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Materials and methods 

 

Materials 

Tetraethylorthosilicate (TEOS, 99.99%, Aladdin reagent (Shanghai) Co., Ltd., CAS: 

78-10-4); tetrapropylammonium hydroxide solution (TPAOH, 40 wt.%, Aladdin 

reagent (Shanghai) Co., Ltd., CAS: 4499-86-9); stannous chloride dihydrate 

(SnCl2·2H2O, 98%, Sahn Chemical Technology (Shanghai) Co., Ltd., CAS: 10025-69-

1); chloroplatinic acid hexahydrate (H2PtCl6·6H2O, >37.5 wt.% Pt, Aladdin reagent 

(Shanghai) Co., Ltd., CAS: 18497-13-7); ethylenediamine (NH2CH2CH2NH2, >99%, 

Sinopharm Chemical Reagent Co., Ltd., CAS: 107-15-3); hydrofluoric acid (HF, 40%, 

Aladdin reagent (Shanghai) Co., Ltd., CAS: 7664-39-3). Deionized water was supplied 

from water purification system (18.2 MΩ cm-1). N2 (99.9999%), H2 (99.9999%), Ar 

(99.9999%), 0.5%H2-99.5%Ar (99.999%), 10%CO-90%Ar (99.999%), C3H6 (99.99%) 

and 5% CO-95% N2 (99.999%) were purchased form Fujian Jiuce Gas Co., Ltd. C3H8 

(99.9%) was supplied by Henan Xinshengyuan Chemical Co., Ltd. All the above 

materials were used directly as received without further purification. 

 

Synthesis of Pt-Sn@S-1 

The Pt-Sn@S-1 samples with different lengths of b-axis (defined as Lb) were 

synthesized via one-pot hydrothermal crystallization in fluoride media. Typically, 8.24 

g of TEOS, 8.12 g of TPAOH and 3.82 g of deionized water were mixed in a glass 

beaker at room temperature. Under continuous stirring for 5 hours, 17.0 mg of 

SnCl2·2H2O was added into the above solution under stirring until SnCl2·2H2O was 

completely dissolved. The obtained homogeneous mixture was denoted as solution A. 

Subsequently, in another glass beaker, a Pt solution was prepared by dissolving 2.00 g 

of an aqueous solution containing 20.0 mg of H2PtCl6·6H2O into 0.50 mL of 

ethylenediamine under stirring at room temperature and denoted as solution B. Then, 

the solutions A and B were mixed to obtain a synthesis gel under stirring continuously 

for 1 hour at room temperature, and the molar composition of the synthesis gel was 1.0 

TEOS: 0.4 TPAOH: 15 H2O. Afterwards, a certain amount of HF (the molar ratio F/Si 

= 0.00~0.51) was added slowly and the resulting solution was transferred into a 100 

mL Teflon-lined stainless-steel autoclave. The crystallization was conducted in an oven 

at 170 oC for 24 hours under static conditions. The obtained solid product was collected 

by filtration, washed with deionized water for several times, and dried at 120 oC 

overnight. Finally, 2.37 g of powder product was reduced from 30 to 600 oC at a heating 

rate of 2 oC min-1, and then held at 600 oC for 1 hour in high purity hydrogen flowing 

at 10 mL min-1. The obtained Pt-Sn@S-1 samples after reduction are named as Pt-

Sn@S-1(0.10 μm), Pt-Sn@S-1(0.15 μm), Pt-Sn@S-1(0.50 μm), Pt-Sn@S-1(3.00 μm) 

and Pt-Sn@S-1(4.00 μm), and the numbers in brackets denote the length of b-axis of 

the S-1 crystals in μm. 
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Characterizations 

 

Inductively coupled plasma atomic emission spectrometry (ICP-AES) 

The actual Pt and Sn loadings of the Pt-Sn@S-1 samples after reduction were 

measured on a Thermo IRIS Intrepid II XSP atomic emission spectrometer equipped 

with inductively coupled plasma atomic emission spectrometry (ICP-AES). The 

samples were fully dissolved in aqua regia and then diluted before the measurements. 

The concentration of Pt (Sn) in the test samples were obtained by referring to the 

standard solution of Pt (Sn). 

 

Scanning electron microscopy (SEM) 

To measure the morphology of the Pt-Sn@S-1 samples after reduction, SEM images 

were recorded on a Nova Nano SEM 230 instrument. Prior to the measurement, the 

samples were dispersed into fine powder and pre-treated at 120 oC for 2 hours. The 

SEM samples were prepared by drop-casting the samples on clean silicon wafers and 

then spraying with gold. 

 

Powder X-ray diffraction (PXRD) 

The PXRD patterns of the Pt-Sn@S-1 samples after reduction were collected on a 

Rigaku Ultimate Ⅲ diffractometer (X-ray source: Cu Kα (γ = 1.5406 Å) radiation) in 

the 2θ range of 5 to 60o. The dried Pt-Sn@S-1 samples were pressed and placed on the 

XRD tester for testing. The material composition and crystal structure information on 

the catalysts were identified by comparing the collected diffraction patterns with the 

reference patterns in the PDF database. 

 

High-angle annular dark field scanning transmission electron microscopy (HAADF-

STEM) 

To know the location distribution of the PtSn species in the zeolite framework, 

HAADF-STEM images of the Pt-Sn@S-1 samples after reduction were collected on a 

Thermo Fisher Scientific X-CFEG Spectra 300 instrument operated at 300 kV. The Pt-

Sn@S-1(0.10 μm) sample powder was dispersed in ethanol by ultrasonic wave and 

deposited on a copper grid coated with an ultra-thin porous carbon film. 

 

Dual-beam focused ion beam/scanning electron microscopy (FIB/SEM) 

The Pt-Sn@S-1(4.00 μm) sample after reduction for STEM analysis was prepared 

on copper microcolumn array with a FEI Helios G4 CX double-beam FIB/SEM. Firstly, 

a layer of C protective cap was coated on the single crystal of the sample. Secondly, it 

was cut into pieces with 30 kV gallium ion beam, and slowly transferred and fixed to a 

copper microcolumn display. Finally, most of the remaining C caps were removed with 

a low 2 kV beam, and the sample was thinned to a thickness of about 50 nm on the 

copper microcolumn array. 

 

Synchrotron radiation-based single crystal X-ray diffraction (SR-XRD) 

The SR-XRD data of the fresh and spent Pt-Sn@S-1 (4.00 μm) were collected at the 

BL17B beamline of Shanghai Synchrotron Radiation Facility (SSRF, Shanghai, China). 
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Prior to measurement, the powder sample was dried in vacuum. The powder sample 

was analyzed in the CaF2 window, and the background of CaF2 spots was deducted and 

the two-dimensional X-ray image collection was carried out. 

 

Pair distribution function (PDF) 

The PDF measurements and analysis of X-ray total scattering data were measured at 

beamline the BL17B of the National Facility for Protein Science (NFPS), Shanghai 

Synchrotron Radiation Facility (SSRF) operated at an energy of 20 keV (0.6199 Å). 

The two-dimensional (2D) XRD image was first integrated to obtain a one-dimensional 

(1D) total scattering intensity I(Q) calibration by CeO2 celebrant by Dioptas 0.5.2 

package. Additional scattering measurements with samples held in a Kapton capillary 

were performed under the same conditions for background subtraction. Then the 

reduced pair distribution function G(r) was obtained through Fourier transform of the 

total scattering structure function S(Q) derived from I(Q) by PDFgetX. The following 

G(r) equation was used: 

 G(𝑟) =
2

𝜋
∫ 𝑄[𝑆(𝑄) − 1]sin⁡(𝑄𝑟)𝑑𝑄
∞

0
 (S1) 

The PDF Rietveld refinement was conducted by PDFgui. The initial structural model 

was built based on the powder XRD Rietveld refinement structural model. The 

following parameters including scaling factor, cell parameters, atomic positions except 

particular positions, isotropic atomic displacement parameters (Biso), and dynamic 

correlation factor (delta2) were refined. 

 

X-ray absorption fine structure (XAFS) spectra 

The XAFS spectra  of Pt L3-edge of the fresh and spent Pt-Sn@S-1 (4.00 μm) and 

H2PtCl6·2SnCl2@S-1(4.00 μm) samples were collected at the 1W1B beamline of the 

Beijing Synchrotron Radiation Facility (BSRF, Beijing, China) to investigate how Pt 

interacts with Sn. The spectra of the reference samples (Pt, PtO2, H2PtCl6·6H2O) were 

acquired in transmission mode, and the spectra of the the fresh and spent Pt-Sn@S-1 

(4.00 μm) and H2PtCl6·2SnCl2@S-1(4.00 μm) samples were collected in fluorescence 

mode. Prior to measurement, the dried powder samples were evenly distributed on 

special adhesive tapes. All obtained EXAFS data were calibrated by referring to the 

standard spectra of Pt foil using the Demeter software packages. According to the 

quality of data ranges (k = 3-14 Å-1, R = 1.5-3.5 Å), the Pt L3-edge EXAFS spectra were 

obtained by subtracting the postage appropriate background, and the v(k) data of Pt-

Sn@S-1 were Fourier transformed to real (R) space using hanging windows. 

 

X-ray photoelectron spectroscopy (XPS) 

To know the chemical states of Pt and Sn in the samples, the XPS of the Pt-Sn@S-1 

samples after reduction were collected on a Kratos Axis Ultra DLD spectrometer (X-

ray source: Al Kα (hν = 1486.6 eV)). The peak fitting of Pt4f and Sn3d was made by 

using the Thermo Avantage software, and the C1s peak binding energy of contaminated 

carbon was calibrated to 284.6 eV. 
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Fourier-transform infrared spectroscopy of CO adsorption (CO-FTIR) 

CO-FTIR spectra were taken on a Thermo Scientific Nicolet IS50 FTIR spectrometer 

equipped with an in-situ cell. Before measurement, the Pt-Sn@S-1 sample (~10 mg) 

disk was carefully transferred into the cell. The samples were reduced in H2 flow of 20 

mL min-1 at 600 oC for 1 hour. Afterward, the cell was cooled down to room temperature 

in a N2 flow, and then 5%CO in N2 was introduced into the cell. Subsequently, the cell 

was purged with a N2 flow to remove physically adsorbed CO. The frequency of CO 

chemisorbed was obtained after the subtraction of the spectra recorded at room 

temperature before CO chemisorption. 

 

Fourier-transform infrared spectrscopy of C3H6 adsorption (C3H6-FTIR) 

The dynamic adsorption experiment with C3H6 was carried out on the Thermo 

Scientific Nicolet iS50 FTIR spectrometer with an in-situ cell. The dried samples were 

reduced at 600 oC for 1 hour, purged with N2, and cooled to room temperature, followed 

by adsorption of C3H6 for 20 minutes. The real-time C3H6 desorbed FTIR-spectra were 

collected in a flow of N2 (20 mL min-1) until the peak of C3H6 (absorbance @ 2800-

3000 cm-1) disappeared. 

 

Intelligent gravitation analysis (IGA) 

Dynamic adsorption curves of C3H8 were measured on an intelligent gravimetric 

analyzer (IGA-100B-DSMS) at 298 K. Prior to the measurement, the sample to be 

tested was loaded into the sample chamber and activated for 12 hours under high 

vacuum at 200 oC. After cooling to the adsorption temperature (25 oC), the pressure was 

increased to 1 bar with a ramp rate of 200 mbar min-1 and maintained for 200 min. 

 

CO chemisorption 

The Pt dispersion in Pt-Sn@S-1(4.00 μm) was measured by CO chemisorption using 

a BELSORB-max apparatus (Japan) at room temperature. Prior to the CO 

chemisorption, the dried sample was pretreated in a flow of Ar (20 mL min-1) for 1 hour 

at 150 oC, and then reduced in a flow of 0.5%H2/Ar (20 mL min-1) for 1 hour at 600 oC. 

Subsequently, the sample was cooled to room temperature in Ar (20 mL min-1), and a 

10%CO/Ar mixture was introduced into the cell until no more CO was adsorbed. Finally, 

the Pt metal dispersion was calculated by measuring the amount of chemisorbed CO. 

 

Atom probe tomography (APT) 

Needle-shaped specimens for atom probe tomography (APT) analysis were prepared 

by a standard electropolishing technique. APT characterization of the same needle 

sample was conducted on a Cameca LEAP 4000X SI instrument, at a specimen base 

temperature of 50 K, under UV laser pulsing at a pulse laser energy of 250 pJ, a pulse 

frequency of 200 kHz and a target evaporation rate of 0.5% per pulse. APT datum 

reconstruction and statistical analysis were performed by using a commercial software 

(Cameca IVAS3.6.12). 

 

Thermogravimetric analysis (TGA) 

To determine the total amounts of coke in the catalysts, thermogravimetric analyses 
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(TGA) of the deactivated Pt-Sn@S-1 samples were conducted on a Mettler-Toledo 

thermobalance in a flow of dry air (10 mL min-1) from 50 to 800 oC at a heating rate of 

10 oC min-1. The coking contents were calculated from the weight losses above 373 K 

by considering that the samples had been dried at 373 K before measurement. 

 

Structural illumination imaging (SIM) 

The spatiotemporal distribution of the aromatic hydrocarbons deposited in Pt-Sn@S-

1(4.00 μm) crystals was obtained by SIM. The super-resolution image was collected by 

a Nikon N-SIM super-resolution microscope system equipped with a motorized 

inverted microscope ECLIPSE Ti2-E, a ×100/NA 1.49 oil immersion TIRF objective 

lens (CFI HP) and an ORCA-Flash 4.0 sCMOS camera (Hamamatsu Photonics K. K.). 

The imaging of Pt-Sn@S-1(4.00 μm) crystals with four photomultiplier tubes was 

conducted in the ranges of 435-485, 500-545, 570-640, 663-738 nm for the four lasers 

on emission detection of SIM. The wavelengths of multilaser light sources were 405, 

488, 561, and 640 nm, respectively. In a typical experiment, the Pt-Sn@S-1(4.00 μm) 

crystals after different reaction times were dispersed on glass-bottomed culture dishes 

(35 mm dish with 20 mm well) and placed close to the objective lens. Subsequently, 

the images of the samples were obtained in the middle of zeolitic crystals at room 

temperature. Finally, the software NIS-Elements Ar and N-SIM Analysis were used to 

study the obtained images and computationally reconstruct the super-resolution images 

of the Pt-Sn@S-1(4.00 μm) crystals. 
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Catalytic reaction 

 

Propane dehydrogenation experiments 

The propane dehydrogenation experiments over Pt-Sn@S-1 were performed in a 

fixed-bed reactor at atmospheric pressure. Typically, 0.5 g of a Pt-Sn@S-1 sample 

diluted with 2.0 g of quartz sand was pretreated in a flow of H2 at 600 oC at a ramp rate 

of 5 oC min-1 from 30 up to 600 oC and then held at 600 oC for 1 hour, followed by 

feeding pure propane at different WHSVs (kgC3H8 kgcat.
-1 h-1). The temperature of the 

catalytic reaction was measured by a thermocouple fixed in the catalyst bed layer. The 

analysis of reaction products was made using an on-line GC (Panna A-91) equipped 

with a thermal conductivity detector (TCD) and a flame ionization detector (FID). 

 

H2S, H2O and O2 resistance experiments 

The H2S and H2O resistance tests were carried out by introducing H2S (25 ppm) or 

H2O (37.8 v%) into the propane stream, and the reaction was performed at 600 oC. The 

O2 resistance test was carried out by calcinating the spent catalyst in a flow of O2 at 500 
oC for 12 hours, followed by reduction in H2 at 600 oC for 1 hour. Finally, the treated 

sample was used in propane dehydrogenation reaction under the conditions WHSV 5.3 

h-1 and 600 oC. The analysis of reaction products was made using an on-line GC (A-91) 

equipped with a TCD and a FID. 

 

 

Catalytic performance calcualtions 

Propane conversion, propylene selectivity and carbon balance (> 98%) were 

calculated on the carbon basis by Equations S2 to S4, respectively. 

 Propane conversion (%) = ([𝐹C3H8]inlet-[𝐹C3H8]outlet)/[𝐹C3H8]inlet (S2) 

 Propylene selectivity (%) = [𝐹C3H6]outlet/([𝐹C3H8]inlet-[𝐹C3H8]outlet) (S3) 

Carbon balance (%) = 

(1/3[𝐹CH4]oulet+2/3[𝐹C2H6]oulet+2/3[𝐹C2H4]oulet+[𝐹C3H6]oulet+[𝐹C3H8]oulet)/[𝐹C3H8]inlet (S4) 

 

Mass transfer effects 

 

The Mears’ criterion and Thiele modulus were used to examine the effects of external 

and internal mass transfer on propane dehydrogenation over Pt-Sn@S-1(4.00 μm), 

respectively. 

The external mass transfer effect can be neglected if the following Mears’ criterion 

is met. 

 
-rAρ

b
Rcatn

kcCAb
<0.15 (S5) 

where: 

-rA = reaction rate, kmol kg-1 s-1; 
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n = reaction order; 

Rcat = catalyst pellet radius, m; 

ρb = catalyst bed density, kg m-3; 

kc = mass transfer coefficient, m s-1; 

CAb = bulk gas concentration of A, kmol m-3. 

The internal mass transfer effect can be neglected if the following Thiele modulus 

is met. 

 
-rAρ

c
Rcat

2

DeCAs
<1 (S6) 

where: 

-rA = reaction rate, kmol kg-1 s-1; 

Rcat = catalyst pellet radius, m; 

ρc = solid catalyst density, kg m-3; 

De = effective gas-phase diffusivity, m2 s-1;  

CAs = gas concentration of A at the catalyst surface, kmol m-3. 
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Periodic density functional theory (DFT) computations  

 

Periodic ab initio static simulations 

Theoretical computations on the stability of individual (Pt-Sn2)x(x = 1, 2, 3 and 4) 

clusters encaged at different locations of the MFI framework were performed by 

periodic DFT. Based on the analysis of stability of (Pt-Sn2)x (x = 1, 2, 3 and 4) clusters 

(Extended Data Fig. 6a-h), the energy barriers of the elemental PDH reaction steps 

catalyzed by (Pt-Sn2)x (x = 1 and 2) clusters encaged in the MFI framework were 

performed by periodic DFT. All the periodic DFT computations were performed using 

the plane-wave pseudopotential method and the generalized gradient approximation 

(GGA), implemented with the CASTEP code. The plane-wave basis set was converged 

at a cutoff energy of 400 eV for each model. The Perdew-Burke-Ernzerhof (PBE) 

exchange-correlation function was used to describe the exchange-correlation effects. 

Interaction between the valence electrons and the ion core was substituted by an 

ultrasoft pseudopotential. The self-consistent convergence accuracy was set at 2 × 10-5 

eV per atom, the maximum force was 0.08 eV per Å, the maximum stress was 0.1 GPa, 

and the maximum displacement was 5 × 10-3 Å1,2. Here, a single unit cell was employed 

to simulate (Pt-Sn2)x@S-1. A Monkhorst-Pack grid of 1 × 1 × 1 (k-point) was used to 

sample the Brillouin zone for geometry optimization and for calculating the energy of 

(Pt-Sn2)x@S-1 including intermediates of the PDH reaction. The complete LST/QST 

method was implemented for transition search of the elemental PDH reactions. 

 

Periodic ab initio dynamic simulations 

To investigate the mobility of (Pt-Sn2)x(x = 1 and 2) clusters within S-1, ab initio 

molecular dynamics (AIMD) simulations were performed using the CP2K software 

package (version 7.1)3,4. The revPBE-D3 level of theory5 was used in combination with 

Gaussian DZVP (double-zeta valence polarized) basis set6, a plane-wave basis set with 

a cut-off of 350 Ry and a relative cut-off of 60 Ry, and Goedecker-Teter-Hutter (GTH) 

pseudopotentials7 for AIMD simulations. The self-consistent field convergence 

criterion was set at 10-6. All simulations were performed in a periodic zeolite unit cell 

that represents the MFI topology containing 96 T sites and Pt-Sn2 and (Pt-Sn2)2 clusters, 

respectively. For each simulation case, the cell parameters were obtained by computing 

time-averaged values from a 20 ps NpT (amount N, pressure p and temperature T) 

molecular dynamics simulation at 600 oC and atmospheric pressure (Supplementary 

Tables 11,12). The temperature and pressure were controlled by a chain of five Nosé-

Hoover thermostats8-11 with a time constant of 1000 wavenumbers and a Martyna-

Tobias-Klein (MTK) barostat12,13, respectively. A time step of 1 fs was employed for 

integrating the equations of motion. Production NpT molecular dynamics runs that were 

used as input for the metadynamics (MTD) simulations were carried out in the NVT 

(amount N, volume V and temperature T) ensemble at 600 oC14,15. 

In MTD simulations16,17, the bias potential is constructed on the fly by gradually 

adding Gaussian shaped hills. The bias potential VG(q, t) becomes then the sum of all 

Gaussian hills by following equation  
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 𝑉𝐺(𝑞, 𝑡) = ℎ∑ exp(−
(𝑞−𝑞(𝑡′))

2

2𝑤2 )𝑡′=𝜏𝐺,2𝜏𝐺,…

𝑡′<𝑡

 (S7) 

where q is the reaction or diffusion coordinate, ℎ and 𝑤 are the amplitude and width of 

the Gaussian hill contributions, which are added to the system after each time interval 

𝜏𝐺⁡and are systematically updated during the simulation to allow for an accurate and 

fast convergence, and t’ is the simulation time. After a sufficiently long simulation time, 

the bias potential is related to the free energy F(q) via 

 lim
𝑡→∞

𝑉𝐺(𝑞, 𝑡) ~ − 𝐹(𝑞) (S8) 

The free energy surface (FES) of the system can be reconstructed based on an inversion 

of the time dependent bias potential.  

All MTD simulations were performed with the CP2K software interfaced with 

PLUMED18,19. Computational details of the MTD technique applied in this work can 

be found in the literatures20-22. A 1D free energy surface for the mobility of Pt-Sn2 and 

(Pt-Sn2)2 clusters and agglomeration of Pt-Sn2 clusters within the MFI framework was 

constructed by selecting a 1D reaction or diffusion coordinate. As shown in Extended 

Data Fig. 8g, h, the collective variables (CVs) for the migration of (Pt-Sn2)x (x = 1 and 

2) clusters along the straight and sinusoidal channels of the MFI framework were 

defined as ξx and ξy, respectively, and the initial locations of (Pt-Sn2)x clusters were at 

the intersection sites of the MFI framework. The CVs for the agglomeration between 

two Pt-Sn2 clusters were defined by the distance between Pt and Pt. For the simulations 

of mobility of Pt-Sn2 and (Pt-Sn2)2 clusters within the MFI framework, the initial height 

of the Gaussian potentials was set at 5 kJ mol-1 and after each recrossing of the transition 

point, the height of the added Gaussian hills was halved to enhance the FES 

convergence, until a value of 2.5 kJ mol-1 was obtained. The width of all Gaussians was 

set to 0.5. For the simulations of dimerization of Pt-Sn2 to (Pt-Sn2)2 within the MFI 

framework, the initial height of the Gaussian potentials was set to 5 kJ mol-1 and after 

each recrossing of the transition point, the height of the added Gaussian hills was halved 

to enhance the FES convergence, until a value of 1.25 kJ mol-1 was obtained. The width 

of all Gaussians was set to 0.04. A new hill was spawned every 100 time steps and the 

integration time step was set at 1 fs for all MTD simulations. Furthermore, quadratic 

walls were used to restrict the simulation to an area of interest on the FES, by limiting 

the mobility of (Pt-Sn2)x clusters along the straight or sinusoidal channels of the MFI 

framework and the locations of two Pt-Sn2 clusters at intersection sites of the MFI 

framework. The force constant of the quadratic walls was set to 2000 kJ mol-1 Å-². 

From the obtained FES, the mobility Dyy and Dxx of Pt-Sn2 and (Pt-Sn2)2 along the 

straight or sinusoidal channels, respectively, of the MFI framework can be estimated 

from transition state theory23,24. The hopping rate k from location A to location B is 

given by 

 𝑘A⟶B = √
1

2𝛽𝜋𝑚

𝑒−𝛽𝐹(𝑞
∗)

∫ 𝑒−𝛽𝐹(𝑞)d𝑞
𝐵
𝐴

 (S9) 

where β = 1/(kBT), kB is the Boltzmann constant, T is the temperature, m is the mass, 

and the superscript * is the top energy barrier of the reaction coordinate. The hopping 
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rate is then easily converted to mobility D by 

 𝐷 =
1

6
𝑘A⟶B𝜆

2 (S10) 

where λ is the lattice hop distance. 

The forward transition-state reaction kinetic constant kr can be written as 

 𝑘𝑟 = 𝐴
𝑒−𝛽𝐹(𝑞

∗)

∫ 𝑒−𝛽𝐹(𝑞)d𝑞
∗
R

 (S11) 

where the prefactor 𝐴 = (
1

2𝛽𝜋
)
1/2

〈𝑍1/2〉𝑞=𝑞∗  can be calculated by the method 

introduced by Bailleul et al.25. 

 

Agglomeration-migration modelling  

Denoting a Pt-Sn2 cluster as reactant R and a (Pt-Sn2)2 cluster as product P, the 

agglomeration of R into P can be presented as 2R → P, whose reaction kinetics constant 

kr at 600 oC is obtained by AIMD simulations (kr = 4.1 × 106 s-1). The mobility Dyy of 

R and P along the straight channel of the MFI framework is estimated by AIMD 

simulations (Dyy = 1.1 × 10-17 s-1). Here, as shown in Fig. 4b, P within the MFI 

framework can be assumed to be approximatively immobile. Thus, the partial 

differential equations (PDEs) of reaction-mobility of P and R within the zeolite are 

 
𝜕𝐶R

𝜕𝑡
= 𝐷𝑦𝑦,R

d2𝐶R

d𝑦2
− 2𝑟 (S12) 

 
𝜕𝐶P

𝜕𝑡
= 𝑟 (S13) 

where reaction rate r = krCR
2, C is the intracrystalline content of clusters, t the time, and 

y the Cartesian coordinate. Transforming Equation S12 into the dimensionless form by 

introducing dimensionless variables yR = CR/CR
0, R = r/r0, ξy = y/lb, τ = Dyy,R·t/lb

2 and 

Φ2 = r0·lb
2/(Dyy,R·CR

0), where CR
0 is the initial content of R within the zeolite, rR

0 the 

reaction rate at the initial content, and lb the half length of b-axis of (Pt-Sn2)x@S-1. 

Equations 12 and 13 can be rewritten as 

 
𝜕𝑦R

𝜕𝑡
=

d2𝑦R

d𝜉𝑦
2 − 2Φ2𝑅 (S14) 

 
𝜕𝑦P

𝜕𝑡
= Φ2𝑅 (S15) 

The initial and boundary conditions can be described by 

 𝐈. 𝐂.⁡⁡𝜏 = 0, 0 ≤ 𝜉𝑦 ≤ 1, 𝑦R = 1⁡and⁡⁡𝑦P = 0 (S16) 

 𝐁. 𝐂. 𝟏⁡⁡𝜉𝑦 = 1, 𝑦R = 0⁡and⁡𝑦P = 0 (S17) 

 𝐁. 𝐂. 𝟐⁡⁡𝜉𝑦 = 0,
𝜕𝑦R

𝜕𝑡
= 0⁡and⁡

𝜕𝑦P

𝜕𝑡
= 0 (S18) 

Numerical method was implemented to solve the 1D dynamic PDEs by in-house 

developed code. The dynamic evolutions of intracrystalline contents of Pt-Sn2 and (Pt-

Sn2)2 clusters within (Pt-Sn2)x@S-1 can be visualized.  
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Supplementary Table 1. 

Parameters used and estimated for assessing internal and external mass transfer 

limitations for propane dehydrogenation over Pt-Sn@S-1(4.00 μm). 

 

Parameters Pt-Sn@S-1(4.00 μm) 

Catalyst mass, gcat 0.50 

Reaction temperature T, oC 600 oC 

Reaction pressure p, Mbar 0.10 

Solid catalyst density ρc, kg m-3 2200 

Catalyst bed density ρb, kg m-3 880 

Catalyst pellet radius Rcat, m 1.50×10-5 

Reaction rate -rA, kmol kg-1 s-1 1.05×10-5 

Reaction order n 1.00 

Mass transfer coefficient kc, m s-1 8.46×10-3 

Bulk gas concentration of A CAb, kmol m-3 1.39×10-2 

Effective gas-phase diffusivity De, m
2 s-1 6.12×10-8 

Gas concentration of A at the catalyst surface CAs, 

kmol m-3 
1.39×10-2 

Thiele modulus (internal mass transfer) 6.10×10-3 << 1 

Mears’ criterion (external mass transfer) 1.18×10-3 << 0.15 

 

As can seen from Supplementary Table 1, internal and external mass transfer effects 

can be negligible under the reaction conditions. 

 

  

mailto:Pt-Sn@S-1(4.00
mailto:Pt-Sn@S-1(4.00
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Supplementary Table 2. 

Summary of detailed catalytic performance parameters of some representative Pt-based PDH catalysts reported. 

 

No. Catalyst 
T 

[oC] 

Pt 

[wt.%] 

C3H8 Feed 

composition 

[vol%] 

WHSV 

[h-1]a 

Conv. 

[%]b 

Sel. 

[%]c 

Specific 

activity 

[s-1]d 

TOFe kd 

[h-1]f 

τ 

[h]g 

Operat

ion 

time 

[h]h 

Ref. 

1 Pt-Sn@S-1(4.00 μm) 600 0.25 100 5.30 44.5-43.4 97.0 1.00 1.05 
0.000

223 
4478 200 

This 

study 

2 PtZn/SiO2 IMA 600 0.10 67 11.0 34.7-28.2 96.0 4.04 8.10 0.002 500 160 (1) 

3 PtGa/SiO2 600 3.00 8 30.7 44.7-24.5 98.8 0.56 1.69 0.018 54.1 50 (26) 

4 
PtGa-Pb 

/SiO2(Pt/Pb = 2) 
600 3.00 8 30.7 30.3-28.4 99.6 0.38 1.15 0.001 1159 96 (26) 

5 Pt/Mg(Sn)(Al)O 600 0.50 29 14.0 48.3-43.0 86.4 1.05 1.07 0.002 561 48 (27) 

6 Pt3In/SiO2 600 0.30 26 3.00 17.5-17.0 92.0 0.08 - 0.018 57.1 2.5 (28) 

7 Pt3Ga/CeAl 600 1.00 26 10.0 41.1-32.2 99.6 0.52 1.17 0.026 39.0 15 (29) 

8 Pt3Ga/Al2O3 600 1.00 26 10.0 39.4-28.1 99.5 0.50 1.63 0.034 29.5 15 (29) 

9 Pt/CeAl 600 1.00 26 10.0 47.1-22.1 62.0 0.59 0.89 0.076 13.2 15 (29) 

10 PtSn/TS-1 600 0.50 16 3.00 53.5-47.7 92.5 0.41 1.64 0.033 30.1 7.0 (30) 

11 Pt/TA0 600 1.00 26 10.0 50.5-21.0 60.0 0.64 1.52 0.135 7.4 10 (31) 

12 Pt/TA10 600 1.00 26 10.0 47.3-25.9 77.0 0.60 1.31 0.094 10.6 10 (31) 

13 Pt/TA20 600 1.00 26 10.0 45.5-17.8 89.0 0.57 1.29 0.135 7.4 10 (31) 

14 PtSnIn/08Zr-Al 600 0.30 16 3.30 57.7-51.7 98.0 0.74 4.00 0.097 10.3 2.5 (32) 

15 PtCu/Al2O3 600 0.10 16 4.00 40.0-22.0 90.0 1.97 1.97 0.213 4.7 4.0 (33) 

16 
K-PtSn@MFI-600-

22h 
600 0.40 24 29.5 38.7-31.9 97.0 3.50 3.50 0.012 83.3 25 (34) 

17 PtSn@MFI-600 600 0.42 24 1.80 71.0-42.0 88.0- 0.34 0.34 0.014 71.4 65 (35) 
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95.0 

18 PtFe/SBA-15 600 0.75 26 3.43 34.0-30.0 85.0 0.16 0.97 0.108 9.2 1.7 (36) 

19 PtFeSn-SBA-15 600 1.00 25 4.05 56.8-44.0 89.0 0.25 0.058 0.016 62.5 7.0 (37) 

20 PtSn/Al2O3 600 0.50 60 26.5 28.8-25.5 91.0 1.71 6.84 0.033 30.3 15 (38) 

21 Pt/HT-10Ga 600 3.00 20 8.80 8.00-6.00 99.0 0.26 1.22 0.169 5.9 1.8 (39) 

22 Pt/Mg(Ga)(Al)O 600 0.90 20 2.60 16.0-11.4 99.2 0.056 0.05 0.196 5.1 2.0 (40) 

23 
Commercial 

PtSnK/Al2O3 
600 0.60 56 4.00 46.5-43.5 

87.0-

85.0 
0.33 - 0.022 45.4 6.0 (41) 

24 PtSnK/θ-Al2O3 600 0.30 67 4.00 39.9-38.2 
92.0-

95.0 
0.60 1.50 

0.002

9 
349 25 (42) 

25 PtZn@S-1 600 0.41 25 5.90 45.0-40.0 98.0 0.81 8.13 0.003 324 90 (43) 

26 RE-PtSn/SBA-15 600 0.75 50 5.90 37.0-20.0 90.0 0.99 4.95 0.080 12.5 8.0 (44) 

27 PtGa@MFI 600 0.47 25 5.90 22.0-15.0 97.0 0.31 0.81 0.023 42.6 20 (45) 

28 
PtSn 

/SAPO-34-500 
595 0.50 80 5.60 34.6-43.9 66.0 0.48 1.60 0.149 6.7 8.0 (46) 

29 PtSn/MgAl2O4-rod 590 0.30 10 3.20 43.2-40.9 95.0 3.54 13.9 0.005 200 20 (47) 

30 PtSn/MgAl2O4-sheet 590 0.30 10 3.20 42.8-39.5 95.0 3.43 12.9 0.009 111 20 (47) 

31 PtSn/MgAl2O4-sphere 590 0.30 10 3.20 43.8-38.5 92.9 3.33 12.3 0011 91 20 (47) 

32 PtSn/Al2O3 590 0.30 10 3.20 41.6-35.5 91.9 3.04 10.8 0.013 77 20 (47) 

33 Pt/Al2O3 sheet 590 0.36 16 9.40 42.7-15.9 93.0 1.38 - 0.058 17.1 24 (48) 

34 PtSn/Al2O3 sheet 590 0.35 16 9.40 48.7-44.6 98.0 1.62 2.49 0.007 143 24 (48) 

35 
Pt-Sn-Na 

/Al-SBA-15 
590 0.50 75 3.00 27.5-12.6 94.0 0.20 0.63 0.024 41.3 40 (49) 

36 Pt-Na/Sn-ZSM-5 590 0.50 75 3.00 41.7-39.1 95.3 0.30 - 0.011 92.6 9.0 (50) 

37 
PtNa 

/Zn(1.0%)-ZSM-5 
590 0.50 80 3.00 40.6-37.8 93.0 0.29 0.81 0.012 85.1 9.0 (51) 

38 
PtSn 

/mesoporous Al2O3 
590 0.50 80 3.00 29.8-24.6 92.0 0.22 3.14 0.044 22.8 6.0 (52) 

39 PtSn/ZSM-5 590 0.50 80 3.00 33.1-26.3 47.7 0.24 2.61 0.054 18.4 6.0 (52) 
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40 Pt-Sn/γ-Al2O3 590 0.50 80 3.00 29.4-22.7 76.0 0.21 3.28 0.058 17.2 6.0 (52) 

41 PtSn/SBA-15 590 0.50 80 3.00 11.0-6.00 80.0 0.08 2.00 0.110 9.1 6.0 (52) 

42 PtCu/MgAl2O4 590 1.00 48 6.80 25.7-21.0 87.5 0.24 6.41 0.011 89.2 24 (53) 

43 PtAg/MgAl2O4 590 1.00 48 6.80 30.6-16.7 95.1 0.28 0.4 0.034 29.8 24 (53) 

44 PtAu/MgAl2O4 590 1.00 48 6.80 33.7-16.6 60.0 0.31 0.44 0.040 25.1 24 (53) 

45 PtSn-K/ZSM-5 590 0.46 80 3.00 34.4-32.0 92.0 0.25 2.61 0.015 66.7 8.0 (54) 

46 PtSn/Al2O3 590 0.50 16 5.20 ~58.0 97.0 0.61 0.61 0.012 83.3 20 (55) 

47 
PtSn 

/Al2O3 fiber 
590 0.46 80 3.00 24.7-23.5 92.5 0.18 0.26 

0.009

4 
106 7.0 (56) 

48 PtSnNa/CeZSM-5 590 0.50 80 3.00 43.5-40.7 
84.0-

96.0 
0.29 0.81 0.017 60.2 6.9 (57) 

49 PtSnNa/SUZ-4 590 0.50 25 3.00 24.7-20.2 
90.0-

94.0 
0.16 - 0.029 34.7 9.0 (58) 

50 Pt-Sn2/MgAl2O4 580 0.55 10 2.4 44.0-18.7 92.0 0.23 0.42 0.014 73.3 90 (59) 

51 Pt-Sn3/MgAl2O4 580 0.53 10 2.40 42.0-18.7 97.0 0.23 0.42 0.013 78.5 90 (59) 

52 Pt-Sn4/MgAl2O4 580 0.50 10 2.40 50.0-31.5 98.0 0.29 0.53 0.009 116 90 (59) 

53 Pt-Sn5/MgAl2O4 580 0.42 10 2.40 45.0-37.5 98.0 0.31 0.58 0.003 294 90 (59) 

54 Pt-Sn6/MgAl2O4 580 0.39 10 2.40 44.0-38.9 99.0 0.33 0.61 0.002 428 90 (59) 

55 Pt/0.5Sn-SBA-15 580 0.72 70 8.30 43.8-38.3 98.5 0.62 3.10 0.038 26.4 6.0 (60) 

56 PtSn/SiO2 580 1.00 16 4.70 47.0-44.0 99.0 0.26 0.43 0.015 66.1 8.0 (61) 

57 PtSn/Al2O3 580 1.00 16 4.70 45.0-35.0 98.0 0.23 0.38 0.050 19.1 8.0 (61) 

58 PtGa-Ca-Pb/SiO2 580 3.00 100 5.90 36.6-25.2 
98.0–

97.0 
0.087 0.174 0.002 500 252 (62) 

59 PtLa/mz-deGa 580 1.00 100 11.0 42.5-16.1 
96.0-

93.0 
0.55 1.10 0.003 356 480 (63) 

60 PtGa-R 575 0.51 10 5.40 38.0-29.0 97.0 0.48 0.60 0.143 6.98 2.8 (64) 

61 
PtSn 

/MgAl2O4-ALT 
575 1.00 16 14.7 33.0-29.0 99.0 0.59 1.18 0.057 17.6 3.3 (65) 

62 PtSn/Al2O3 575 1.00 27 14.7 21.1-16.6 99.0 0.38 0.41 0.330 3.1 4.0 (66) 
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63 Pt-Sn2/meso-Al2O3 570 0.50 10 2.90 42.4-40.8 99.0 0.31 0.45 
0.003

3 
303 20 (67) 

64 PtZn4@S-1-H 550 0.72 25 3.60 47.4-40.4 
93.2-

99.2 
0.25 0.25 0.001 1000 216.7 (68) 

65 PtZn4@S-1-H 550 0.72 25 108 21.2-11.8 
98.3-

98.6 
3.55 3.55 0.072 13.9 10.3 (68) 

66 0.3Pt0.5Zn@S-1 550 0.30 37 6.50 45.0-42.0 99.5 1.20 1.20 0.002 500 60 (69) 

67 Pt-Sn@S-1(4.00 μm) 550 0.25 100 5.30 28.6-28.4 
99.5-

97.1 
1.00 1.05 

0.000

002 

4584

92 
4500 

This 

study 

68 Pt0Znδ+/SiO2 550 3.05 20 75.0 30.2-16.1 98.1 0.96 0.96 0.027 36.8 30 (70) 

69 Gaδ+Pt0/SiO2 550 4.37 20 98.3 31.9-18.2 99.0 1.36 1.36 0.038 26.5 20 (71) 

70 Gaδ+Pt0/SiO2 550 4.37 20 43.3 36.5-26.9 90.9 0.76 0.76 0.023 44.2 20 (71) 

71 Gaδ+Pt0/SiO2
 550 4.37 20 2.00 40.7-38.5 63.5 0.04 0.04 0.005 214 20 (71) 

72 PtSn/MgAl2O4 550 0.50 50 36.6 12.0-11.0 
92.0-

95.0 
0.50 - 0.280 3.5 3.0 (72) 

73 2Pt-0.6Sn/γ-Al2O3 540 2.00 12 3.50 42.9-39.2 93.7 0.09 0.60 0.020 49.0 6.0 (73) 

74 2Pt-1.2Sn/γ-Al2O3 540 2.00 12 3.50 43.5-41.4 96.9 0.09 0.60 0.011 87.2 6.0 (73) 

75 2Pt-2.4Sn/γ-Al2O3 540 2.00 12 3.50 42.8-41.7 98.3 0.09 0.60 0.006 166 6.0 (73) 

76 2Pt-3.6Sn/γ-Al2O3 540 2.00 12 3.50 42.8-41.8 98.6 0.09 0.60 0.005 183 6.0 (73) 

77 Pt/BN 540 0.50 12 3.53 28.0-18.0 97.0 0.22 0.48 0.090 11.1 8.0 (74) 

78 PtSn/Al2O3 519 0.35 30 3.50 31.0-20.0 
95.0-

98.0 
0.11 0.39 0.290 3.4 4.9 (75) 

79 Pt/SiO2 500 3.90 20 43.2 21.3-12.5 
92.0-

94.4 
0.15 0.32 0.213 4.7 3.0 (76) 

 

[a] 𝑊𝐻𝑆𝑉⁡(h-1) =
𝐹C3H8
22414

×44

𝑊𝑐
, where 𝐹C3H8

 is the flow rate of C3H8 (mL), and Wc is the weight of the catalyst (g). 
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[b] The first and last values of propane conversion are obtained throughout the reaction. 

[c] The first and last values of propene selectivity are obtained throughout the reaction. 

[d] Specific activity (s-1): the moles of C3H8 formation per mole Pt atoms per second to reflect the apparent activity. 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐⁡𝑎𝑐𝑡𝑖𝑣𝑖𝑦⁡(s-1) =
𝐹C3H8×𝑋C3H8

22414
𝑊C×𝑊Pt

𝑀W

, where 𝐹C3H8
 is the flow rate of C3H8 (mL), 𝑋C3H8

 is the conversion of propane, WC is the weight of catalyst (g), MW is the Pt atomic weight (g mol-1), WPt is 

the weight of supported Pt on the catalysts (g). 

[e] TOF (s-1): the turnover frequency. 

TOF (s-1)=
FC3H8×XC3H8

22414
WC×WPt

MW
×D

, where 𝐹C3H8
 is the flow rate of C3H8 (mL), 𝑋C3H8

 is the conversion of propane, WC is the weight of catalyst (g), MW is the Pt atomic weight (g mol-1), WPt is the weight of 

supported Pt on the catalysts (g), and D is dispersion of Pt (Ptsurface/Pttotal). 

[f] kd (h-1): the deactivation constant. 

kd⁡(h
-1)=

ln(
1-Xf

Xf
)- ln(

1-Xi

Xi
)

t
, where Xi is the initial conversion of propane, Xf is the final conversion of propane, t is the time throughout the reaction. 

[g] τ (h): the catalyst life, τ=
1

kd

 

[h] Operation time (h): the total time throughout the reaction in hours for a single run. 
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Supplementary Table 3. 

Detailed structural information obtained from the Pt L3-edge χ(R) space spectrum fitting of H2PtCl6·2SnCl2@S-1(4.00 μm) and Pt-Sn@S-1(4.00 

μm)fresh. 
 

H2PtCl6·2SnCl2 

@S-1(4.00 μm) 

Reduced Chi-

square (χ
ν

2
) 

R-factor (%) amp/S
0

2
 N

(Pt-Cl path)
 R

(Pt-Cl path) 
(Å) σ

2

(Pt-Cl path) 
(10

-3
Å

2
) ΔE

0
(eV) 

394.20 0.0031 

0.88  0.15 5 2.32  0.02 2.2  1.1 4.58  1.63 

amp/S
0

2
 N

(Pt-O path)
 R

(Pt-O path) 
(Å) σ

2

(Pt-O path) 
(10

-3
Å

2
) ΔE

0
 (eV) 

0.80  0.11 1 1.20  0.02 3.8  1.2 2.47  1.07 

Pt-Sn@S-

1(4.00 μm)fresh 

Reduced Chi-

square (χ
ν

2
) 

R-factor (%) amp/S
0

2
 N

(Pt-O path)
 R

(Pt-O path) 
(Å) σ

2

(Pt-O path) 
(10

-3
Å

2
) ΔE

0
 (eV) 

898.89 0.0471 

0.91  0.14 6 2.22 0.13 3.2  1.3 3.24  0.88 

amp/S
0

2
 N

(Pt-O-Sn path)
 R

(Pt-O-Sn path) 
(Å) σ

2

(Pt-O-Sn path) 
(10

-3
Å

2
) ΔE

0
 (eV) 

0.84  0.16 2 3.50  0.11 5.8  2.2 3.20  0.14 
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Supplementary Table 4. 

Crystal structure data from PDF Rietveld refinement for Pt-Sn@S-1(4.00 μm)fresh. 

 

  

Space group P1 (no. 1) 

Unit cell parameters 
a = 20.568 Å, b = 20.439 Å, c = 13.724 Å 

α = 90.43°, β = 90.09°, γ = 90.02° 

Volume (Å3) 5769.13 

χsq 239.86 

Reduced χsq 0.0511 

Rw 0.0578 
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Supplementary Table 5. 

Label peak assignments to the atomic pairs in Pt-Sn@S-1(4.00 μm)fresh. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Labels Atomic pair Atomic pair distances (Å) 

a O-Si/(Sn) 1.60 

b O-O; Pt-Sn 2.59 

c O-O/(Si)/(Sn); Si-Si/(Sn)/(Pt) 3.96 

d O-O/(Si)/(Sn); Si-Si 5.02 

e O-O/(Si)/(Sn); Si-Si/(Sn) 6.47 

f O-O/(Si)/(Sn); Si-Si/(Pt)/(Sn) 7.73 

g O-O/(Si)/(Pt)/(Sn), Si-Si/(Pt)/(Sn) 8.94 

h O-O/(Si)/(Sn); Si-Si/(Pt)/(Sn) 10.75 

i O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt)/(Sn) 11.81 

j O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt) 12.59 

k O-O/(Si)/(Pt); Si-Si; Sn-Sn 13.73 

l O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt)/(Sn); Pt-Sn 15.14 

m O-O/(Si); Si-Si/(Sn) 16.56 

n O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt)/(Sn) 17.46 

o O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt)/(Sn) 18.92 

p O-O/(Si)/(Pt)/(Sn); Si-Si; Pt-Sn 19.66 

q O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt)/(Sn); Pt-Sn 22.76 

r O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt); Pt-Sn 23.94 

s O-O/(Si); Si-Si/(Sn); Pt-Sn 24.73 

t O-O/(Si)/(Pt); Si-Si/(Pt)/(Sn) 27.51 

u 
O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt)/(Sn); Pt-Sn; 

Sn-Sn 
29.01 
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Supplementary Table 6. 

Crystal structure data from PDF Rietveld refinement for Pt-Sn@S-1(4.00 μm)spent. 
 

 

  

Space group P1 (no. 1) 

Unit cell parameters 
a = 20.645 Å, b = 20.388 Å, c = 13.807 Å 

α = 90.45°, β = 90.12°, γ = 90.11° 

Volume (Å3) 5811.05 

χsq 306.521 

Reduced χsq 0.0606 

Rw 0.0586 
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Supplementary Table 7. 

Label peak assignments to the atomic pairs in Pt-Sn@S-1(4.00 μm)spent. 
 

  

Labels Atomic pair Atomic pair distances (Å) 

a O-Si 1.61 

b O-O; Pt-Sn 2.55 

c 
O-O/(Si)/(Sn); Si-Si/(Sn)/(Pt); 

Pt-Sn; Sn-Sn 
3.97 

d O-O/(Si)/(Sn)/(Pt); Si-Si/(Pt) 4.81 

e O-O/(Si)/(Sn)/(Pt); Si-Si/(Sn) 6.32 

f O-O/(Si)/(Sn)/(Pt); Si-Si/(Pt)/(Sn) 7.64 

g O-O/(Si)/(Pt)/(Sn), Si-Si/(Pt)/(Sn) 8.97 

h O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt)/(Sn) 10.75 

i O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt)/(Sn) 12.74 

j O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt)/(Sn); Pt-Sn 13.56 

k O-O/(Si)/(Pt); Si-Si/(Pt)/(Sn); Pt-Sn 15.12 

l O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt)/(Sn); Pt-Sn 15.69 

m O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt)/(Sn) 16.48 

n O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt)/(Sn); Sn-Sn 17.32 

o O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt)/(Sn); Pt-Sn 18.78 

p O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt)/(Sn); Pt-Sn 20.74 

q 
O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt)/(Sn); Pt-Sn; 

Sn-Sn 
22.88 

r O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt)/(Sn); Pt-Sn 23.83 

s 
O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt)/(Sn); 

Pt-Pt/(Sn); Sn-Sn 
24.67 

t 
O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt)/(Sn); Pt-Sn; 

Sn-Sn 
27.53 

u 
O-O/(Si)/(Pt)/(Sn); Si-Si/(Pt)/(Sn); Pt-

Pt/(Sn); Sn-Sn 
28.88 
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Supplementary Table 8. 

Detailed structural information obtained from the Pt L3-edge χ(R) space spectrum 

fitting of Pt-Sn@S-1(4.00 μm)spent (S0
2=0.90). 

 

Samples path C. N.[a] R (Å)[b] 
σ2 ( 10−3 

Å2)[c] 

ΔE 

(eV)[d] 

R 

factor[e] 

Pt foil Pt-Pt 12* 2.77* 4.1±0.8 6.2±1.4 0.01 

PtO2 
Pt-O 6* 1.98* 2.5±1.1 

8.3±1.1 0.01 
Pt-Pt 2* 3.14* 9.1±5.7 

Pt-Sn@S-

1(4.00 

μm)spent 

Pt-O 0.6±0.2 1.86±0.02 9.4±1.8 

2.2±1.9 0.02 Pt-Pt 1.3±0.3 2.74±0.02 9.6±7.2 

Pt-O-Pt/Sn 2.4±1.9 3.10±0.02 9.6±4.8 

aC. N.: coordination numbers; bR: bond distance; cσ2: Debye-Waller factors; dΔE0: the 

inner potential correction. eR factor: goodness of fit. *The experimental EXAFS fit by 

fixing C. N. as the known crystallographic value. 
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Supplementary Table 9. 

Adsorption energies (kJ mol-1) of intermediates on Pt-Sn2 and (Pt-Sn2)2 clusters within 

the MFI framework relative to energy of propane. 
 

Adsorbate Pt-Sn2@S-1 (Pt-Sn2)2@S-1 

CH3CH2CH3 (ads.) 74.67 22.60 

CH3CH2CH2
* + H* 163.24 98.11 

CH3CH2CH2
* 91.97 76.39 

CH3CHCH2
* + H* 116.50 96.99 

CH3CHCH2 (ads.) 175.74 190.81 

CH3CHCH* + H* 146.06 196.71 
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Supplementary Table 10. 

Energy barriers for elemental PDH reactions on the Pt-Sn2 and (Pt-Sn2)2 clusters within 

the MFI framework (kJ mol-1). 

 

 Reaction Pt-Sn2@S-1 (Pt-Sn2)2@S-1 

Step 1 CH3CH2CH3 (ads.) → CH3CH2CH2* + H* 215.37 202.13 

Step 2 CH3CH2CH2* → CH3CHCH2* + H* 173.93 144.96 

Step 3 CH3CHCH2 (ads.) → CH3CHCH* + H* 127.39 173.93 
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Supplementary Table 11. 

Averaged unit cell parameters and volumes of (Pt-Sn2)x (x = 1 and 2) clusters located at 

the intersection sites of MFI framework obtained by AIMD simulations. 
 

Clusters a (Å) b (Å) c (Å) α (˚) β (˚) γ (˚) V (Å3) 

Pt-Sn2 20.00 19.83 13.33 89.94 89.80 90.01 5285.54 

(Pt-Sn2)2 20.00 19.85 13.34 90.18 89.81 89.97 5296.96 
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Supplementary Table 12. 

Averaged unit cell parameters and volumes of (Pt-Sn2)x(x = 1, 2 and 3) and Pt4-Sn7 

clusters located at the intersection sites of MFI framework obtained by period DFT 

simulations. 
 

Clusters a (Å) b (Å) c (Å) α (˚) β (˚) γ (˚) V (Å3) 

Pt-Sn2 20.56 20.41 13.73 89.91 90.07 90.19 5758.41 

(Pt-Sn2)2 20.57 20.44 13.72 90.43 90.10 90.02 5769.14 

(Pt-Sn2)3 20.61 20.44 13.73 90.09 90.11 90.08 5782.49 

Pt4-Sn7 20.58 20.45 13.76 90.14 90.21 90.05 5790.60 
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Supplementary Movie 1. 

Migration-agglomeration scheme of Pt-Sn2 clusters in S-1 with Lb of 0.10 μm for the 

formation of Pt-Sn particles at S-1 surface. 

Supplementary Movie 2. 

Migration-agglomeration scheme of Pt-Sn2 clusters in S-1 with Lb of 4.00 μm for the 

formation of fully-confined (Pt-Sn2)2 in S-1 channels. 
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