@
SiO, in (d) fresh and (e) deactivated catalyst versus temperature in nitrogen. (f) The effect of the chemical atmosphere (steam and alkanes) on the
red-to-green ratio of NaYF,@SiO, in the catalyst at 623 K. The steam (0.03 bar) was carried by nitrogen at room temperature with a flow of S mL-
min~". The main component of alkanes is propane, and the flow rate of alkanes is S mL-min~". (g) The red-to-green ratio (left axis) and
temperature variation (right axis) of individual catalyst particles under a N, atmosphere to an Ar atmosphere at the initial temperature of 623 K.
The gas flow is S mL-min~". Typical spatial-resolved luminescence intensity of NaYF,@SiO, in the CAT-25% zeo. catalyst at (h) $10—570 nm, and
(i) 625—750 nm at 623 K during MTH reactions. The scale bar is S0 gm. (j) The calculated red-to-green ratio based on (h) and (i). (k) The
spatial distribution of temperature within the catalyst particle calculated by the red-to-green ratio in (j) combined with the calibration curve in (d).
The pictures of (j) and (k) are, respectively, the overlay of (h) and (i), which are the schematic diagrams to indicate the position for red-to-green
and temperature calculations (selected area: 3 X 3 um?).

method). This method, however, is vulnerable to the local Figure 2b shows the UL emission spectrum of NaYF,@SiO,
concentration of the nanothermometers, the chemical environ- embedded within the catalyst upon excitation at 980 nm. In
ment (e.g,, organic molecules), and the changes in material the region between 500 and 750 nm, three distinct peaks are

observed, centered around 524, 546, and 658 nm. These peaks
correspond to the *H,,,—*L;5)5, *S3/,—"1;5/5, and *Fy),—*15),
transitions of Er’*, respectively,”* as shown in Figure 2c. As
shown in Figure 2d, the red-to-green ratio is defined as the
luminescence intensity ratio (LIR) I,/I;, where intensities of I;
and I, are the integrated areas of the bands at, respectively,
510—570 and 625—750 nm shown in Figure 2b. By using
confocal UL imaging, it can be found that the red-to-green
cost, and speed of detection and is considered so far to be the ratio of NaYF,@SiO, within the catalyst particle increases with

optical properties.”> The methanol-to-hydrocarbons (MTH)
process involves the dehydration and conversion of methanol
to water, hydrocarbons, and coke over zeolites.>®>® In addition,
in Figure 2h,i, the concentration distribution of Yb*',Er**-
codoped NaYF,@SiO, nanoparticles within the catalyst
particle is nonuniform. In this work, we employ the
ratiometric-based method, which could balance the quality,

most promising approach.”*"*****” It has been anticipated increasing temperature in a linear relation. As shown in Figure
that the nonuniform concentration of NaYF,@SiO, does not 2e,f, we carried out experiments to verify that the color changes
affect the thermal readout,* given that the excitation laser in catalysts by coking and chemical atmosphere (e.g., steam
power remains the same.>’ and alkanes) almost do not affect the temperature measure-
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Figure 3. Effect of the zeolite density of catalyst particles on MTH reactions. (a) Methanol conversion as a function of methanol throughput over
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between methanol throughput (methanol conversion at 95% in (a), blue histogram)/maximum temperature rise (red histogram) and the content
of H-ZSM-5 zeolites in the catalyst. Reaction conditions are the same as those shown in (a). (c) The ratio of reaction kinetic constants between
638 K (653 K) and 623 K (hollow point, green for 638 K and red for 653 K) and kinetic constants of polymethylbenzene methylation at 623 K
(histogram). Free energy barriers AG* were obtained from ref 60 of periodic density functional theory combined with the reorientation method

developed by Hibbitts et al.*»*>®* The reaction kinetic constant is estimated by k = kBTT exp(—AG"t/ RT)
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Figure 4. Spatiotemporal-resolved temperature measurements over catalyst particles with different zeolite densities during MTH reactions. (a)
Three-dimensional reconstruction of the overlap luminescence intensity of NaYF,@SiO, at 510—570 nm (green) and 625—750 nm (red) in the
catalyst particle visualized by confocal UL microscopy at 623 K. (b) Focal plane for data analysis that is taken at the plane at z = 15 ym from the
top in (a). The spherical cross section of the catalyst is divided into the core, inner-shell, and outer-shell regions for analysis. Spatiotemporal
evolutions of temperature rise within individual (c) CAT-15% zeo., (d) CAT-25% zeo. and (e) CAT-35% zeo. catalyst particles by ratiometric
thermometry using confocal UL microscopy during the MTH reactions. The initial reaction temperature is 623 K, catalyst loading in the reaction
cell is 2 mg, and weight hourly space velocity is 22.1 gyeon €0, *h™". The inlet of nitrogen to carry methanol saturated steam at room temperature
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ments by ratiometric thermometry (see details in Supporting
Note 6). As shown in Figure S7a,b, the absolute luminescence
intensity at 510—570 and 625—700 nm emitted by NaYF,@
SiO, enclosed in the deactivated catalyst particles has been
significantly reduced compared to that in the fresh ensemble
catalyst particles, owing to the absorbance of coke within
zeolites (Figure S8a). Meanwhile, we examined the ratio of the
luminescence intensities of red and green lights emitted by
NaYF,@SiO, in both deactivated and fresh catalysts. As can be
seen in Figure S7ef, the calibration curve of temperature based
on the LIR, i.e., red-to-green ratio, essentially remains the same
for both deactivated and fresh catalyst particles. Though the
absorbance or luminescence of coke species at 510—570 and
625—700 nm can be affected by many factors,”” comparing the
UL spectra of NaYF,@SiO, in fresh and deactivated ensemble
catalysts is the most effective way to examine the effect of coke
formation on the red-to-green ratio of NaYF,@SiO, in
catalysts. This can be potentially evidenced by the similar
absorbances of coke at 625—700 and 510—570 nm in the in
situ diffuse reflectance (DR) UV—vis spectra in Figure S8b.
Nevertheless, these measurements show that NaYF,@SiO, can
be used to monitor the temperature within the catalyst particle
during MTH reactions based on the calibration curve shown in
Figure 2d. The temperature measurements within catalysts by
the red-to-green ratio were carried out under different carrier
gases with distinct thermal conductivity, such as Ar and N,
(respectively 31.5 and 45.3 mW-m "K' at 623 K).>® As
shown in Figure 2g, the red-to-green ratio of NaYF,@SiO, in
fresh CAT-25% zeo. was measured (~5.02) in an in situ
reaction cell at 623 K under nitrogen and recorded from 0 to
1S min. Subsequently, the nitrogen was switched to argon, and
it can be observed that the red-to-green ratio of NaYF,@SiO,
in catalysts increases to S5.11, which corresponds to the
temperature of 630.0 K estimated by the calibration curve in
Figure 2d. Such results can strengthen the reliability of
developed temperature measurement in this work.

Effect of Temperature on Activation of Hydrocarbon
Pool Species. As shown in Figure 3¢, the reaction kinetics of
the methylation reaction (as the rate-determining step in
aromatics-based cycles’~°') between aromatic species and
methanol was used to estimate the activity of these species in
H-ZSM-5 zeolite. Hibbitts et al.***°* developed a reorienta-
tion method to identify global minima and the most stable
states of the reactant, product, and transition state with
sufficient sampling based on the periodic density functional
theory (DFT) calculations. The DFT calculations of
polymethylbenzene methylation by Hibbitts et al.*’ are more
quantitatively accurate. The intrinsic free energy barriers of
polymethylbenzene methylation calculated by Hibbitts et
al.®%% are used to obtain reaction kinetic constants for
temperatures of 623, 638, and 653 K, as shown in Figure 3c. It
can be found that increasing reaction temperature can be an
effective means to enhance the activity of the polymethylben-
zenes (polyMBs) with methanol, especially for the polyMBs
with higher free energy barriers. Based on the Arrhenius
equation, the degree of increase in a kinetic constant of
intermedia with a high free energy barrier shows more
sensitivity to the elevated temperature.”* In this sense,
polyMBs with higher free energy barriers of methylation, e.g.,
toluene, xylene, trimethylbenzene, and tetramethylbenzene,
can be active intermedia. In contrast, these polyMBs show low
activity at 623 K. Increasing temperature rise can prominently
promote the activity and catalytic efficiency of aromatic species
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within the zeolite framework at low start-up reaction
temperatures. Such distinct temperature-dependent activation
of different polyMBs has been validated by transient '*C/**C
methanol-switching experiments.®>*°

Effect of Temperature Heterogeneity on Catalytic
Efficiency within Individual Catalyst Particles. As shown
in Figure 3b, in the bed of catalyst particles with the same BAS
amounts but different BAS densities, it can be observed that a
higher maximum temperature rise of the catalyst bed aroused
by increased BAS density can enlarge the methanol throughput
of the MTH reaction at a start-up temperature of 623 K. The
UL imaging technique was implemented to unveil spatiotem-
poral temperature distribution within individual catalyst
particles during the MTH reaction in an in situ cell under
similar reaction conditions of the fixed bed. Figure 4a shows
the three-dimensional (3D) reconstruction of NaYF,@SiO,
distributed in the catalyst particle by the emission excited by a
980 nm laser at 623 K. As shown in Figure 4b, the focal plane
of the catalyst particle was selected as a plane at z = 15 um
from the top. Recently, Jacobs et al.”> measured spatial
temperature distribution on supported metal catalysts (Ni/
TiO,) with the addition of a luminescent thermometer
Y,0;:Nd*" by pixel-to-pixel mapping during CO, methanation.
Under inert conditions, they found that the LIR of the
luminescent thermometer vary spatially at a given temperature.
They proposed three possible origins causing such spatially
dependent LIR: spatial variations in absorption, scattering of
thermometer emission by the sample, or background
fluorescence. In this work, we also tried to measure spatially
resolved temperature by pixel-to-pixel analysis of the red-to-
green ratio within catalyst particles, as shown in Figures 2k and
S10d. We found it difficult to directly calculate the red-to-
green ratio at each pixel, especially by dividing of the whole
picture into Figure 2h,i due to the heterogeneous distribution
of NaYF,@SiO, within particles. In addition, photon-counting
noise will significantly affect the local red-to-green ratio when
selecting too small a pixel size to analyze. As shown in Figure
S10d, using a relatively large pixel size (3 ym X 3 pm) to
measure the local red-to-green ratio and temperature, the
relatively consistent temperature distribution within the
catalyst is obtained under inert conditions. Therefore, to
overcome the effect of these “errors” on spatiotemporal
measurements of temperature, we select a relatively large
area with sufficient statistics of the red-to-green ratio to
measure temperature, as shown in Figure 4b. As shown in
Figure 4b, the two-dimensional (2D) spherical plane is
segmented into the core, inner-shell, and outer-shell regions
as shown. The spatiotemporally heterogeneous evolutions of
temperature within individual CAT-15% zeo., CAT-25% zeo.
and CAT-35% zeo. catalyst particles (the plane at z = 15 ym)
during the MTH reaction are shown in Figure 4c—e,
respectively. We conducted 3D reaction—diffusion—heat
transfer simulations (Supporting Note 6), which show that a
similar temperature gradient in each cross section can be
identified for catalyst particles at the same reaction time.
Therefore, at the specific reaction time, based on the
temperature of the external surface and temperature gradient
of the plane at z = 15 um, the temperature distribution can be
extrapolated according to the radius of the interested cross
section, as shown in Figure S13. At the initial stage, the
temperature rise at the outer shell can be first observed, which
is caused by the preferential reaction with methanol at the
outer shell, as evidenced by the diffusion limitation of guests in
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Figure S. Spatiotemporal-resolved Bronsted acid sites within catalyst particles with different zeolite densities during MTH reactions. (a) Schematic
measurements of infrared spectra at different locations of catalyst particles using IRM. The detection window of the infrared spectrum is 20 X 20
um?. Spatiotemporal evolutions of relative changes in BAS within individual (b) CAT-15% zeo., (c) CAT-25% zeo., and (d) CAT-35% zeo. catalyst
particles by IRM at different MTH stages. Reaction conditions are the same as those shown in Figure 4c—e.

the catalyst shown in Figures S5 and S32. The reaction heat
generated at the outer shell can rapidly conduct the inward
core of the catalyst as the thermal conductivity k of the binder
(silica, ~600.0 mW-m™"-K™") is significantly higher than that
of the atmosphere (~45.3 mW-m™"K™" of nitrogen). Thus,
the uniform distribution in temperature rise within a single
catalyst at the initial MTH reaction can be observed.
Subsequently, an adequate concentration of the reactant
within the catalyst launches the MTH reaction in H-ZSM-§
zeolites located at the catalyst core region. However, the
spherical shell area (i.e., heat-exchange surface) at the core
region is inferior to that at the outer shell of the catalyst, which
hampers the conduction of reaction heat and leads to a higher
temperature rise at the core region. The higher temperature
rise at the core region can further facilitate the activation or
reaction rate of HCP species with methanol, as illustrated in
Figure 3c, and release more reaction heat. Consequently, as the
position gets closer to the catalyst center, the heating rate by
the reaction exotherm is obviously faster. According to
experiments, the heat conductivity coefficient of H-ZSM-5
zeolites (170.1 mW-m™"-K™") is significantly lower than that of
the SiO, matrix (600.0 mW-m™-K™!). Combined with
simulations shown in Figure S36, the high density of zeolites
within the catalyst particle significantly reduces the heat
conductivity coeflicient of the catalyst particle. In the catalyst
with more zeolites, the reaction heat generated at zeolites is
inclined to further elevate local temperature rather than heat
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conduction. Meanwhile, the accelerated reaction rate promotes
heat release to further elevate local temperature. Therefore, the
integral temperature rise of the CAT-35% zeo. catalyst particle
is higher than those of CAT-15% zeo. and CAT-25% zeo.
samples. Hereto, the effect of zeolite density on temperature
heterogeneity within individual catalyst particles can be well
elucidated.

Advanced IRM and super-resolution CFM techniques
further unveil the spatiotemporal evolutions of active sites”*
and carbonaceous species'' formation resulting from above
temperature heterogeneity in an in situ reaction cell. As shown
in Figure Sb—d, the relative changes in the BAS of catalyst
particles during different stages of the MTH reaction (Figure
3a) imaged by IRM are shown. For the pristine catalyst
samples, the distribution of BAS within catalyst particles is
uniform, which is consistent with the results of fluorescent
molecule-staining experiments. During the MTH reaction, the
BAS closed to the outer-shell region is preferentially covered
by HCP species due to the high concentration of methanol at
the catalyst rim (Figure S32). As shown in Figure Sd, the
higher temperature rise caused by increased zeolite density
within the catalyst leads to rapid coverage of BAS, while the
formation and activation of HCP species are accelerated by
elevated temperature. For the deactivated stage of the MTH
reaction, it can be observed that the unexploited amounts of
BAS in the CAT-35% zeo. sample is lower than those in CAT-
15% zeo. and CAT-25% zeo. samples. This implies that the
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Figure 6. Spatiotemporal-resolved carbonaceous species within catalyst particles with different zeolite densities during MTH reactions. (a)
Schematic spatial-resolved detection of carbonaceous species within catalyst particles by super-resolution CFM. The wavelengths of illumination
and emission detection of CFM used in this work can cover the characteristic area of excitation and emission wavelengths of polymethylbenzenic
(pB*)/naphthalenic (N*) (excitation: 488 nm and detection: S00—545 nm), phenanthrenic (PH*) (excitation: 561 nm and detection: 570—640
nm), and pyrenic (PYR") carbocations (excitation: 640 nm and detection: 663—738 nm). Spatiotemporal evolutions of carbonaceous species
within (b) CAT-15% zeo., (c) CAT-25% zeo., and (d) CAT-35% zeo. catalyst particles during the MTH reaction by super-resolution CFM. The
CFM images show the fluorescence that originated from the overlap of three profiles with a laser excitation of 488 nm (detection at S00—545 nm,
false color: green), S61 nm (detection at 570—640 nm, false color: orange), and 640 nm (detection at 663—738 nm, false color: pink). The images
were taken in the plane 15 pm from the top. The fluorescence intensities along the selected solid line are also displayed.
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Figure 8. Effect of particle size on temperature heterogeneity within an individual catalyst. Spatiotemporal evolutions of temperature rise within
individual (a) CAT-25% zeo., (b) CAT-25% zeo.(M), and (c) CAT-25% zeo.(S) catalyst particles by ratiometric thermometry using confocal UL
microscopy during MTH reactions. The initial reaction temperature is 623 K, catalyst loading in the reaction cell is 2 mg, and weight hourly space
velocity is 22.1 gyeoneo. -h ™" The inlet of nitrogen to carry the methanol saturated steam at room temperature is 1.5 mL-min~". Simulation
results of the spatial distribution of (d), maximum temperature rise (unit: K) during the MTH reaction and (e) PAHs (unit: g:m,,, ) within the
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higher temperature rise in the CAT-35% zeo. sample promotes amounts of HCP species. For the deactivated CAT-15% zeo.,
the utilization of BAS with methanol to form sufficient CAT-25% zeo. and CAT-35% zeo. particles, the relative
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residual BAS values in the plane at z = 15 um are, respectively,
0.54, 0.32, and 0.11 (see Supporting Note 6).

As shown in Figure 6a, implementing super-resolution CFM
can visualize the spatiotemporal distribution of carbonaceous
species in the plane at z = 15 um within catalyst particles. As
shown in Figure 6b, for the CAT-15% zeo. particle, the
formation of polymethylbenzenic (pB*) or naphthalenic (N*)
(excitation: 488 nm and detection: 500—545 nm, false color:
green) mainly occurs at the edge of the particle through the
initial stage to fully deactivation. This is further validated by
the higher relative residual BAS at the internal region
compared to that at the outer-shell region based on the IRM
with the CAT-15% zeo. sample. The fluorescence intensities of
phenanthrenic (PH") (excitation: 561 nm and detection: 570—
640 nm, false color: orange) and pyrenic (PYR") carbocations
(excitation: 640 nm and detection: 663—738 nm, false color:
pink) for the CAT-15% zeo. particle are significantly weaker
compared to those for CAT-25% zeo. and CAT-35% zeo.
particles. As shown in Figure 4c, as MTH proceeds, the
temperature at the core region is at most 2 K higher than that
at the outer shell for the CAT-15% zeo. particle. Such a small
heterogeneity in temperature within the CAT-15% zeo. particle
cannot differentiate the thermal activation of HCP species at
different regions of the particle. In addition, the temperature
rise within CAT-15% zeo. cannot fully activate pB*; thus, these
pB" are the main inactivated species to block the pore and
cover the BAS of zeolites. Therefore, the dominant eggshell-
like distribution of carbonaceous species in the CAT-15% zeo.
particle results from the enriched concentration of methanol at
the particle edge, which is imposed by diffusion limitation, as
evidenced by Figure S32. For the CAT-35% zeo. particle, in
Figure 6d, compared to the fluorescence images of CAT-15%
and CAT-25%, the fluorescence intensity of pB* or N* within
particles is significantly higher, and the presence of the
fluorescence signal of pB* or N* at the core and inner-shell
regions can be observed. This indicates that the higher
temperature rise within catalyst particles with higher active site
density (Figure 4e) can effectively facilitate the formation of
HCP species even though there is a relatively low methanol
concentration at the internal region of particles. This can be
verified by the lower relative residual BAS at the internal region
of CAT-35% zeo. particles compared to that of CAT-15% zeo.
or CAT-25 zeo. particles, as shown in Figure 5d. In addition,
the uniform distribution of the fluorescence signal of PH" can
be observed in deactivated CAT-35% zeo., which illustrates
that the higher temperature rise within the catalyst can not
only fully activate pB* but also permit the ring extending of
pB* to polycyclic aromatic hydrocarbons (PAHs, e.g., PH).
Based on the simulation results (Supporting Note 6), we can
argue that the trends of coke distribution observed in the plane
at z = 1S pm within CAT-15% zeo., CAT-25% zeo. and CAT-
35% zeo. catalysts can be representative and reflect the trends
of coke distribution at the middle plane of different catalysts.
Such qualitative trends in coke distribution can, in principle,
facilitate the understanding of the utilization of BAS at
different regions of different catalysts. As a result, the higher
temperature rise aroused by high zeolite density promotes the
conversion of methanol with BAS and pB*, which enlarges the
throughput of methanol at the low start-up temperature.

Effect of Particle Size on Temperature Heterogeneity
and Catalyst Efficiency. For the catalyst particle with the
same BAS amount but different particle sizes, as shown in
Figure 7b, decreasing the catalyst particle size can increase the
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maximum temperature rise and promote the methanol
throughput at low start-up temperature. As shown in Figure
7¢, for the deactivated CAT-25% zeo.(S) catalyst, the residual
amounts of polyMBs and BAS are lower than those of the
other two samples. This implies that a higher temperature
increase in the catalyst with a small particle size leads to a more
adequate transformation of polyMBs and utilization of BAS. At
the initial stage of the MTH reaction, as shown in Figure 8a,
the heating rate owing to the reaction exothermicity at the core
region in the CAT-25% zeo.(S) catalyst is significantly faster
than that in the other two catalysts, which can be explained as
the rapid diffusion of methanol inward the catalyst center with
a small particle size. Combined with simulation results in
Figure S40, once the hotspot is formed at the core region, a
lower temperature gradient attributed to the short distance
between active sites is beneficial for reducing heat dissipation
in a binder and facilitating heat conduction to neighboring
active sites. Therefore, by using UL imaging, as shown in
Figure 8a, it can be clearly observed that in the CAT-25% zeo.
(S) sample, not only is the temperature rise elevated higher,
but the temperature is also more homogeneously distributed
within the catalyst. As shown in Figure SIS, at z = 15 pum, the
average diameters of the plane are 150, 170, and 190 um for
CAT-25% zeo.(S), CAT-25% zeo.(M), and CAT-25% zeo.
particles, respectively. For the transfer of same heat from the
core region to the outer shell of the particle at the xy-plane
(e.g, z = 15 um), prolonging distance results in a lower
temperature at the outer shell and a lower average temperature
over the cross section of interest. In addition, the
corresponding temperature distribution at the middle plane
within CAT.-25% zeo., CAT.-25% zeo.(S), and CAT.-25% zeo.
(M) is extrapolated, as shown in Figure S13. Decreasing the
particle size can effectively enhance the accessibility of BAS at
the internal region of catalyst particles to the reactant.'"®” As
shown in Figure S14b, for CAT-25% zeo.(S) with small
particle size, the fluorescence signal distribution of pB* or N is
relatively uniform throughout the particles at the initial stage of
the MTH reaction. This implies that the intraparticle methanol
concentration of CAT-25% zeo.(S) is higher than those of
CAT-25% zeo.(M) and CAT-25% zeo. particles due to the
shorter diffusion length. Combined with the temperature
distribution within CAT-25% zeo.(S) shown in Figure 8a, a
relatively higher and uniform distribution of methanol
concentration and temperature jointly promote the trans-
formation from HCP species to PAHs within the deactivated
CAT-25% zeo.(S) sample. Correspondingly, as shown in
Figure S14b, in the deactivated CAT-25% zeo.(S), the
fluorescence signal of PH* and PRY" is strong and distributed
uniformly in the internal region of CAT-25% zeo.(S). The
sufficient transformation from pB* to PH' and PRY' can
effectively improve the utilization of retained carbonaceous
species and thus enhance methanol throughput.

Based on the observations at the individual particle level, we
can profoundly illustrate the distinct temperature increase and
different MTH reaction performances of catalysts with
different active site densities and particle sizes. It is found
that the higher BAS density can cause a higher temperature rise
at the core region of the catalyst particle, and the smaller
particle size can facilitate a relatively more uniform distribution
of temperature inside the catalysts. This can have important
indications for the practical manufacturing of industrial zeolite
catalysts, in which the upper limit of content (ie., mass
fraction) of zeolites in individual catalysts is normally about
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~60%.'>57%%%° We fabricated a zeolite catalyst with higher
BAS density (i.e., the content of zeolite of 60%) and smaller
particle size (named CAT-60% zeo.-130 ym), showing (as in
Figure S29) that the temperature rise in sample CAT-60%
ze0.-130 pum is significantly higher (~5 K in average) than that
in sample CAT-35% zeo. during the MTH reaction. As
expected, the methanol throughput (at a methanol conversion
of 95%) on CAT-60% zeo.-130 um (i.e., 45 gyeonreo. ) iS 2
times higher than that on CAT-35%-zeo. sample (i.e., 20
Eveon Geo. ) at a low start-up temperature of 623 K. This
clearly illustrates that the temperature heterogeneity within
individual catalyst particles can formulate the catalyst particle
with higher methanol throughput.

B CONCLUSIONS

In this study, we propose a confocal two-photon microscopy-
based approach to measure the spatiotemporal variation of
temperature within individual catalysts during catalytic
reactions, utilizing the ratiometric thermometry of embedded
NaYF,@SiO, nanothermometers. In doing so, we first employ
microfluidic chips for controllable fabrication of catalyst
particles by incorporating zeolites and luminescence nano-
thermometers, with the aim of mimicking industrial catalysts.
We then focus on the industrially important MTH reaction
catalyzed by H-ZSM-S, a typical exothermic reaction, to
investigate the temperature-dependent activation of HCP
species at the individual catalyst level. Through the analysis
of DFT calculation results, we determine that a higher
temperature rise, particularly under low start-up temperatures,
leads to the full activation of polyMBs. Furthermore, we
employ a combination of multimodal imaging techniques (UL
imaging, super-resolution CFM, and IRM) along with versatile
simulations to profoundly elucidate the effect of temperature
heterogeneity on local catalytic performance and vice versa.
Our findings reveal that increasing the zeolite density, thereby
decreasing the heat conductivity coeflicient of the catalyst
particles, reduces heat dissipation at the catalyst level.
Therefore, increasing the BAS density results in a local
temperature rise that excites the activation of polyMBs at
specific positions and accelerates the release of reaction heat.
Consequently, the overall temperature rise within individual
catalyst particles increases with increasing zeolite density.
Moreover, reducing the catalyst particle size decreases heat
dissipation and temperature gradient during heat conduction
between active sites, leading to a higher maximum temperature
rise and more even temperature distribution throughout the
particle. As a result, catalyst particles with higher BAS densities
or smaller particle sizes exhibit improved utilization of BAS,
activation of polyMBs in the aromatic-based cycle, and
transformation of polyMBs to PAHs, ultimately enhancing
the methanol throughput. As a showcase in the context of the
MTH reaction, we emphasize the importance of considering
temperature heterogeneity within individual catalyst particles
as a crucial factor in the rational design of catalyst particles.
In conclusion, this study presents an approach to investigate
the spatiotemporal heterogeneity of temperature and its impact
on the efficiency of active sites as well as the activation and
formation of guest molecules within individual catalyst
particles. This is achieved through the implementation of
functional nanosensors and multimodal imaging techniques.
The proposed method offers a comprehensive perspective on
the overall catalytic performance at the individual catalyst
particle level, encompassing reaction kinetics, mass transport,
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and heat transfer. Future prospects involve the utilization of
diverse types of nanosensors and confocal microscopies to
obtain spatiotemporal-resolved panoramic insights into the
catalytic process, including local temperature distribution,
active site utilization, and intermediate species formation.
Ultimately, this approach holds significant importance in
advancing our understanding of reaction mechanisms and
kinetics within single catalyst particles of industrial relevance.

B METHODS

Fabrication and Characterization of Catalyst Particles. The
microfluidic chips were employed for the fabrication of catalyst
particles containing zeolites and nanofunctional sensors.”® Adjusting
the content of zeolites in the raw materials and the flow rate of the
water phase in the microchannel can regulate the contents of zeolites
in the catalyst and particle size of the catalyst, respectively. Synthetic
details are introduced in Supporting Notes 5. The morphology and
particle size of catalysts were observed with a Hitachi TM3000. The
nitrogen isothermal adsorption—desorption was conducted using a
Micromeritics ASAP 2020 to analyze the textural properties of
catalysts. NH;-temperature-programmed desorption profiles of
catalysts were recorded on a Micrometric 2920 to obtain acid
amounts of catalyst particles. The characterization methods for the
composition, morphology, phase purity, textural property, and acidity
of H-ZSM-S zeolites and NaYF,@SiO, are introduced in Supporting
Notes 3. The heat conductivity coefficient of the SiO, matrix and H-
ZSM.-S zeolites (samples were pressed into a 013 X 3 mm”* wafer) was
measured by a thermal constant analyzer (Hot Disck TPS2500s).

Catalyst Performance Evaluation. The catalyst performance
was evaluated in a fixed-bed reactor. The initial temperature of the
catalyst bed was set to 623 K, the weight hourly space velocity
(WHSV) of methanol was set to 22.1 gyeon*8seo. -h~ ", and the partial
pressure of methanol was 0.28 bar by flowing nitrogen. Online
analysis of the gas products was performed with an Agilent 7890B gas
chromatograph equipped with an flame ionization detection (FID)
detector and a PoraPLOT Q-HT capillary column. The conversion
and selectivity were calculated on a CH, basis.

Characterizations of Carbonaceous Species and BAS in
Catalyst Particles. The coke species in the catalysts were analyzed
by solution-extraction experiments. The relative changes in the
Bronsted acid sites were detected by diffuse reflectance infrared
spectroscopy. Experiment details are introduced in Supporting Notes

Upconversion Luminescence Imaging by Confocal Two-
Photon Microscopy. As shown in Figure S9, we employed a
multiphoton confocal microscope (Nikon AX R MP) equipped with a
high-working-distance 40x/0.80 objective lens (Nikon CFI Apo NIR
40X W), a two-photon light source (Spectra-Physics Mai Tai HP),
and detector channels that can simultaneously record the intensity of
two different wavelengths. The experiments of ratiometric thermom-
etry employed in this work are introduced in the following. About 2
mg of catalyst samples were loaded in an in situ reaction cell, and then
catalysts were purged with nitrogen at 623 K. To keep the same
WHSV (22.1 gyieon€eo. h™") of methanol in the cell as that in the
fixed-bed reactor, the inlet of nitrogen was set to 2, 1.5, and 1 mL-
min~! for CAT.-35% zeo., CAT.-25% zeo. or CAT.-15% zeo. catalysts,
respectively. The methanol saturated steam was carried by nitrogen at
room temperature. In Figure 4a, the focal plane of the catalyst particle
was selected to be a plane 15 ym from the top. At the focal plane,
during MTH reactions, the spatiotemporal evolutions in the
luminescence intensity of NaYF,@SiO, at S10—S570 nm (green
channel) and 625—750 nm (red channel) were collected at 5 s
intervals by two independent detectors with corresponding filters,
respectively, excited by continuous-wave and pulsed 980 nm lasers (2
W excitation power). Using the same excitation power of lasers can
avoid the interference of excitation power on red-to-green ratio
measurements.”” During the MTH reaction, the typical spatial-
resolved luminescence intensities of NaYF,@SiO, in catalysts
collected at 510—570 nm (green channel) and 625—750 nm (red

https://doi.org/10.1021/jacs.3c14305
J. Am. Chem. Soc. 2024, 146, 4958—4972


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c14305/suppl_file/ja3c14305_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c14305/suppl_file/ja3c14305_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c14305/suppl_file/ja3c14305_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c14305/suppl_file/ja3c14305_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c14305/suppl_file/ja3c14305_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c14305/suppl_file/ja3c14305_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c14305/suppl_file/ja3c14305_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c14305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

channel) are shown in Figure S10. The local red-to-green ratio was
calculated by the local luminescence intensity ratio I,/I,. Then, based
on the calibration curve shown in Figure 2d, the local temperature
within the catalyst particle can be calculated. In Figure 4b, we divided
the spherical cross section of the catalyst into the core, inner-shell,
and outer-shell regions to clearly represent the temperature gradient
within the individual catalyst particle (Figure 4c—e). UL spectra of
NaYF,@SiO, in ensemble catalyst particles were obtained via a
fluorescence spectrometer (Edinburgh FSS), in which a heating
platform (Linkam HFS600E-PB2) was attached.

Super-Resolution Confocal Fluorescence Microscope. The
spatial distribution of coke species within the deactivated catalyst
particle is visualized by a super-resolution CFM. Based on our
previous work®® and theoretical calculation by time-dependent
density functional theory,”®”" in Figure 6a, the calculated excitation
wavelengths of polymethylbenzenic (pB*)/naphthalenic (N*),
phenanthrenic (PH"), and pyrenic (PYR") carbocations were situated
around 480, 560, and 640 nm, respectively, and the corresponding
emission wavelengths were located in the ranges of 500—520, 620—
630, and 670—700 nm, respectively. The sufficiently close wave-
lengths of illumination and emission detection of super-resolution
CFM were used in this work, which can cover the characteristic areas
of excitation and emission wavelengths of pB*/N*, PH, and PYR". In
Figures 6b—d and S14, the super-resolution CFM images showed the
fluorescence that originated from the overlap of three profiles with
laser excitation of 488 nm (detection at S00—545 nm, false color:
green), 561 nm (detection at 570—640 nm, false color: red), and 640
nm (detection at 663—738 nm, false color: orange). The images were
taken in the plane at z = 1S um from the top. The luminescence
intensity ratios I /I45¢ and Igyo/Igs, where intensities of Igq, Iss;, and
Igyo are the integrated areas of the bands at, respectively, 500—545,
570—640 and 663—738 nm, were used to estimate the relative
proportion of PAH species within the catalyst.

Infrared Microscopic Imaging. Before the IRM imaging, the
spent catalysts were regenerated by air with a flow of 10 mL-min~" at
823 K in an in situ reaction cell. The MTH reaction conditions for
IRM imaging were similar to those for ratiometric thermometry in an
in situ reaction cell. When a certain reaction stage was reached
(Figure 3a), the inlet was switched from methanol/nitrogen to
nitrogen, and IR spectra were collected along different positions of the
catalyst, as shown in Figure Sa. As shown in Figure Sa, the IR spectra
from the rim to the center of the catalyst particle were obtained by
adjusting the catalyst position that can be opposite to the detection
window through the electric displacement table. As shown in Figures
S23 and S27, the deconvolution method was used to fit the IR band
from 3200 to 3800 cm™". The positions of three Gaussian bands were
3740 cm™ (isolated silanol), 3650 cm™ (hydroxyls in BAS), and
3550 cm™! (silanol nests), respectively.”” In this work, the ratio of the
integral area of the Gaussian band (position at 3650 cm™") between
the spent and fresh samples was used to calculate the relative changes
in BAS at the corresponding region within an individual particle. The
maximum signal of BAS in the corresponding fresh catalyst particle
was used as a baseline for normalization to show the relative changes
in BAS, as shown in Figure Sb—d. To avoid the effect of water on the
BAS measurements, the IR spectra were collected under the nitrogen
atmosphere at 623 K. The detailed process was as follows: when a
certain reaction stage was reached (Figure 3a), the inlet was switched
from methanol/nitrogen to nitrogen, and IR spectra were collected
along different positions of the catalyst, as shown in Figure Sa.

Simulations. The reaction kinetics—diffusion—heat transfer
simulations were used to simulate the spatiotemporal evolutions of
methanol, HCP species, polycyclic aromatic hydrocarbons, Bronsted
acid sites, and temperature within individual catalyst particles with
different active densities and particle sizes. The reaction—diffusion—
heat transfer model was developed based on the reaction—diftusion
model in our previous work.*®”>”* As shown in Figure 8d, an example
catalyst pellet formed with the randomly distributed H-ZSM-5
zeolites could be split into micropore zeolite (square) and mesopore
regions (the binder was considered to be silica). A multi-region model
and code were developed in previous work.”> Each region was
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controlled by its own PDEs with coupling boundary conditions. The
detailed description of PDEs and parameters of reaction kinetics,
molecular diffusivity, and adsorption is introduced in Supporting Note
9 in the Supporting Information. Employing the detailed- or
microkinetics of MTH reactions in reaction—diffusion—heat transfer
is an appealing idea. However, constructing such a model not only
requires a complicated reaction network and kinetics of MTH
reactions but also involves the diffusion and adsorption of the
reactant, intermedia, and products. Therefore, in this work, the
lumped reaction kinetics was emplozfed, which was validated by
experiments in our previous work,">”> and the activation energy of
the reaction was estimated from refs 59,62,76—78. The intracrystalline
diffusivity D; values of hydrocarbons and water were obtained from ref
79 and are listed in Table S6. The intracrystalline diffusivity of
methanol and adsorption isotherms of hydrocarbons and methanol at
623 K were simulated by molecular dynamics and Monte Carlo
simulations (detailed simulation methods are shown in Supporting
Note 9 in the Supporting Information). The effects of H-ZSM-$
zeolite content and catalyst particle size on acid site utilization,
carbonaceous species formation, and temperature variations were
simulated.
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