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e of local temperature gradients in
individual zeolites containing metal active sites

Bing Zhao,ab Zhikang Xu,e Guida Li,ab Gang Meng,a Hang Chen,b Tong Zhao,f

Haibo Zhu, d Dan Zhao,b Mingbin Gao,*c Mao Ye *ab and Zhongmin Liub

The spatial distribution of active sites governs the behavior of solid catalysts, yet how it shapes local

temperature gradients and thereby affects catalytic performance remains poorly understood. Here, using

the industrially important propane dehydrogenation (PDH) over CoOx confined in silicalite-1 (S-1)

zeolites as a model system, we show that catalytic activity and stability are enhanced when CoOx is

peripherally confined near the crystal surface (CoOx@S-1-M), rather than uniformly distributed

throughout the zeolite (CoOx@S-1-U), which differs from conventional catalyst design strategies that

emphasize uniform active-site dispersion for stability. To uncover the origin of this behavior, we probe

the local temperatures of CoOx clusters by developing in situ high-resolution microscopic Raman

thermometry. CoOx@S-1-U exhibits a pronounced core-to-edge thermal gradient, with the temperature

difference exceeding 17 °C, whereas CoOx@S-1-M maintains a much more uniform temperature

distribution, with the difference limited to 8 °C. CoOx@S-1-M also exhibits higher propane conversion

and stability, consistent with this thermal behavior. Mechanistic analysis reveals that the smaller

temperature drop at CoOx clusters in CoOx@S-1-M enhances propylene desorption and suppresses side

reactions and coke formation, deviating from the commonly accepted view that higher temperatures

generally promote coke growth. These findings establish a direct link between active-site spatial location

and catalytic performance through microscale temperature gradients at active clusters, providing a new

perspective for the rational design of supported metal catalysts.
1. Introduction

Connement of metal active sites within zeolites has demon-
strated signicant potential in developing catalysts with enhanced
activity, selectivity, and stability for industrially relevant processes,
including dehydrogenation/hydrogenation and oxidation.1–4 These
zeolite-supported metal catalysts combine the intrinsic structural
stability and conned microenvironments of zeolite frameworks,
demonstrating superior performance in the catalytic conversion of
energy-relevant small molecules.5–8 Extensive efforts have been
devoted to the precise design of the structure and coordination of
metal catalysts within conned nanochannels. Notably, evenwhen
the metal loading, structure, and coordination remain constant,
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the spatial distribution of metal species within the zeolite support
can play an equally critical role in determining catalytic perfor-
mance.9 By precisely controlling the spatial positioning of active
sites, the activity and product selectivity of zeolite-catalyzed reac-
tions can be effectively modulated.10–12 Investigating the spatial
distribution of active sites is essential for comprehensively char-
acterizing the intrinsic properties of catalysts and for the rational
design and optimization of zeolite-supported metal catalysts.13

Zeolite-supported catalysts are known to exhibit heteroge-
neous spatial distributions of active sites,14–19 which can lead to
nonuniform reaction rates within zeolite during exothermic or
endothermic processes. This, in turn, gives rise to site-specic
temperature variations and spatial thermal gradients.20 The
localized thermal uctuations have a direct impact on macro-
scopic catalytic activity and stability,21,22 particularly in zeolite-
supported metal catalysts where metal active sites oen
exhibit spatial segregation.23–25 This effect becomes pronounced
in highly endothermic and industrially important reactions,
such as the propane dehydrogenation (PDH) reaction.26–29 These
challenges call for the development of spatially resolved ther-
mometric techniques capable of mapping local thermal envi-
ronments at active sites.

However, in situ thermometry inside individual catalysts is
a fundamental yet non-trivial task. Few characterization
Chem. Sci.
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techniques can directly measure the local temperature of cata-
lysts under reaction conditions. While conventional character-
ization techniques including IR30 and nuclear magnetic
resonance (NMR) thermometry31 offer critical insights into the
bulk thermal information of catalyst beds, their inherent spatial
resolution limitations at the millimeter scale preclude appli-
cations for micro- and nano-structured catalysts.32 Major
advancement in the applications of luminescent thermometry
has been achieved by Weckhuysen and co-workers,14,33,34 in
which optically responsive probes were incorporated into cata-
lyst matrices for spatially resolved thermal sensing. Recently,
Tian et al. employed two-photon confocal microscopy combined
with up-conversion luminescence35 to enable temperature
mapping within individual catalyst particles during the
methanol-to-hydrocarbons reaction. Filez et al. successfully
applied X-ray absorption ne-structure (XAFS) thermometry to
achieve in situ temperatures of active Ni nanoparticles.36 Recent
operando thermometry studies on propane dehydrogenation
have highlighted the critical role of temperature in catalytic
activity and deactivation,37 while also showing that reliable
temperature measurement under reaction conditions remains
challenging. However, these studies mainly probe catalyst
temperature at the particle or bed level, whereas the local
temperature of the active phase within conned catalysts
remains much less explored. Although thermometric tech-
niques have advanced signicantly, accurately probing local
thermal variations of active clusters with spatial resolution in
catalyst supports remains challenging, especially for zeolite-
supported metal catalysts. Luminescence thermometry
measures the temperature of the catalyst matrix rather than that
of the active clusters and has thus far been applied mainly to
industrial-scale catalyst particles rather than individual
zeolites. XAFS provides a potential route to obtain the temper-
ature of active nanoparticles, but spatially resolved measure-
ments still require further investigation. Therefore, the
development of in situ thermometry techniques with spatial
resolution for zeolite-supported active clusters is imperative.

Owing to the relationship between Raman shi and
temperature, microscopic Raman spectroscopy has shown
promise for in situ thermometry.38 In this work, we propose the
use of high-resolution microscopic Raman (HR-mRaman)
spectroscopy to spatially probe the local temperature of CoOx

clusters supported within silicalite-1 (S-1) during the PDH
reaction. By designing two CoOx@S-1 catalysts with distinct
spatial distributions of CoOx active sites,39,40 we probe the
temperature distribution within individual zeolites under
reaction conditions.41,42 Concurrently, in situ Fourier transform
microscopic infrared (FT-mIR) spectroscopy and matrix-
assisted laser desorption/ionization Fourier transform ion
cyclotron resonance mass spectrometry (MALDI FT-ICR MS)-
photoluminescence (PL) coupling were employed to track the
spatiotemporal evolutions of active-intermediates and coke
species within individual zeolites. In parallel, periodic density
functional theory (DFT) and molecular dynamics (MD) simula-
tions were performed to elucidate the effect of temperature on
coke formation. This multi-modal strategy allowed for
a systematic and profound investigation on the effects of spatial
Chem. Sci.
distribution of active sites on the catalytic performance,
including conversion efficiency and stability, from the
perspective of the local heterogeneous thermal environment.

2. Results and discussion
2.1 Characterization of the zeolite-supported metal oxide
catalysts

The S-1 support, synthesized by the conventional hydrothermal
method, exhibits a uniform size distribution of ∼120 mm (Fig.
S1). Cobalt oxides (CoOx), at a loading of ∼5 wt%, were incor-
porated into S-1 (denoted as CoOx@S-1) by wet-impregnation
(denoted as CoOx@S-1-M, where M means marginal) and an
ultrasound-assisted method (denoted as CoOx@S-1-U, where U
means uniform), respectively (for details, see the SI). Aer high-
temperature calcination in an oxidation atmosphere, the spatial
distribution of active CoOx catalysts can be controlled in S-1. X-
ray diffraction (XRD) patterns of CoOx@S-1 (Fig. S2) reveal
characteristic peaks at approximately 8.2°, 9.0°, 23.3°, 24.1°,
and 24.6°, corresponding to the MFI framework.43,44 Nitrogen
adsorption–desorption isotherms at 77 K (Fig. S3) conrm that
the microporous structure of S-1 remained intact aer the
incorporation of CoOx. Table S1 presents the loading of Co
species in CoOx@S-1-M and CoOx@S-1-U, alongside their BET
surface area and micropore volume, all of which are largely
consistent. In Fig. 1a, the 29Si magic-angle spinning nuclear
magnetic resonance (29Si MAS NMR) spectra show a character-
istic peak at −116 ppm, which corresponds to the Si(OSi)4
species (Q4).43,45 The evident broadening of the −116 ppm
resonance in CoOx@S-1-M and CoOx@S-1-U, relative to pristine
S-1, indicates increased structural disorder around the frame-
work Si sites, thereby providing strong evidence for the coor-
dination of Co species with Si atoms through the formation of
Co–O–Si linkages. Fourier transform infrared (FTIR) spectra of
CoOx@S-1 reveal identical characteristic peaks (Fig. S4), with
asymmetric stretching vibrations of the Si–O–Si bridge observed
around 1090 cm−1.46,47 And the Co–O–Si band around
1000 cm−1 conrms the incorporation of CoOx into S-1.48,49

The coordination state of CoOx in S-1 is provided in Fig. 1b
and c. The normalized X-ray absorption near-edge structure
(XANES) spectra of CoOx@S-1 are similar to Co2O3, and the
Fourier transform (FT) extended X-ray absorption ne structure
(EXAFS) spectra reveal bands at approximately 2.05 Å and 3.04 Å
(ref. 50) (corrected distances), which corresponds to Co–O and
Co–Co bonds in the rst and second shells, respectively (Table
S2). Based on the average coordination number (CN) in Co–O of
4.9 and in Co–O–Co of 4.0, CoOx@S-1 should contain CoOx

clusters, which is supported by the tting curve of k-edge EXAFS
(Fig. S5) and the wavelet transform analysis (Fig. S6). The spatial
distribution of CoOx in CoOx@S-1-M and CoOx@S-1-U was
studied via time-of-ight secondary ion mass spectrometry
(TOF-SIMS). TOF-SIMS was employed to analyze the spatial
distribution of Co ions across each vertical layer from the
external surface to the interior of the individual S-1. As shown in
Fig. 1d, the Co ion content inside the CoOx@S-1-M catalyst is
signicantly lower than that near the external surface, indi-
cating that the CoOx species are conned within the zeolite but
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterization of CoOx@S-1 catalysts and active Co species structures. (a) The 29Si MAS NMR spectra of CoOx@S-1-M and CoOx@S-1-U
catalysts. (b) Fourier transform k3-weighted EXAFS spectra and (c) k-edge XANES spectra of CoOx@S-1-M and CoOx@S-1-U catalysts, compared
with reference spectra of Co foil and Co2O3. Spatial distribution of CoOx catalysts within S-1 at different depths determined via TOF-SIMS using
the mass-to-charge ratio (m/z) signal of secondary Co ions in the (d) CoOx@S-1-M and (e) CoOx@S-1-U catalysts. The images from left to right
represent the Co ion concentration across different depths, spanning from the external surface to the interior of the individual zeolite. (f)
Schematic diagram of the structure of CoOx catalysts in S-1 and the spatial distribution of CoOx in S-1 based on the obtained characterization
studies.
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predominantly distributed in regions close to the crystal
surface. In contrast, Fig. 1e illustrates a uniform distribution of
CoOx throughout the CoOx@S-1-U catalyst. Fig. 1f conrms that
the Co species are coordinated as oxide clusters within the S-1
framework and clearly highlights the distinct spatial distribu-
tions of CoOx clusters in CoOx@S-1-M and CoOx@S-1-U.
2.2 Catalytic performance of PDH on CoOx@S-1 catalysts

Long-term PDH reactions were carried out in a xed-bed reactor
for CoOx@S-1-M and CoOx@S-1-U at different temperatures
(500, 525, 550, 575, and 600 °C). Fig. 2a and S7 show the
© 2026 The Author(s). Published by the Royal Society of Chemistry
continuous decline in propane conversion with time on stream.
Notably, at the testing temperature, the conversion over the
entire PDH reaction of propane on CoOx@S-1-M is higher than
that on CoOx@S-1-U. The propane conversion is far below the
equilibrium conversion of PDH reactions (Table S3). In addi-
tion, the inactivation constant (kd) of CoOx@S-1-M and
CoOx@S-1-U was calculated at 575 and 600 °C (where the initial
propane conversion is greater than 10%), with the deactivation
constant determined as described in the SI on page S9 (Fig. 2b).
The slightly higher kd of CoOx@S-1-U compared with CoOx@S-
1-M suggests that CoOx@S-1-M possesses both higher catalytic
Chem. Sci.
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Fig. 2 Catalytic performance of the PDH reaction on CoOx@S-1 catalysts. (a) Durability of CoOx@S-1-M, CoOx@S-1-U and CoOx/SiO2 catalysts.
Reaction conditions: feed gas of 20% C3H8 and 80% N2; WHSV = 2.16 gC3H8

gzeo.
−1 h−1; T = 575 °C. (b) The effect of temperature on C3H8

conversion on CoOx@S-1-M and CoOx@S-1-U catalysts and inactivation constants. Reaction conditions: feed gas of 20% C3H8 and 80% N2;
WHSV= 2.16 gC3H8

gzeo.
−1 h−1. Fourier transform k3-weighted EXAFS spectra of (c) CoOx@S-1-M and (d) CoOx@S-1-U catalysts at different times

of stream, compared with reference spectra of Co foil and Co2O3.
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activity and superior stability. Fig. 2a also shows the catalytic
performance of the CoOx/SiO2 catalyst, in which active Co
species are deposited on the silica surface (Co loading 5%,
identical to that of CoOx@S-1-M), during PDH in a xed-bed
reactor. The all-stage propane conversion on CoOx/SiO2 (initial
propane conversion ∼3%) is markedly lower than that on
CoOx@S-1-M, as the CoOx clusters supported on the silica
surface tend to readily aggregate into larger particles, leading to
reduced catalytic activity and stability (Fig. S8 and S9). In
contrast, the structure of the active CoOx species conned
within the CoOx@S-1-M crystals remains much more stable due
to the spatial connement effect of the S-1 framework, resulting
in superior catalytic performance compared with CoOx/SiO2.

The effects of external and internal mass transfer in PDH
over CoOx@S-1-M and CoOx@S-1-U were systematically exam-
ined to evaluate the accessibility of active Co species in
CoOx@S-1-M and CoOx@S-1-U. Diffusion experiments of
propane within CoOx@S-1-M and CoOx@S-1-U were conducted
at different temperatures (Fig. S10, see the SI for experimental
details and data processing). The diffusion activation energy of
propane (Ea,diff) obtained from the experiments was approxi-
mately 16.1 kJ mol−1, in good agreement with the MD simula-
tion results (∼16.6 kJ mol−1, Table S4). As summarized in Table
S5, the Mears' criterion values are far below 0.15 and the Weisz–
Prater criterion values are far below 1,51 conrming that both
external and internal mass-transfer resistances are negligible
under the PDH reaction conditions. Furthermore, to
Chem. Sci.
quantitatively assess the impact of internal diffusion, the
effectiveness factor (h) was determined using Thiele modulus
analysis.52 The h values listed in Table S6 are very close to 1.00,
indicating that the active Co species in both CoOx@S-1-M and
CoOx@S-1-U are fully accessible to propane molecules. In
addition, operando XAFS, X-ray photoelectron spectroscopy
(XPS), and in situ ultraviolet-visible (UV-vis) spectroscopy were
employed to probe the coordination environments and elec-
tronic states of the active Co species in CoOx@S-1-M and
CoOx@S-1-U during the PDH reaction. All characterization
studies were conducted under reaction conditions identical to
those in the xed-bed reactor, with a feed gas consisting of 20%
C3H8 and 80% N2, a WHSV of 2.16 gC3H8

gzeo.
−1 h−1, and the in

situ cell temperature maintained at 575 °C. The Co K-edge
XANES spectra and Fourier transform k3-weighted EXAFS
spectra of CoOx@S-1-M and CoOx@S-1-U at different times on
stream are shown in Fig. S11 and 2c, d. Both catalysts exhibit
characteristic EXAFS bands at approximately 2.05 Å and 3.04 Å
(corrected distances), corresponding to Co–O and Co–Co bonds
in the rst and second coordination shells,50 respectively,
indicating that the active Co species within the S-1 zeolite
remain in oxidized states during the PDH reaction. Based on the
average coordination numbers (CN) of ∼4.9 for Co–O and ∼4.0
for Co–O–Co (Table S7), the coordination structure of the active
CoOx clusters is inferred to remain unchanged throughout the
catalytic process, consistent with the tted k-edge EXAFS curves
(Fig. S12).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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The XPS spectra of CoOx@S-1-M and CoOx@S-1-U recorded
at different times on stream show no signicant shi in the Co
2p binding energy or noticeable variation in the Co3+/Co2+ ratio,
suggesting that the oxidation state and local coordination
environment of cobalt remain nearly constant during the PDH
reaction (Fig. S13).53 In situ UV-vis spectra provide additional
evidence for the chemical and structural stability of the active
Co species (Fig. S14). Both CoOx@S-1-M and CoOx@S-1-U
display two characteristic absorption bands in the range of
450–700 cm−1, attributable to Co incorporated into the MFI
framework.50 Notably, no apparent band shi or emergence of
new features associated with other Co coordination environ-
ments is observed at different reaction stages, indicating that
the local coordination structure of active Co species remains
unaltered during PDH. Collectively, the operando XAFS, XPS,
and in situ UV-vis results conrm that the active Co species in
CoOx@S-1-M and CoOx@S-1-U remain structurally and chemi-
cally stable under PDH reactions, thereby excluding the inu-
ence of active-site evolution on the catalytic performance
differences between the two catalysts. Therefore, the discrep-
ancy of propane conversion between CoOx@S-1-M and CoOx@S-
1-U can be attributed to the different local temperatures of CoOx
Fig. 3 A schematic of in situ spatiotemporally resolved spectroscopy im
(a) A single crystal of S-1 (blue) incorporated with CoOx clusters. (b) HR-m
active-intermediate species, and (d) MALDI FT-ICR MS-PL coupling for
represent Si, O, and Co atoms, respectively, while dark gray and white s

© 2026 The Author(s). Published by the Royal Society of Chemistry
clusters caused by the different spatial distribution of Co
species.

Spatially and temporally resolved characterization studies of
the temperature distribution within the CoOx@S-1 catalysts are
crucial for understanding the discrepancy in catalytic perfor-
mance between CoOx@S-1-M and CoOx@S-1-U. To achieve this,
we employed a spatiotemporal spectroscopic approach, inte-
grating HR-mRaman, FT-mIR, and MALDI FT-ICR MS-PL
coupling to monitor the temperature, active-intermediate
species, and coke species within individual zeolite catalysts,
as illustrated in Fig. 3a. Temperature is known to strongly
inuence phonon behavior. Consequently, Raman scattering is
widely used to probe temperature-induced phenomena such as
phase transitions, lattice strain, and thermal expansion.54 As the
temperature increases, variations in the lattice constants along
specic crystallographic directions alter the interatomic
spacing and phonon frequencies, thereby causing characteristic
shis in the Raman peaks. By exploiting the relationship
between temperature and Raman shi, such a method can
detect the temperature variations at active metal oxide sites
within individual S-1 crystals (Fig. 3b). Through the use of a two-
dimensional precise displacement stage, the spatial
aging for the investigation of the heterogeneity of individual catalysts.
Raman for thermometry of active metal oxides, (c) FT-mIR for tracking
the characterization of coke species. Orange, red, and violet spheres
pheres denote C and H atoms.

Chem. Sci.
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distribution of temperature at different positions of zeolite can
be obtained. Fig. 3c and d illustrate that the spatial distribution
of active intermediates within a single catalyst can be identied
through FT-mIR with a two-dimensional precise displacement
stage, and coke species can be analyzed via MALDI FT-ICR MS-
PL coupling.

2.3 Non-uniform distribution of local temperatures of active
CoOx clusters within individual zeolites

The discrepancy in catalytic performance between CoOx@S-1-M
and CoOx@S-1-U catalysts in PDH reactions, despite their
identical CoOx contents, cluster structure and propane diffu-
sion, can be directly attributed to the different spatial distri-
butions of CoOx. Given that PDH is a highly endothermic
reaction and constrained by thermodynamic equilibrium,39,40

therefore, it is crucial to probe the local temperature within
individual crystals. To address this, HR-mRaman was employed
to probe the local temperature of active CoOx clusters at
different positions within individual S-1. The Raman spectra of
CoOx@S-1 exhibit a Raman shi at 380 cm−1, which corre-
sponds to Si–O–Si vibration55,56 and a Raman shi at 690 cm−1,
which corresponds to Co–O vibration57,58 (Fig. 4a). Although the
Raman spectrum of CoOx@S-1 exhibits both the Si–O–Si band
Fig. 4 In situ thermometry for metal oxide clusters in zeolites. (a) Ram
dependent Raman shift of the Co–O vibration in CoOx@S-1-M zeolite; s
center of the Raman peak was determined by fitting the Raman spectra u
a thermocouple inside the in situ cell). (c) A linear relation was establishe
K−1. And comparisons of the Raman shift between fresh (circle point
temperature of active CoOx clusters from 400 to 500 °C at heating rate
from the Raman shift using the linear relationship in (c) (TR represents the
cell was purged with nitrogen gas at a flow rate of 5 ml min−1. Spectra col
exposure time and a single scanning cycle.

Chem. Sci.
(∼380 cm−1) and the Co–O band (∼690 cm−1), the Si–O–Si
vibration is not suitable as a temperature indicator. In silicalite-
1, multiple low-frequency framework modes are strongly
affected by the polarization of the incident light and crystal
orientation, which oen leads to peak overlap, shoulder
features, and intensity redistribution.59 As a result, the peak
position of the Si–O–Si band cannot be tted as robustly as that
of the Co–O band, making it less reliable for thermometry. Fig.
S15 presents Raman spectra acquired by varying typical
parameters13 (e.g. exposure time, laser power and scanning
cycles). Increasing the exposure time and laser power can
effectively enhance spectral intensity and the signal noise ratio,
while adding scanning cycles can only improve the signal-to-
noise ratio. However, using 50% laser power (40 mW) leads to
local laser heating, which causes the local-heating and red-shi
of the Raman peak. To minimize laser heating effects during
Raman thermometry, a series measured parameters of Raman
spectra were attempted, and the optimal parameters were
determined, i.e. 10% laser power (8 mW), exposure times of 20 s
and a single scanning cycle.

As shown in Fig. 4b, temperature-dependent Raman spectra
were collected at 5 °C intervals from 400 to 500 °C range, which
reveal a consistent red-shi in the Co–O vibration Raman peak
an spectrum of CoOx@S-1-M recorded at 298 K. (b) Temperature-
pectra were collected from 400 to 500 °C range at 5 °C intervals. The
sing a Gaussian function (TE represents the temperature measured by

d between Raman shift and temperature, yielding a slope of 0.04 cm−1

) and coke-deactivated (triangle point) catalysts are shown. (d) The
s of 9.3 °C min−1 and 15.2 °C min−1. The temperature was determined
temperature determined by Raman shift). Heating conditions: the in situ
lection conditions: a 532 nm laser with 8 mW as an excitated laser, 20 s

© 2026 The Author(s). Published by the Royal Society of Chemistry
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with increasing temperature. Here, TE represents the tempera-
ture measured by a thermocouple inside the in situ reaction cell.
The Raman peaks were tted to determine their central positions
using a Gaussian function. As shown in Fig. S16, the Raman shi
at 679 cm−1 was plotted as a function of temperature. In Fig. 4c
and S17, a linear relationship between the Raman shi of Co–O
vibration and temperature is shown, with a slope of−0.04 cm−1 °
C−1. These results indicate that the temperature of active CoOx

clusters can be accurately probed using the Raman shi, thereby
avoiding the use of complex temperature-indicating factors. The
Co–O Raman shi mainly arises from temperature-dependent
phonon anharmonicity and thermal expansion.60 Meanwhile,
the Co–O vibrational band is also sensitive to the oxidation state
and local coordination structure of Co species. For example,
Co(III)–O stretching vibrations are generally observed at higher
wavenumbers (∼680–690 cm−1), whereas Co(II)–O vibrations
typically appear at lower wavenumbers (∼600–620 cm−1).61

Therefore, the reaction atmosphere would affect the Co–O
Raman shi only if it induces structural evolution or oxidation-
state changes of the active Co species. To exclude this possi-
bility, in situ Fourier transform k3-weighted EXAFS and in situ XPS
measurements were performed under PDH conditions (Fig. S11–
S13). The results conrm that the active Co species in both
CoOx@S-1-M and CoOx@S-1-U remain structurally and chemi-
cally stable during the reaction, indicating that the Raman shi is
not affected by reaction-induced changes in the active phase.
This demonstrates that the reaction atmosphere does not affect
the lattice vibrational frequency through changes in the structure
or oxidation state of the active phase, and therefore does not
interfere with the temperature–Raman shi calibration. To
further examine the robustness of the temperature–Raman shi
calibration in PDH-relevant environments, we evaluated the
inuence of coke deposition and the product-related H2 atmo-
sphere on Raman thermometry. As shown in Fig. 4c, a linear
relationship between Raman shi and temperature can also be
obtained for the coke-deactivated sample aer 20 h of reaction,
which closely matches that of the fresh sample. This result
indicates that coke deposition does not change the temperature
dependence of the Co–O vibration. In addition, the temperature–
Raman shi relationships measured for the fresh sample under
N2 and diluted H2 atmospheres are in good agreement (Fig.
S17d), indicating that the presence of H2 does not affect the
accuracy of the thermometry. Fig. S18 presents the mean and
standard deviation of the characteristic peak positions at each
temperature across multiple crystals, together with the slope of
the temperature–Raman shi linear relationship and its stan-
dard deviation. The uncertainty in peak position is in the range of
0.02–0.05 cm−1, corresponding to a temperature uncertainty of
dT z 0.5–1.3 °C. This precision is sufficient to resolve the DT
differences of 10–20 °C observed in this work, thereby conrming
the accuracy of the method. To validate its effectiveness in in situ
monitoring of temperature, in situ heating experiments were
conducted. As shown in Fig. 4d, Raman spectra were continu-
ously collected from 400 to 500 °C at heating rates of 10.0 °C
min−1 and 15.0 °C min−1, respectively. By converting the Raman
shis to the temperatures of active CoOx clusters (denoted as TR)
using the established linear relationship in Fig. 4c, the
© 2026 The Author(s). Published by the Royal Society of Chemistry
temperature variations of active CoOx clusters closely aligned
with the programmed heating rates of the in situ reaction cell.
Such agreement conrms the reliability of Raman thermometry
for real-time reaction temperature measurements of the active
metal oxide sites. The time-resolved raw Raman spectra (Fig. S19)
indicate that reaction-induced optical changes have only
a limited inuence on the Co–O Raman shi. Although the
baseline gradually increases with time on stream, the Co–O band
remains sharp throughout the reaction, and the background
variation within the tting window is small. These results
conrm that the inuence of reaction-induced optical changes
on the thermometry results is limited in the present CoOx@S-1
system. Although such effects can be excluded here, they may
still become important in other catalytic systems. Therefore,
changes in catalyst optical properties during reaction should be
carefully considered when applying optical thermometry under
operando conditions. The thermocouple in the Linkam CCR1000
cell does not directly contact the crystal, so the absolute crystal
temperature may deviate slightly from the set temperature.
However, the thermal resistance between the sample and the
temperature-sensing region is expected to be small under the
present natural-convection conditions, limiting the resulting
offset to only a few degrees Celsius. To reduce this uncertainty,
Raman spectra were collected and reaction gases were switched
only aer holding the system at the target temperature for 15min
to allow thermal equilibration. Possible perturbations associated
with the owing gas were further minimized by keeping the in
situ cell, thermocouple, total ow rate, gas composition, and laser
power identical throughout the measurements. More impor-
tantly, the key parameter in this work is not the absolute
temperature itself, but the relative temperature drop (DT) and its
spatial distribution within single crystals measured under strictly
identical conditions. Under these matched conditions, any
systematic offset between the thermocouple reading and the
actual sample temperature would not alter the comparative
analysis of local temperature gradients. The conclusions there-
fore arise from relative differences in local thermal response
rather than from the absolute accuracy of the external tempera-
ture reading. Further improvement of absolute thermometry
under reaction conditions will be pursued in future work.

The PDH reaction was carried out by introducing propane
gas (ow rate F = 5 ml min−1 and T = 575 °C) into the in situ
reaction cell (Fig. 5a). Specically, the in situ cell was rst
stabilized at 575 °C under 100%N2 ow for 15min, and the feed
was then switched to 20% C3H8/80% N2 (5 ml min−1). In this
operation, Raman spectra were continuously collected at the
edge, submarginal, and center regions to obtain the evolution of
DT with time on stream. The rst Raman spectrum collected
aer switching the feed gas was dened as t = 0 s at reaction
onset. Fig. 5b presents a HR-mRaman bright-eld image of the
individual catalyst crystal, clearly identifying a single CoOx@S-1
crystal within the eld of view. Using the established linear
correlation between Raman shi and temperature, the
temperatures of active CoOx clusters in different locations
(edge, submarginal and center position) within the single
crystal during the PDH reaction were determined. Fig. 5c
illustrates the temperature variations of active CoOx clusters
Chem. Sci.
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Fig. 5 In situ thermometry formetal oxide clusters in zeolites during the PDH reaction. (a) Catalysts were placed in an in situ cell, where individual
zeolites were identified under a microscope. The temperature of a single crystal during the PDH reaction was determined by Raman ther-
mometry. (b) Bright-field image of CoOx@S-1 captured under HR-mRaman, marked with the edge (circle symbol), submarginal (triangle symbol),
and center (five-pointed star symbol) locations of the crystal. Temperature drop across different locations of single crystals of (c) CoOx@S-1-M
and (d) CoOx@S-1-U during the PDH reaction (the in situ cell was maintained at 575 °C, and DT denotes the temperature drop, t = 0 (switching
from N2 to propane)). (e) Comparisons of DT between the different locations of multiple crystals of CoOx@S-1-M and CoOx@S-1-U during the
PDH reaction (DTaverage denotes the mean DT recorded over the course of the PDH reaction, error bars represent the statistical dispersion
(standard deviation) over n = 6 independent crystals). Simulations of the spatiotemporal temperature evolution of active CoOx clusters in the
(f) CoOx@S-1-M and (g) CoOx@S-1-U catalyst models during the endothermic PDH reaction (in the color bar, red corresponds to 575 °C and blue
corresponds to 550 °C). Reaction conditions: feed gas of 20% C3H8 and 80% N2; flow rate F = 5 ml min−1; set temperature of the in situ cell
T = 575 °C. Raman excitation wavelength: 532 nm, with a 20 s exposure time and a single cycle for each spectrum.
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across different locations in a single CoOx@S-1-M crystal during
the PDH reaction. A slight temperature drop (∼−9 °C) is
observed at the edge of the CoOx@S-1-M crystal, attributed to
the active CoOx clusters, which are located at the edge of the
crystal during PDH. In contrast, almost no signicant temper-
ature drop can be observed at the submarginal (∼−2 °C) and
center (∼−1 °C) regions of the CoOx@S-1-M crystal due to the
absence of active CoOx clusters in these regions. As shown in
Fig. 5d, compared to the temperature variations in CoOx@S-1-
M, the distinct spatiotemporal variations of temperature at
active CoOx clusters across different locations in a single
CoOx@S-1-U crystal can be observed. In the CoOx@S-1-U crys-
tals, where active CoOx clusters are uniformly distributed within
Chem. Sci.
the crystal, the temperature drop of active CoOx clusters in the
interior (submarginal: ∼−19 °C and center: ∼−14 °C) of the
crystal is greater than that at the edge of the crystal (∼−8 °C).
Fig. S20 and S21 show the time evolution of DT at different
locations within multiple CoOx@S-1-M and CoOx@S-1-U crys-
tals, respectively, and the observed trends are consistent with
the DT distributions shown in Fig. 5c and d. Specically,
CoOx@S-1-U exhibits a pronounced temperature gradient from
the crystal edge toward the interior, whereas CoOx@S-1-M
maintains a relatively stable and more uniform internal
temperature distribution. In addition, the temperature within
CoOx@S-1-U crystals remains lower than that within CoOx@S-1-
M crystals. Although the DT distribution trends are consistent
© 2026 The Author(s). Published by the Royal Society of Chemistry
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across multiple crystals, the absolute magnitude of DT shows
some inter-crystal variation. Such variations can reasonably
arise from differences in the actual crystal geometry and heat-
conduction pathways, slight differences in the spatial distri-
bution of CoOx, and variations in the thermal boundary
conditions between the crystal and the gas phase. The error bars
in Fig. 5e (standard deviation, n = 6) further conrm that,
although inter-crystal variation exists, it does not affect the
overall temperature-distribution trend or the temperature
differences between the two catalysts with distinct spatial
distributions of CoOx. These results also conrm the statistical
robustness of the temperature measurements. Such differences
in the temperature drop of active CoOx clusters between
CoOx@S-1-M (∼−6 °C, with 15% conversion of propane at
initial temperature of 575 °C) and CoOx@S-1-U (∼−14 °C, with
10% conversion of propane at an initial temperature of 575 °C)
provide a clear explanation for their distinct catalytic perfor-
mances in the PDH reaction.

Fig. 5c and d also reect the kinetic process of temperature-
gradient development. At the initial stage aer switching the
feed gas, the reaction rate microscopically undergoes gas
replacement, adsorption, activation, and then reaches a stable
surface coverage. During this period, reaction-induced heat
consumption occurs at the active CoOx clusters, while heat
replenishment is simultaneously provided by external hot-gas
convection and heat conduction within the crystal, resulting
in a nearly stable or slowly varying DT over a short time window.
Subsequently, when the reaction within CoOx@S-1-U enters
a sustained stage, heat is continuously consumed inside the
crystal, while heat replenishment is limited by the nite rate of
heat conduction. This leads to a more pronounced temperature
drop within the crystal and the gradual establishment of
a temperature gradient decreasing from the crystal edge toward
the center. In contrast, because the active CoOx clusters in
CoOx@S-1-M are mainly located near the crystal edge, there is
no sustained heat consumption in the crystal interior and the
heat-transfer pathway is shorter. As a result, DT remains
smaller, and the temperature eld is more readily re-
equilibrated.

To gain deeper mechanistic insight into the observed
temperature distribution of active CoOx clusters in the zeolites
during the PDH reaction, we have performed additional simu-
lations of the spatiotemporal temperature evolution in the
CoOx@S-1-U and CoOx@S-1-M catalyst models. As shown in
Fig. 5f and g, for the same zeolite support, the spatial distri-
bution of active CoOx clusters in CoOx@S-1-U is relatively
uniform, while that in CoOx@S-1-M is close to the outer edge of
the crystal. It was found that the temperature within CoOx@S-1-
M crystallites is relatively high and uniformly distributed,
whereas CoOx@S-1-U exhibits a lower internal temperature with
a pronounced gradient that decreases from the crystal edge
toward the center. Both CoOx@S-1-M and CoOx@S-1-U possess
comparable overall thermal conductivity. However, for
CoOx@S-1-M, no signicant endothermic reaction occurs
within the zeolite, resulting in a stable internal temperature
distribution. Under continuous external heating, efficient
internal heat conduction enables rapid temperature re-
© 2026 The Author(s). Published by the Royal Society of Chemistry
equilibration inside the crystal. As a result, the edge regions
can quickly compensate for local heat loss, maintaining overall
thermal uniformity. In contrast, CoOx@S-1-U undergoes
continuous dehydrogenation reactions accompanied by
substantial endothermic effects. During the reaction, local heat
is continuously consumed, while the replenishment of heat
from the external environment is limited by the intrinsic
thermal conductivity. This imbalance leads to the formation of
a temperature gradient within the crystal. As a result, under
identical external heating conditions, the average internal
temperature of CoOx@S-1-U remains lower. Conventional
catalyst designs are typically aimed to achieve a uniform
distribution of active sites within the zeolite framework.8

However, our ndings reveal that for the exothermic reaction,
the location of metal oxide catalysts at the edge of zeolite can
effectively promote the catalytic performance of the PDH reac-
tion by decreasing the temperature drop.
2.4 Mechanistic role of temperature in the stability of
CoOx@S-1 catalysts during the PDH reaction

To further elucidate the relationship between temperature of
active CoOx clusters and catalytic performance, FT-mIR spec-
troscopy using synchrotron infrared light was performed on
single CoOx@S-1. The PDH reaction was conducted within the in
situ reaction cell positioned under an IR microscope, with the
temperature set to 575 °C. Fig. S22 presents a bright-eld image
of CoOx@S-1 zeolite under FT-mIR with the edge, submarginal,
and center locations of the crystal, where the infrared spot was
focused on a localized location. A series of IR spectra were
recorded during the reaction (Fig. 6a). The absorption band
observed at the 1500–2000 cm−1 range can be attributed to C]C
stretching vibration, which indicates the formation of active
intermediates such as olens and aromatic species during the
PDH reaction50,57 (Fig. 6b). Both active-intermediate formation
and propane conversion efficiency can be quantied by
comparing integrated absorption peaks at the 1500–2000 cm−1

range. Fig. 6c and d compare the evolution of these active
intermediates at different locations of active CoOx clusters within
CoOx@S-1-M and CoOx@S-1-U. A gradual build-up of the sp2

C]C signal is observed during the reaction, followed by
a tendency toward saturation. Notably, the overall intensity of the
sp2 C]C signal in CoOx@S-1-M is higher than that in CoOx@S-1-
U, indicating a higher concentration of intermediates in
CoOx@S-1-M during PDH. This result is consistent with its
higher local temperature and higher propane conversion, as
shown in Fig. 5e. In addition, higher local temperature may
further inuence the formation and distribution of intermediates
by accelerating their dehydrogenation or condensation and
facilitating their desorption from active CoOx clusters. As shown
in Fig. S23, the correlation between the temperatures of active
CoOx clusters at different locations and the concentrations of
active intermediates within CoOx@S-1 zeolites further indicates
that higher local temperatures promote intermediate formation
and thus facilitate propane conversion.

More comprehensive characterization studies of the coke
species formed in CoOx@S-1-U and CoOx@S-1-M aer exposure
Chem. Sci.
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Fig. 6 Characterization of active-intermediates at different locations of zeolites. (a) In situ FT-mIR of CoOx@S-1-M during the PDH reaction and
(b) the absorbance of the absorption peak corresponding to the sp2-hybridized C]C stretching vibrations (1500–2000 cm−1). Reaction
conditions: feed gas of 20% C3H8 and 80%N2; flow rate F= 5 ml min−1; set temperature in the reaction cell T= 575 °C. Comparison of absorbance
peaks (1500–2000 cm−1) of active-intermediates for (c) CoOx@S-1-M and (d) CoOx@S-1-U, along with the distribution of active-intermediates
across different locations of single crystals during the PDH reaction. (e) Relationship between local temperature of active clusters and the
concentration of active intermediates during the PDH reaction (Absorbancemax represents the maximum absorbance of active intermediates).
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to propane for 20 h were performed using temperature-
programmed oxidation (TPO), PL and MALDI FT-ICR MS, as
shown in Fig. 7. The TPO proles, presented as CO2/Ar MS
signals (Fig. 7a), reveal that CoOx@S-1-U exhibits a broader CO2

evolution peak compared with CoOx@S-1-M, suggesting the
presence of more diverse coke species. The maximum CO2

evolution temperature (Tmax-CO2) for CoOx@S-1-M is 600 °C,
whereas that for CoOx@S-1-U is 650 °C, implying that larger and
more thermally stable coke species are formed within the
CoOx@S-1-U zeolite. PL spectra further provide insight into the
nature of coke species (Fig. 7b). For CoOx@S-1-M, a single PL
band appears at 650 nm, corresponding to the p–p* transitions
of coke.62 In contrast, CoOx@S-1-U exhibits two PL bands at
650 nm and 700 nm, indicative of the formation of heavier and
more conjugated coke species than those present in CoOx@S-1-
M. The generation of these heavier coke species within
CoOx@S-1-U explains its larger kd value and greater tendency
toward deactivation. MALDI FT-ICR MS was employed to
analyze the molecular characteristics of coke species extracted
Chem. Sci.
from the catalysts aer 20 h of reaction (Fig. 7c and Table S8).
The spectra of coke species, extracted using CCl4 from HF-
dissolved samples, exhibit ion clusters distributed across m/z
ranges of 230–410, 600–650, 920–1200, and 1350–1500 Da (the
calculation of coke homologous series is detailed in Section S6
of the SI).63 The relative intensity of coke-related peaks in
CoOx@S-1-U, normalized to the internal standard peak (m/z =
227 Da), is higher than that in CoOx@S-1-M, indicating the
formation of a larger quantity of coke species with similar mass-
to-charge ratios. Moreover, the presence of a greater number of
peaks within the same homologous series in CoOx@S-1-U
suggests a higher diversity of coke species and more extensive
carbon-chain growth. This observation is consistent with the
theoretical calculation.

Given that the adsorption of propylene on active CoOx clus-
ters facilitates side reactions leading to coke formation, peri-
odic DFT and MD simulations64 were performed to evaluate the
adsorption probability of propylene in the temperature range of
550–650 °C. As shown in Fig. 8a and S24, aer C–H bond
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Characterization of coke species in deactivated catalysts. (a) TPO profiles, (b) PL spectra and (c) MALDI FT-ICRmass spectra of CoOx@S-1-
U and CoOx@S-1-M after exposure to propane for 20 h. PL measurement conditions: excitation wavelength is 325 nm; grating resolution is 100
grooves per mm.
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activation of adsorbed propane on active CoOx clusters occurs,
propylene and two H* atoms are formed. Then, the propylene
desorbs, while H2 is formed from the two H* atoms. However, it
can be noticed that aer the formation of H2 on the active CoOx

clusters, the propylene is preferentially adsorbed on active CoOx

clusters due to the thermodynamic advantage. In addition, the
activation energy of propylene dehydrogenation is relative lower
(∼80.8 kJ mol−1) compared to the overall pathway. According to
the Arrhenius equation, this illustrates that the rate of
propylene dehydrogenation is not particularly sensitive to
temperature at the high temperatures of 823–923 K. Therefore,
Fig. 8 (a) Energy profiles for dehydrogenation of propane to propylene
channels of S-1. MD simulations of the adsorption probability of propylen
(b) 550, (c) 600, and (d) 650 °C. Orange, red, and violet spheres represe

© 2026 The Author(s). Published by the Royal Society of Chemistry
reducing the adsorption probability of propylene on the active
CoOx clusters can mitigate the coke formation. The adsorption
of propylene on active CoOx clusters at 823–923 K was per-
formed by the MD simulations. As shown in Fig. 8b and c, it can
be observed that as the temperature increases, the adsorption
probability of propylene on active CoOx clusters signicantly
reduces. Therefore, properly elevating the local temperature can
be benecial to reduce the coke formation on active CoOx

clusters. Integrating the experimental and computational
results, we conclude that the higher local temperature of
CoOx@S-1-M promote propylene desorption and hinder coke
and coke precursors and H2 formation on active CoOx clusters in the
e on active CoOx sites within S-1 channels at reaction temperatures of
nt Si, O, and Co atoms, respectively.

Chem. Sci.
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formation, leading to enhanced catalytic activity and stability
during PDH. This behavior is inconsistent with the commonly
accepted notion that higher temperatures generally promote
the growth of coke species, and thus represents a new and
intriguing phenomenon. Consequently, the CoOx@S-1-M cata-
lyst, which exhibits a higher local temperature during the PDH
reaction, demonstrates enhanced structural stability and resis-
tance to deactivation.

3. Conclusion

In heterogeneous catalysis, the nature of active sites funda-
mentally governs catalytic behavior; however, despite extensive
efforts devoted to structural design, the inuence of local
temperature gradients surrounding these sites within solid
catalysts has remained largely unexplored. In this work, we
conclude that PDH activity and stability are enhanced when
CoOx is peripherally conned near the surface of S-1 crystals
(CoOx@S-1-M), rather than following the conventional catalyst
design strategy of uniformly dispersing active species within the
support (CoOx@S-1-U) to achieve high stability. HR-mRaman
spectroscopy reveals that CoOx@S-1-M experiences a smaller
temperature drop than CoOx@S-1-U. While CoOx@S-1-U
develops a pronounced temperature gradient within the
zeolite, with a core-to-edge temperature difference exceeding 17
°C, CoOx@S-1-M maintains a much more uniform temperature
distribution, with the difference limited to 8 °C. As a conse-
quence, CoOx@S-1-M consistently exhibits higher propane
conversion in the range of 500–600 °C and an ∼30% lower
deactivation rate constant compared with CoOx@S-1-U,
demonstrating superior catalytic stability. Experimental coke
characterization combined with theoretical analysis claries the
mechanistic role of temperature in governing the catalytic
stability of CoOx@S-1 catalysts during PDH. The results show
that the smaller temperature drop at active CoOx clusters in
CoOx@S-1-M promotes propylene desorption and suppresses
side reactions and coke formation, in contrast to the commonly
accepted view that higher temperatures generally favor coke
growth. This nding clearly elucidates the impact of local heat
generation and transfer at active clusters on catalytic perfor-
mance arising from the spatial distribution of the active clus-
ters. Therefore, it is important to understand the mechanisms
of heterogeneous catalysis from the perspective of heat
management at active clusters, which will offer new guidance
for the rational design of solid catalysts such as zeolite-
supported metal catalysts with enhanced catalytic performance.
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