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Calcium-Modified PtSn/Al2O3 Catalyst for Propane
Dehydrogenation with High Activity and Stability
Xin-Qian Gao,[a] Zi-Hao Yao,[b] Wen-Cui Li,[a] Gao-Ming Deng,[a] Lei He,[a] Rui Si,*[c]

Jian-Guo Wang,*[b] and An-Hui Lu*[a]

Catalytic dehydrogenation of propane to propylene and by-
product hydrogen is an atom-economical and environmentally
friendly route. PtSn/Al2O3 catalysts have been industrialized in
this process, but still suffer from platinum sintering and coke
deposition under reaction conditions. Herein, we design a
calcium-modified PtSn/Al2O3 catalyst showing a superior
propane dehydrogenation performance. The presence of cal-
cium combined with unsaturated aluminum and tin could
consist of a new local microenvironment that promotes the

dispersion of the platinum species and increases the electron
density of the platinum species, which improves the catalytic
activity, facilitates propylene desorption and inhibits coke
formation. As a result, the achieved PtSnCa/Al2O3 catalyst
exhibits a higher propylene formation rate and a lower coke-
accumulation rate compared to the catalyst without Ca
addition. Moreover, the size of active phase clusters (~ 1 nm)
remained almost unchanged after the catalytic test, indicating a
superior sintering resistance.

Introduction

Propane dehydrogenation (PDH), an important industrial route
for producing propylene, can effectively alleviate the over-
dependence of propylene raw material on petroleum resources.
This process supplies about 10 % of the global propylene
production, and the proportion is expected to increase
significantly in the upcoming years with the success of the
large-scale exploitation of shale gas.[1–4] Al2O3-supported Pt or
CrOx catalyst has been commercially used in the PDH process
depending on different production technologies.[5–7]

For the moment, the Pt-based catalysts become a prefer-
ential choice due to the tighter environmental regulations
about Cr (VI) compounds. Owing to the thermodynamically
limited and highly endothermic, high reaction temperatures are
required to obtain sufficient propylene yields. Under such
conditions, platinum species on the surface of alumina usually
migrate to form large nanoparticles, consequently resulting in a

decrease in catalytic activity and accelerating unavoidable coke
formation.[1] The spent catalysts generally require frequent time-
and energy-consuming regeneration, further accelerating a
permanent deactivation caused by Pt sintering.[8–10] Hence, the
catalytic processes generally require catalyst regenerations
through high-temperature oxychlorination. In this case, the use
of corrosion-resistant metallurgy for reactor design and an
additional process to eliminate corrosive chlorine compounds
are mandatory.[9–14] Therefore, the regulation of Pt-based
catalysts with stabilized Pt atomic center is so far still a great
challenge and always a desired point both in industrial and
academic circles.

The alloying of platinum with promoter elements (e. g., Sn,
Cu, Zn, Ga, In, etc.) is an alternative method to modify the
electronic and geometric properties of platinum species.[15–24] In
these cases, the promoter element can transfer electrons to the
5d band of platinum atoms, attenuating the adsorption of the
product alkene to inhibit coke formation. Besides, platinum
particles can be diluted to smaller platinum ensembles, and the
reduction in the amount of near-neighbor Pt atoms within the
ensembles will suppress those structure-sensitive side reactions,
and thus inhibit the formation of coke. However, due to the
promoter partially covering active platinum sites and mean-
while pushing down the d band center of platinum, the alloying
catalysts significantly lower the reaction rate of propane
dehydrogenation, where the catalytic activity is
compromised.[25–27]

The Al2O3-supported Pt� Sn catalysts have been successfully
commercialized in the Oleflex process developed by the UOP
company. Although it has been suggested that the addition of
Sn can inhibit the agglomeration of Pt species, the sintering of
the Pt nanoparticles during the harsh dehydrogenation and/or
regeneration processes is still an unsolved fatal issue.[12,25,28–31]

Furthermore, the rational design of the support structure is
another useful way to modulate the electronic and geometric
structure of active metal phases. Mironenko et al. reported that
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hydrothermally treated γ-alumina can alter the metal complex-
support interaction, thus changing the dispersion and elec-
tronic state of supported platinum to improve the catalytic
performance.[32] In our previous study, we synthesized a γ-
alumina nanosheet that is rich in pentacoordinate Al3 + ions,
which can act as anchoring sites to effectively disperse and
stabilize Pt� Sn clusters.[33] However, the origin of its efficient
catalytic behavior in propane dehydrogenation has not been
well understood at the atomic level.

Herein, we report that a designed PtSnCa/Al2O3 catalyst
with superior propane dehydrogenation performance benefited
from the regulation of the platinum active phase microenviron-
ment. The achieved PtSnCa/Al2O3 catalyst exhibits a high
propylene formation rate and superior sintering resistance and
anti-coking ability with a very low coke-accumulation rate
compared to the catalyst without Ca addition. The micro-
environment regulation for the active phase through the
rational design of proximal atoms provides guidelines for the
future design of noble metal catalysts with high reactivity and
stability for a variety of catalytic applications.

Results and discussion

Catalytic performance

Propane dehydrogenation was tested using a feed stream of
16 vol.% C3H8, 20 vol.% H2, and N2 balance with a space velocity
of 9.4 gC3H8 gcat

� 1 h� 1 at 590 °C and 1 bar. As shown in Figure 1A,
the dependence of propane conversion and propylene selectiv-
ity over the Pt/Al2O3, PtSn/Al2O3, and PtSnCa/Al2O3 catalysts on
the reaction time. The PtSnCa/Al2O3 catalyst exhibited signifi-
cantly enhanced in terms of reactivity and stability during the
24-hour PDH reaction in comparison to the other catalyst. An
initial propane conversion of 54 % was achieved with 98.7 %
selectivity for propylene. The specific activity of propylene
formation over the PtSnCa/Al2O3 catalyst was
1.67 molC3H6 molPt

� 1 s� 1, which was better than
1.27 molC3H6 molPt

� 1 s� 1 for monometallic Pt/Al2O3 catalyst and
1.57 molC3H6 molPt

� 1 s� 1 for the bimetallic PtSn/Al2O3 catalyst
(Table S2). After a 24-hour dehydrogenation reaction, propylene
selectivity improved to 99.1 % at 48.8 % propane conversion.
Furthermore, the PDH was also tested under a higher space
velocity to push the conversion of propane away from the
equilibrium conversion (Figure S1). With an increase in space

Figure 1. Catalytic performance of PtSnCa/Al2O3 catalyst. (A) The dependence of propane conversion and propylene selectivity on reaction time. (B) Amount
of coke deposits as a function of dehydrogenation reaction time. (C) Initial propane conversion, propylene selectivity, and specific activity of propylene
formation during 3 consecutive dehydrogenation-regeneration cycles. Catalytic conditions: atmospheric pressure, 590 °C, C3H8/H2 =1/1.25, with balance N2 for
total flow rate of 50 mL min� 1, WHSV of propane =9.4 h� 1 over 100 mg of sample. The spent catalyst is regenerated at 500 °C under an air stream for 120 min,
and the flow rate of air was 40 mL min� 1.
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velocity from 9.4 h� 1 to 75.2 h� 1, the initial propane conversion
over PtSnCa/Al2O3 catalyst decreased to 29.5 %, the initial
propylene selectivity increased to 99.0 %, and the specific
activity of propylene formation increased to
7.31 molC3H6 molPt

� 1 s� 1, all of which were better than the catalyst
without Ca addition. We have evaluated the influence of the
calcium content on catalytic performance, the propane con-
version exhibited a volcanic curve with the calcium content
increasing, reaching a maximum at a loading of 0.5 % (Fig-
ure S2A). Small amounts of calcium have insignificant effects on
catalytic performance, while excessive calcium may cover the
active site resulting in decreased catalytic activity. Furthermore,
we also evaluated the PDH performances of lithium, sodium,
potassium, magnesium, and barium-modified PtSn/Al2O3 cata-
lysts, where the additive loading was maintained at 0.5 %. As
shown in Figure S3, all these additives on these catalysts
showed a negative effect on the propane activation in the PDH
reaction, which may be due to unsuitable properties or loading
amounts. Thus, calcium additives with appropriate ratios have a
unique promotional role of calcium in such catalyst config-
urations. To further evaluate the catalyst stability, a first-order
deactivation model was used to calculate the deactivation
parameters of the catalyst. As shown in Table S2–3, the as-
prepared catalyst had superior reactivity and stability with high
specific activity and low deactivation rate outperformed those
reported Al2O3-supported Pt-based catalysts. It was important
to highlight that the calcium-modified PtSn/Al2O3 catalyst
exhibited superior coke-resistant capability. The TG measure-
ment in the TPO mode revealed that the amount of coke
deposits on the spent catalysts was significantly decreased with
the introduction of calcium. As exemplified by intuitive
photography images, the color of the spend PtSnCa/Al2O3

catalyst changed from black to grey with the introduction of
0.5 wt% calcium, and the amount of coke was reduced from
3.70 % to 2.12 % (Figure S2B). A correlation between coking
amount and dehydrogenation time was established to deter-
mine the coke-accumulation rates of the catalysts (Figure 1B).

PtSnCa/Al2O3 catalyst possessed a very low coke-accumulation
rate (0.04 h� 1), which decreased by more than 60 % compared
to the catalyst without Ca addition. Furthermore, three
successive dehydrogenation-regeneration cycling over the fresh
PtSnCa/Al2O3 catalyst were investigated to examine the dura-
bility under harsh operating conditions (Figure 1C). Only a slight
decrease in propane conversion was observed, while the
propylene selectivity remained essentially unchanged at high
temperatures. The conversion and selectivity of the PtSnCa/
Al2O3 catalyst were always higher than that of the PtSn/Al2O3

catalyst during the three successive dehydrogenation-regener-
ation cycles (Figure S4). All these results clearly demonstrated
that the modification of calcium can enhance the PDH reactivity
and stability, especially the coke-resistant ability of the alumina-
supported platinum-tin catalysts.

Textural and surface properties of catalysts

To clarify the unique promotional role of calcium on PDH
reactivity and coking behavior, we initially investigated the
effect of calcium modification on the catalyst texture and
surface property (Table S1). One can see that the calcium
modification leads to a ~ 6% decrease in the catalyst surface
area. The NH3-TPD measurement showed that the calcium
addition had little effect on the acidity of the catalyst surface
(330 μmol/gcat on PtSn/Al2O3 versus 314 μmol/gcat on PtSnCa/
Al2O3), and the relative proportion of weak, modest, and strong
acid also remained invariable (Figure 2A), which was distin-
guished from the usual viewpoints that the basic component
will effectively neutralize the acidic sites on the Al2O3

surface.[34–36] Furthermore, a CO2-TPD study was carried out to
evaluate the change of catalyst surface basicity after calcium
modification. As shown in Figure 2B, the two samples exhibited
a similar desorption peak of CO2 at ~ 120 °C, corresponding to
hydroxyl groups on the Al2O3 surface.[37] And the CO2 desorption
at 300 ~ 700 °C attributed to the interaction with the Ca2 +� O2�

Figure 2. Acid-base properties of catalyst. (A) NH3-TPD profile of the PtSn/Al2O3 and PtSnCa/Al2O3 catalysts. (B) CO2-TPD profile of the PtSn/Al2O3 and PtSnCa/
Al2O3 catalysts.
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pair on the Al2O3 surface was not found.[38] Therefore, the
inhibition of coke formation by calcium additive was derived
from the modification of the active phase rather than the
support surface.

Geometry and electronic properties of platinum species
before and after PDH reaction

To understand the outstanding reactivity and stability of the Pt-
based catalysts, we carefully tracked the evolution of catalyst
structure before (“initial”) and after (“final”) reaction. Aberration-
corrected high-angle annular dark field-scanning transmission
electron microscopy (HAADF-STEM) measurements were con-
ducted to reveal the atomic-resolution structure of the catalysts
(Figure 3A and Figure S5–7). We observed small low-dimen-
sional clusters as well as a number of loose ensembles on the
surface of the Al2O3 nanosheet with an average size of
approximately 1 nm, which was smaller than the PtSn clusters
on the Al2O3 nanosheet (~ 1.3 nm). The energy-dispersive X-ray
spectroscopy (EDX) elementary maps revealed the spatial
distribution of the Pt, Sn, and Ca on the support surface
(Figure 3E). By comparing spatial features in Pt, Sn, and Ca
maps, it was apparent that there was a large degree of
correlation between the location of the Pt, Sn, and Ca elements
because regions of higher Pt and Sn intensities appear at
regions of higher Ca intensity, suggesting that the close
association of three components consists of the catalytically
active phase attached on the surface of Al2O3. It’s well known,
in heterogeneous catalysis, the topmost atomic layer of the
catalyst is the precise location where the catalytic process takes
place. Considering that only the bulk information is provided by
EDS analysis, the high sensitivity-low energy ion scattering (HS-
LEIS), which is a sensitive analysis technique for the outermost
atomic layer of a sample, was further used to detect the surface
region of the calcium-promoted platinum-tin active phase. As
shown in Figure S8, it was clear that Pt, Sn, and Ca co-exist on
the outmost surface, and comprise the multicomponent active
phase supported on the Al2O3 surface. In more detail, high-
magnification Z-contrast micrographs (Figure 3A) showed that
the primary species on the support surface were discrete
clusters with sub-nanometer diameters. Longitudinal annular
dark-field (ADF) intensity was normalized to obtain more
insights into the three-dimensional structure of these clusters.
An intensity comparison (Figure 3B) between two representa-
tive clusters (No. 1 and 2, see Figure 3A) clearly indicated the
thickness of these clusters with sub-nanometer diameter was
one to two atomic layers. Further statistical analysis (Figure 3D)
of more than 80 clusters revealed that the clusters with a
thickness of 1- or 2-layer amount to 94 %. From the perspective
of width and thickness, Figure 3C provided convincing evidence
for the presence of sub-nanometer clusters predominantly in
the PtSnCa/Al2O3 catalyst. These observations indicated that
PtSnCa clusters were well dispersed and stabilized on the
alumina surface. Therefore, the decrease in the active phase
cluster size benefited the exposure of more active sites to
improve the catalytic activity, and the strong metal-support

interactions facilitated the improvement of the sintering
resistance.

To characterize the chemical environment and electronic
properties of platinum species in the catalysts, X-ray absorption
fine structure (XAFS) spectra were collected. The k2-weighted
Fourier transform of extended X-ray absorption fine structure of
Pt L3 edge of the Pt catalysts and the standard references (Pt-
foil and PtO2) were shown in Figure 4A. As compared with Pt-
foil and PtO2, a similar peak near 2.01 Å in EXAFS spectra for all
Pt catalysts could be ascribed to the Pt� O coordination.[39–41] As
the catalysts were pre-reduced before the measurements, the
presence of PtOx phases could in principle be ruled out in
samples.[42] However, we observed a bond distance close to that
in PtO2, indicating the presence of Pt� O bond which was
ascribed to the strong interaction of platinum with the support.
Further quantitative analysis of the coordination structure was
conducted by the fitting of R space of Pt-based catalysts
(Table S4). In the PtSnCa/Al2O3 catalyst, the Pt� Pt bonding
distance of 2.75 Å with a coordination number of 0.9, which
was slightly lower than that of the PtSn/Al2O3 catalyst, and the
former possessed more coordinating neighbors of Pt� O,
implying the platinum species had a better dispersion with the
presence of calcium promoter, which was consistent with the
decrease in particle size in the HAADF-STEM result. After 24-
hour propane dehydrogenation, the corresponding Pt� O coor-
dination number decreased with the simultaneous disappear-
ance of Pt� Pt bond and appearance of Pt� Sn bond, suggesting
the existence of structure evolution under reaction conditions.
The EXAFS data did not reveal any Pt� Pt presence in spent
catalysts, indicating there might be only isolated Pt sites
contained in the catalyst. Compared to PtSn/Al2O3 catalyst, both
the coordination number and bonding distance of Pt� Sn
decreased in PtSnCa/Al2O3 catalyst, revealing the different
interaction between platinum and tin species. Given that the Ca
addition was the only difference, such changes in the local
coordination environment must originate from the calcium
modulation.

With an understanding on geometric configuration, the
chemical properties of platinum species were further evaluated
by combining the X-ray absorption near-edge structure. Prior to
detect Pt, the electronic state of tin and calcium species was
identified via the XPS measurement. As shown in Figure S9A,
the Sn 3d XPS spectra confirmed that the prevailing valence of
tin species was + 2 in PtSn/Al2O3 and PtSnCa/Al2O3

catalysts.[33,43,44] Different from that reported in the literature
where the addition of calcium favored the reduction of tine
species,[36] the same binding energy in both catalysts indicated
that there was no interaction between the tin species and the
calcium promoter in the PtSnCa/Al2O3 catalyst. As shown in
Figure S9B, the Ca 2p XPS spectra demonstrated a principal
peak at 345.4 eV with a shoulder peak at 348.8 eV, indicating
that calcium species were in an oxidized state.[45] Combined the
XPS and CO2-TPD measurements demonstrated that calcium
species were present in the cationic form.[37,46] The normalized
profiles revealed that the edge energy and white line intensities
of all Pt catalysts were similar to platinum foil (Figure 4B),
indicating that the platinum species were in a metallic state in

ChemCatChem
Research Article
doi.org/10.1002/cctc.202201691

ChemCatChem 2023, 15, e202201691 (4 of 8) © 2023 Wiley-VCH GmbH

Wiley VCH Donnerstag, 30.03.2023

2307 / 292297 [S. 191/195] 1

 18673899, 2023, 7, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202201691 by D
alian U

niversity O
f, W

iley O
nline L

ibrary on [08/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



these catalysts..[25,42,47] The CO-DRIFT spectra of the PtSnCa/Al2O3

catalyst and reference samples at 573 K demonstrated strong
interaction between Pt sites and CO, which was consistent with
the above conclusion (Figure 4C). Moreover, the result of the
C3H6-TPD experiment in Figure S10 showed that the desorption

temperature of electron-rich propylene over the PtSnCa/Al2O3

sample (135 °C) was lower in comparison with that over the
PtSn/Al2O3 sample (186 °C), indicating that the electronic
density of platinum increases in PtSnCa/Al2O3 catalyst. The
higher electron density of platinum species will attenuate the

Figure 3. Structural features of PtSnCa/Al2O3 catalyst. (A) Aberration-corrected HAADF-STEM images. (B and C) ADF intensity along the blue line in the A
image. (D) Height distribution of 81 selected clusters determined from the relative intensities of Z-contrast images. (E) Two-dimensional elemental maps using
STEM-EDX imaging analysis of representative PtSnCa/Al2O3 catalyst.
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adsorption of the product alkene to inhibit coke formation,[26,27]

which was a good explanation for the excellent anti-coking
ability of the PtSnCa/Al2O3 catalyst. After 24-hour propane
dehydrogenation, the white line intensities at the Pt L3 edges
decreased, suggesting the increase in the electronic density of
platinum species.[20,47–49] The platinum species in these catalysts
became much more electron-rich after exposure to the reaction
mixtures, confirming the structural evolution of platinum
species occurs under the reaction conditions. It was noteworthy
that the decline in white line intensity of the PtSnCa/Al2O3

catalyst was more obvious, suggesting further enhancement of
the charge transfer between platinum and microenvironment
by the addition of calcium. These results manifested that the
structure of the active phase evolved under the reaction
conditions, and the addition of calcium effectively regulated the
evolution process.

Conclusions

In summary, we have developed a novel PtSnCa/Al2O3 catalyst
with a unique microenvironment exhibiting high selectivity,
high specific activity, low coke-accumulation rate, and superior
sintering resistance in the catalytic dehydrogenation of the

propane process. The addition of calcium promoted the
dispersion of platinum species and boosted the charge transfer
between platinum and its microenvironment, contributing to a
high specific activity of propylene formation and a low coke-
accumulation rate. This study demonstrates that microenviron-
ment regulation for the active phase through the rational
association of proximal atoms provides a new strategy for the
design of heterogeneous catalysts.

Experimental
Support preparation. The γ-Al2O3 nanosheet support was synthe-
sized according to our previous work.[33] Typically, suitable amounts
of Al(NO3)3 · 9H2O and CO(NH2)2 were dissolved in deionized water
and then placed in a Teflon-lined stainless autoclave and main-
tained at 100 °C for 48 h. After air-cooling to room temperature, the
obtained white precipitate was filtered and washed with deionized
water and anhydrous alcohol several times and then dried over-
night at 80 °C. Finally, γ-Al2O3 nanosheet was obtained by
calcination of the powder in air at 600 °C for 2 h with a heating rate
of 1 °C/min.

Catalysts preparation. Platinum-tin-calcium supported γ-Al2O3

nanosheet catalysts (PtSnCa/Al2O3) were prepared using the
incipient co-impregnation method with H2PtCl6 · 6H2O, SnCl2 · 2H2O,
and Ca(NO3)2 · 4H2O as the precursors. Typically, the solution

Figure 4. Chemical environment and electronic properties of platinum species. (A) Fourier transform of the Pt LIII-edge EXAFS spectra of the PtSnCa/Al2O3

catalyst and reference samples. (B) Normalized XANES profiles at the Pt LIII-edge of the PtSnCa/Al2O3 catalyst and reference samples. (C) CO-DRIFT spectra of
the PtSnCa/Al2O3 catalyst and reference samples at 573 K.
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containing the three metal precursors was incipient impregnated
into the alumina nanosheet support. Subsequently, the impreg-
nated samples were maintained at room temperature for 2 h and
then dried overnight at 50 °C. Finally, the catalysts were calcined at
500 °C for 4 h and then reduced in 20 % H2/N2 atmosphere at 590 °C
for 2 h. As compared, the Pt/Al2O3, PtSn/Al2O3, and PtSnM/Al2O3 (M
represents various metals) were prepared by the same procedures
of the PtSnCa/Al2O3 catalyst.

Catalyst characterization. The actual loading of platinum, tin, and
calcium was identified by inductively coupled plasma optical
emission spectroscopy (ICP-OES). The textural properties were
measured with a Micromeritics TriStar 3000 adsorption analyzer.
The amount of coke deposited was measured with a thermogravi-
metric (TG) analyzer STA 449 F3 (NETZSCH). Temperature-pro-
grammed experiments were performed on a Micromeritics AutoCh-
em II 2920 apparatus with a TCD detector and/or a mass
spectrometer. Aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) images
and energy dispersive X-ray (EDX) spectroscopy were obtained on a
JEOL JEM-2100 microscope operated at an accelerating voltage of
200 kV. Diffuse reflectance infrared Fourier transform (DRIFT)
spectra were recorded on a Bruker 70 V spectrometer with an
in situ reaction cell (HARRICK) and MCT detector. X-ray photo-
electron spectroscopy (XPS) analysis was performed on an Omicron
Sphera II hemispherical electron energy analyzer with an in-situ
reaction cell. Before the measurements, all the samples were
reduced at 590 °C for 1 h in 20 % H2/N2 atmosphere and then
moved to the measured chamber under vacuum conditions. The
binding energy of the element was calibrated using a C 1s
photoelectron peak at 284.6 eV. High sensitivity-low energy ion
scattering (HS-LEIS) measurement was performed on an IonTOF
Qtac100 low-energy ion scattering analyzer. He+ ions with a kinetic
energy of 3 keV were applied at a low ion flux equal to
1325 pA cm� 2. Ne+ ions with a kinetic energy of 5 keV were applied
at a low ion flux equal to 445 pA cm� 2. Quasi-in-situ X-ray
absorption fine structure (XAFS) spectra at Pt L3 (E0 = 11564.0 eV)
edge were performed at BL14 W1 beamline of Shanghai Synchro-
tron Radiation Facility (SSRF) operated at 3.5 GeV under “top-up”
mode with a constant current of 250 mA. A Si (111) double-crystal
monochromator was used to reduce the harmonic component of
the monochrome beam. All the samples were measured in the
fluorescence mode with a Lytle-type ion chamber. Before measure-
ments, the powder sample was pre-reduced at 590 °C for 1 h in
20 % H2/N2 atmosphere in a specially designed reactor equipped
with shut-off valves at both ends. Prior to disconnection with the
flowing hydrogen, the valves on the reactor were closed so that the
freshly reduced sample was not exposed to air. After that, the
reactor was transferred into an argon-filled glove box. Specimens
were made by directly applying the fine powders to scotch tape
under a vacuum package, sealed by the valve bag. The energy was
calibrated accordingly to the absorption edge of pure Pt foil.
Athena and Artemis codes were used to extract the data and fit the
profiles. For the X-ray absorption near edge structure (XANES) part,
the experimental absorption coefficients as function of energies
μ(E) were processed by background subtraction and normalization
procedures, and reported as “normalized absorption” with E0 =

11564.0 eV for all the measured samples and references. For the
extended X-ray absorption fine structure (EXAFS) part, the Fourier
transformed (FT) data in R space were analyzed by applying PtO2,
metallic Pt and first-shell approximate models for Pt� O, Pt� Pt
Pt� Al/Pt� Sn/Pt� Pt (from Pt� O� Pt) contributions, respectively. The
passive electron factors, S0

2, were determined by fitting the
experimental data on Pt foils and fixing the coordination number
(CN) of Pt� Pt to be 12, and then fixed for further analysis of the
measured samples. The parameters describing the electronic
properties (e. g., correction to the photoelectron energy origin, E0)

and local structure environment including CN, bond distance (R)
and Debye-Waller factor around the absorbing atoms were allowed
to vary during the fit process. The fitted ranges for k and R spaces
were selected to be k= 3–11 Å� 1 with R=1.1–4.0 Å (k2 weighted).

Catalytic evaluation. Catalytic performance was tested in a tubular
fixed-bed quartz reactor (I. D. =8 mm, length=42 cm) packed with
100 mg catalyst (the particle size of catalyst is 40 ~ 60 mesh). Before
the reactivity test, the catalyst was first heated to 590 °C with a rate
of 10 °C min� 1 and retained at 590 °C for 2 h in flowing 20 vol % H2/
N2. During the activity test, the reaction mixture of 16 vol % C3H8

and 20 vol % H2 and N2 balance was fed at a total flow of 50 mL
min� 1, where the gas flow rates were 8 ml min� 1, 10 ml min� 1, and
32 ml min� 1, respectively. After the dehydrogenation reaction in
each cycle, the spent catalyst was regenerated by treatment in air
at 500 °C for 120 min, and the flow rate of air was 40 mL/min. The
products were analyzed by an on-line gas chromatograph. GDX-105
and molecular sieve 5 A columns were used to analyze the N2, C3H8,
C3H6, C2H4, C2H6, and CH4 in the products. The propane conversion
and propylene selectivity were calculated using the following
equations and the carbon balance was generally higher than 97 %
(Eqs. 1–3).

CC3H8
¼ ½
Fin ðC3H8Þ

Fin N2ð Þ
�
Fout ðC3H8Þ

Fout N2ð Þ
�=½
Fin ðC3H8Þ

Fin N2ð Þ
� (1)

SC3H6
¼ 3

Fout ðC3H6Þ

Fout N2ð Þ

� �

=½
Fout ðCH4Þ

Fout N2ð Þ

� �

þ

2
Fout ðC2H6Þ

Fout N2ð Þ

� �

þ 2
Fout ðC2H4Þ

Fout N2ð Þ

� �

þ 3
Fout ðC3H6Þ

Fout N2ð Þ

� �

�

(2)

Carbon balance ¼

½
Fout ðCH4Þ

Fout N2ð Þ

� �

þ 2
Fout ðC2H6Þ

Fout N2ð Þ

� �

þ

2
Fout ðC2H4Þ

Fout N2ð Þ

� �

þ 3
Fout ðC3H6Þ

Fout N2ð Þ

� �

�=

½3
Fin ðC3H8Þ

Fin N2ð Þ
� 3

Fout ðC3H8Þ

Fout N2ð Þ
�

(3)

where i represents hydrocarbon products in the effluent gas stream,
ni is the number of carbon atoms of component i, and F(i) is the
corresponding flow rate.

A first-order deactivation model was used to evaluate the catalyst
stability (Eq. 4), and the derivation process is described in the
Supplementary materials:

kd ¼ ðln
1 � Xfinal

X final
� ln

1 � X initial

X initial
Þ=t (4)

where X initial and X final, respectively, represent the conversion
measured at the the initial and final period of an experiment, and t
represents the reaction time (h), kd is the deactivation rate constant
(h� 1). Higher kd values are indicative of rapid deactivation, that is,
low stability.
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