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ABSTRACT: In a propane dehydrogenation (PDH) reaction system, low-Pt catalysts generally suffer from rapid deactivation and
poor durability due to easy sintering at high temperatures and in a reductive atmosphere. Herein, we develop a catalyst (PtSnK-B/
Al2O3, named as PtSnK-B0.32) with both low Pt loading (0.15 wt %) and high durability by facile doping of trace boron into a
conventional Pt-based catalyst. Density functional theory (DFT) calculations show that pure Pt clusters have weak binding energy
with support, leading to a further undesired Pt sintering process. In contrast, when boron (B) is added to the Pt-based catalyst, the
undesired Pt sintering process is significantly inhibited. Moreover, being initiated by propane molecules, the pure Pt clusters are
readily to dissociate into Pt atoms due to their longer Pt-Pt bond lengths, then the dissociated Pt atoms are captured by B or BOx
species to form stable Pt−B clusters under PDH conditions. The formation of highly dispersed Pt−B clusters allows the catalyst to
achieve high intrinsic activity; compared with the catalyst without B (PtSnK, 0.14 wt % Pt), the Ea value of the B-doped catalyst is
obviously reduced. Significantly, the durability of PtSnK-B0.32 is three times that of PtSnK and even twice that of 0.26PtSnK with a
Pt loading of 0.26 wt %. The facile synthesis method, lower Pt content, and higher durability provide a promising application
perspective.
KEYWORDS: propane dehydrogenation, low Pt loading, antisintering, redispersion, high durability

1. INTRODUCTION
PDH process has attracted increasing interest because of the
outburst of shale gas and growing demand for propylene to
produce valuable chemicals, such as polypropylene, epoxypro-
pane, and phenol/acetone.1−3 Pt(-Sn)/Al2O3 is the most
widely used catalyst in the Oleflex PDH process. However,
PDH is industrially operated at 570−650 °C as it is a strong
endothermic process (ΔH298

θ = 124.3 kJ mol−1).1,4,5 Catalysts
exposed to a reductive atmosphere at such high temperatures
suffer from severe Pt sintering, resulting in fast catalyst
deactivation.6,7 Therefore, a high content of precious Pt
(approximately 0.3 wt %) is required for achieving reasonable
propylene yield, leading to increased catalyst cost. Moreover,
frequent regeneration for deactivated catalysts is necessary,
where highly toxic Cl2 is used to redisperse Pt species through
an oxychlorination reaction.8,9 Developing a catalyst with high

Pt dispersion and sintering resistance is an ultimate target for
the PDH industry.
Enhancing metal−support interfacial bonding has been

proven effective to improve Pt dispersion.10,11 Pt species can
be highly dispersed on Al(V)-abundant Al2O3 nanosheets
through Pt−Al(V) interactions, but Pt aggregation is unavoid-
able as the proceeding of PDH.12 The Pt−Sn/CeO2 catalyst,
with Pt atoms strongly trapped on ceria, relies on frequent
regeneration to achieve redispersion.8 Although aggregation of

Received: November 24, 2024
Revised: February 18, 2025
Accepted: February 19, 2025
Published: February 24, 2025

Research Articlepubs.acs.org/acscatalysis

© 2025 American Chemical Society
4251

https://doi.org/10.1021/acscatal.4c07243
ACS Catal. 2025, 15, 4251−4258

D
ow

nl
oa

de
d 

vi
a 

D
A

L
IA

N
 I

N
ST

 O
F 

C
H

E
M

IC
A

L
 P

H
Y

SI
C

S 
on

 D
ec

em
be

r 
4,

 2
02

5 
at

 0
1:

33
:4

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.



Pt single atoms on isolated CeOx nanoglues islands (Pt/CeOx/
SiO2) is inhibited when each CeOx nanocluster hosts less than
one Pt atom, precise control of electrostatic adsorption strategy
is necessary, and isolated Pt atoms on CeO2 have been proved
to be less selective to propylene.8,13

Alloying Pt with transition metals (Sn,14 Zn,15,16 Ga,17

In,18,19 and Cu20) is an effective strategy to maintain high Pt
dispersion and low Pt usage by physical isolation or partial
coverage. Zn-based catalyst with high PDH activity has been
achieved by modification with trace platinum (0.1 wt %).21

Additionally, Pt−Cu single atom alloys and [PtZn4] inter-
metallic alloys with 0.1 wt % Pt loading have been
established.15 These geometry-isolated and electron-rich Pt
sites in alloys readily promote the cleavage of the first and
second C−H bonds of propane but inhibit the deep
dehydrogenation of propylene. Moreover, a 0.1 wt % Pt
catalyst is proposed by silica coating, which changes the
interface between PtGa/Al2O3 and SiO2, forming immobilized
Ga oxide clusters and tightly anchored Pt catalytic sites.3

However, these low-Pt catalysts generally suffer from rapid
deactivation and poor durability due to easy sintering. As of
now, the exploration of PDH catalysts with low Pt content,
high Pt dispersion, and enhanced durability remains challeng-
ing.
Here, we report a low-Pt (0.15 wt %) catalyst with both

excellent catalytic activity and durability by doping a trace
amount of B into conventional Pt−Sn−K/Al2O3-based
catalyst. On a B-doped catalyst, the undesired Pt sintering
process is significantly inhibited, and Pt species are redispersed
during PDH, showing benign sintering resistance. This work
provides a practically feasible approach to less regeneration
frequency, higher production, and lower costs simultaneously
for the PDH industry.

2. METHODS
2.1. Synthesis of Catalysts. A B-doped catalyst was

prepared via an incipient-wetness impregnation method. In
detail, spherical θ-Al2O3 support (1.4−1.6 mm, SBET = 107 m2/
g) was impregnated with a solution containing theoretical
amounts of H2PtCl6, SnCl2, KCl, and H3BO3, followed by
drying at 120 °C and calcination in stagnant air at 520 °C for 4
h. The calcined catalyst was reduced under a H2 flow at 600 °C
for 2 h. The theoretical loadings of Pt, Sn, B, and K were 0.15,
0.1, 0.15, 0.35, and 0.65 wt %, respectively. The B-doped
catalysts were labeled as PtSnK-Bx, where x refers to their
actual B loading. Similarly, catalysts without B were also
prepared using the same procedure and labeled as PtSnK.
2.2. Characterizations. X-ray diffraction (XRD) measure-

ments were performed at room temperature on a Panalytical
X’Pert PRO Powder X-ray diffractometer with a Cu Kα source
(λ = 1.5406 Å); the current and voltage were 40 kV and 40
mA, respectively. Nitrogen physisorption was measured with a
NOVAe adsorption analyzer (Quantachrome). Before the
measurements, samples were degassed at 300 °C for 5 h. The
specific surface areas (SBET) were calculated from adsorption
data in the relative pressure range of 0.05−0.3 using the
Brunauer−Emmett−Teller (BET) method. Pore size distribu-
tion was calculated using the Barrett−Joyner−Halenda (BJH)
pore size model. The actual loading of Pt and B in fresh and
used catalysts were determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES, 7300DV, Perki-
nElmer). AC-HAADF-STEM images were obtained with a
JEM-ARM200F microscope (JEOL) operated at 200 kV and

equipped with a cold-field-emission gun, which can achieve a
resolution of 0.07 nm. The samples were prepared by dropping
an ethanol droplet of the samples onto carbon-coated copper
grids and drying at room temperature. The CO−DRIFT
spectra were recorded on a VERTEX 80 V full-band high-
resolution infrared spectrometer (Bruker). After being loaded
in the Harrick diffuse reflector, the sample was heated to 300
°C for 1 h in helium to remove adsorbed water and cooled to
30 °C. The CO−DRIFT spectra before 1%CO/He exposure
were recorded. Then, the samples were exposed to 1%CO/He
flow (50 mL min−1) for 35 min followed by purging with He
flow (50 mL min−1) for 35 min to ensure that the surface of Pt
species was fully saturated with CO. Then, the CO−DRIFT
spectra after 1%CO/He exposure were recorded. Then, CO−
DRIFT spectra were obtained by subtracting the spectra
collected after and before exposure to 1%CO/He. The spectra
were recorded by collecting 64 scans at a resolution of 4 cm−1.
H2-TPR was measured on a Micromeritics AutoChem II 2920
instrument. Typically, 100 mg of samples were employed for
each measurement. The sample was pretreated at 300 °C in Ar
gas flow for 1 h and then cooled to 25 °C under Ar.
Subsequently, the sample was heated to 800 °C under 10%
H2−Ar gas flow, and the H2 consumption was monitored by a
thermal conductivity detector (TCD). Synchrotron radiation
experiments were performed at BL11B of Shanghai Synchro-
tron Radiation Facility (SSRF) (Shanghai, China) and
Singapore Synchrotron Light Source (SSLS) center. The Pt
LIII-edge extended X-ray absorption fine structure (EXAFS)
spectra were recorded in transmission mode at room
temperature using a four-channel Silicon Drift Detector
(SDD) Bruker 5040. The samples were calibrated using
standard Pt foil, which was simultaneously measured as a
reference. All of the analyses (including data reduction, data
analysis, and EXAFS fitting) were performed with the Athena
and Artemis software. For EXAFS modeling, EXAFS of the Pt
foil was fitted, and the obtained amplitude reduction factor S02
value (0.816) was set in the EXAFS analysis to determine the
coordination numbers (CNs) for the Pt−O/B/Pt scattering
paths in the samples.
2.3. DFT Calculation. All DFT calculations were

performed with the Perdew−Burke−Ernzerhof (PBE) func-
tional using the Vienna Ab initio Simulation Package (VASP).1

The projector amplified wave (PAW) method was employed
to describe the core−valence electron interactions. A 2 × 2 × 1
γ grid of k-points was used for Brillouin zone integration. The
valence electronic states were expanded in the plane-wave basis
sets with an energy cutoff of 500 eV. A Gaussian smearing of
0.05 eV was applied during geometry optimization. The
convergence criteria for the iteration in the self-consistent field
(SCF) were set at 10−5 eV, and the residual force for
optimizing atom positions was constrained to less than 0.02
eV/Å. The Al2O3(010) surface and Pt(111) are chosen as the
exposed surface for calculations.
2.4. Propane Dehydrogenation Tests. The propane

dehydrogenation reaction was carried out under atmospheric
pressure in a quartz tube reactor with an inner diameter of 18
mm. Propane flow with a H2:C3H8 molar ratio of 0.5:1 was
passed through 1.0 g of spherical catalyst at 600 °C, with a
weight hourly space velocity (WHSV) of 3.04/10.6/21.2 h−1.
The gas product was analyzed using an online Agilent 7890A
gas chromatograph equipped with an FID detector and HP-
Al2O3/KCl capillary column. Catalyst lifetime experiments
were carried out in a stainless reactor with 6 g of catalysts. The
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H2:C3H8 molar ratio was 0.5:1, WHSV was 2.47 h−1, and the
reaction pressure was maintained at 0.3 bar.
The propane conversion is defined as

n n

n
conversion (%) 100%

C H ,0 C H

C H ,0

3 8 3 8

3 8

= ×

where nCd3Hd8,0 and nCd3Hd8
are the inlet and outlet molar contents

of propane.
The selectivity to propylene is defined as

n

n n
selectivity (%) 100%

C H

C H ,0 C H

3 6

3 8 3 8

= ×

where nCd3Hd6
is the molar content of propene at the outlet of the

reactor.
The deactivation constant (kd) is defined as

k
X X X X

t
ln (1 ) ln (1 )

d
final final initial initial=

[ ÷ ] [ ÷ ]

where Xinitial and Xfinal represent the conversion measured at the
start and the end of an experiment, and t represents the
reaction time (h). Higher kd values indicate the trend of rapid
deactivation, which means low stability.
The apparent activation energy (Ea) was determined by

Arrhenius plots below 10% propane conversion at 530−560
°C.

3. RESULTS AND DISCUSSION
The catalysts in the present work were synthesized through the
incipient-wetness impregnation method using spherical alumi-
na as support, and the experimental details are described in the

Supporting Information (SI). The actual Pt loading of the B-
doped catalyst (PtSnK-B0.32) is 0.15 wt %, which is nearly half
of that used in industrial catalysts, and the loading of B is 0.32
wt % (Table S1). The Sn and K contents are 0.15 and 0.65 wt
%, respectively, as calculated from the theoretical dosages
during impregnation. The EDX mapping spectra in Figure S1
illustrate the uniformly dispersed supporting elements in
PtSnK-B0.32. PtSnK catalyst, without B doping, was
synthesized using the same method and support for
comparison. The as-calcined PtSnK-B0.32 and PtSnK show
solely diffraction peaks of θ-Al2O3 (JCPDS: 23−1009, Figure
S2), suggesting the high dispersion of supported components.
Their similar N2 physisorption isotherms and corresponding
physical parameters (Figure S3 and Table S2) indicate that
trace B doping does not change the textural structures of the
catalysts. The aberration-correction high-angle annular dark-
field scanning transmission electron microscopy (AC-HAADF-
STEM) images in Figure 1a,b declare uniformly dispersed Pt
single atoms on both as-calcined PtSnK and PtSnK-B0.32,
which are calcined in air at 520 °C for 4 h. After reduction
under pure H2 flow at 600 °C for 2 h, obvious sintering of Pt
species occurs on both PtSnK and PtSnK-B0.32 (Figure 1c,d).
However, Pt dispersions on these two as-reduced catalysts are
apparently different. On as-reduced PtSnK (Figures 1c and
S4), the Pt species mainly present as nanoparticles (larger than
2 nm) and nanoclusters (0.5−2 nm) as well as few Pt single
atoms. Besides, the Pt nanoparticles on PtSnK show distinct
outlines and a crystallized structure of the Pt (111) facet with a
crystal lattice of 0.226 nm (Figure 1c,e), indicating the tightly
stacked Pt atoms. After B doping, the sizes of Pt species on
reduced PtSnK-B0.32 (Figures 1d and S5) dramatically
declined, and only Pt nanoclusters smaller than 2 nm and Pt

Figure 1. AC-HAADF-STEM images of as-calcined PtSnK (a) and PtSnK-B0.32 (b) at 520 °C for 4 h, and as-reduced PtSnK (c) and PtSnK-B0.32
(d) under pure H2 flow for 2 h. (e) Crystal lattice fringe of as-reduced PtSnK and PtSnK-B0.32 along green lines in (c, d). (f) The histogram of the
size distribution of Pt species for as-reduced PtSnK and PtSnK-B0.32 under H2 (more than 200 counts for each catalyst). (g) CO−DRIFTS of
PtSnK and PtSnK-B0.32. (h) Arrhenius plots of catalysts, reaction condition: 25 mg of catalyst, WHSV = 44.9 h−1, n(H2):n(C3H8) = 0.5:1, 530−
560 °C, atmospheric pressure, propane conversion <10%. (i) Results of 24 h PDH on stream, reaction condition: 1.0 g of catalyst, WHSV = 3.04
h−1, n(H2):n(C3H8) = 0.5:1, 600 °C, atmospheric pressure.
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single atoms are observed. These nanoclusters on PtSnK-B0.32
have fuzzy outlines and disordered structures (Figure 1d,e),
suggesting loosely arranged Pt atoms. Notably, the density of
isolated Pt single atoms (signed by purple ovals in Figure 1c,d)
on PtSnK-B0.32 is obviously higher compared with that on
PtSnK. A more visualized histogram of frequency for Pt species
with more than 200 counts for each catalyst is presented in
Figure 1f. In detail, the frequency of Pt single atoms on as-
reduced PtSnK and PtSnK-B0.32 are 15.8 and 37.8%,
respectively. The in situ CO diffuse reflectance infrared
Fourier transform spectra (CO−DRIFTS) of reduced PtSnK-
B0.32 display three strong peaks at 2075, 2085, and 2123 cm−1

(Figure 1g), ascribing to vibration of CO linearly bonded to Pt
clusters, metallic Pt single atoms (Pt10), and single ions (Pt1δ+),
respectively.10,22 The intensified peaks at 2085 and 2123 cm−1

declare the high dispersion of Pt species on reduced PtSnK-
B0.32. In comparison, these two vibration peaks on reduced
PtSnK are much weaker, indicating lower Pt dispersion, which
is consistent with AC-HAADF-STEM results. Therefore, trace
B doping significantly inhibits the Pt sintering under a high-
temperature H2 reduction process. The H2 temperature-
programmed reduction (H2-TPR) curve of PtSnK (Figure
S6) shows three weak H2 consumption peaks at 196, 283.1,
and 398.2 °C ascribing to the reduction of PtO2, PtOCl2, and
SnOx, respectively.

12,23,24 The strong signal peak at 626.4 °C
(higher than the calcination temperature of the catalyst) might
be attributed to the decomposition of chlorine-containing
components or dehydration of oxygen-containing groups. After
doping of B, H2 consumption peaks of PtSnK-B0.32 shift to
lower temperatures, demonstrating that the incorporation of

boron improves the reducibility and electron density of Pt and
Sn species.24

The PDH performance of the catalysts is initially evaluated
in a quartz fixed-bed reactor under atmospheric pressure. The
apparent activation energy (Ea) of the catalysts are obtained by
plotting ln(TOF) versus 1/T (Figure 1h) with propane
conversion lower than 10%. The calculated Ea for PtSnK is
84.1 kJ mol−1, which is close to the reported values (80−100 kJ
mol−1).25 After B doping, the Ea value of PtSnK-B0.32
decreases to 63.9 kJ mol−1, which demonstrates that B doping
enhances the intrinsic activity of the low-Pt catalyst for PDH
reaction. The beneficial effect probably results from the
improved electron density and dispersion of Pt species in
PtSnK-B0.32.
Then, a 24 h PDH on stream performance of catalysts was

investigated at 600 °C with weight hourly space velocity
(WHSV) of 3.04 h−1 (Figure 1i). PtSnK-B0.32 shows an initial
propane conversion of 38.4% and propylene selectivity of
89.0%. Methane (3.81%), ethane (6.45%), and ethylene
(0.74%) are the top three byproducts due to hydrocracking
of propane or propylene. After reaction for 24 h, the propane
conversion on PtSnK-B0.32 slightly decreases to 35.7% and
propylene selectivity increases to 91.8%, showing benign
durability. PtSnK shows a comparable initial conversion
(38.9%) and propylene selectivity (88.4%) to PtSnK-B0.32;
however, its conversion after 24 h of reaction is only 32.5%.
The deactivation rate (kd) on PtSnK-B0.32 calculated by the
pseudo-f irst-order kinetic model is 0.0049 h−1, which is much
lower than that on PtSnK (0.0117 h−1).16 Besides, the kd on
PtSnK-B0.32 is also lower than most of the Pt-based catalysts

Figure 2. AC-HAADF-STEM images of catalysts after PDH for 24 h (a, c: PtSnK-24; b, d: PtSnK-B0.32−24). (e) Histogram of size distribution of
Pt species for PtSnK and PtSnK-B0.32 after 24 h of PDH on stream. (f) The normalized XANES spectra at the Pt LIII-edge of PtSnK-B0.32, Pt foil,
and PtO2. (g) Fourier transform of k3-weighted EXAFS fitting curves of Pt in R space. WT-EXAFS plots for PtSnK-B0.32 (h), Pt foil (i), and PtO2
(j).
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reported in the last five years (Table S3), especially those with
Pt loading lower than 0.3 wt %.3,20,21 In addition, excellent
activity and durability are observed for PtSnK-B0.32 at higher
WHSV (10.6 and 21.2 h−1, Figures S7 and S8) or higher
propane conversion (enhanced reaction equilibrium by N2
dilution, molar ratio of H2:C3H8:N2 = 0.5:1:4, Figure S9).
These results demonstrate that the B doping significantly
enhances the PDH performance of low-Pt catalysts.
Furthermore, catalysts with varied B contents of 0.13 and

0.55% were synthesized, and their reaction performance is
displayed in Figure S10. With B loading of 0.13%, the initial
propane conversion over PtSnK-B0.13 is 38.8%, which is close
to that of PtSnK. After 24 h of reaction, the final propane
conversion over PtSnK-B0.13 is 33.8%, which is slightly higher
than that of PtSnK, despite the relatively low B/Pt atomic ratio
(15:1). This evidences the beneficial effect of B doping on
catalyst stability. When the B loading increases to 0.32% (B/Pt
atomic ratio is about 30:1), the catalyst stability is significantly
enhanced, which has been discussed above. However, as the B
loading is further increased to 0.55 wt % (B/Pt atomic ratio is
about 65:1), a noticeable decrease in activity is observed
without any decline in selectivity. This might be ascribed to the
partial covering of Pt species by excess B atoms. Therefore, a
suitable content of B is necessary to achieve high performance
for low-Pt catalysts.
After 24 h of PDH, Pt species on PtSnK-24 are mainly

detected as nanoclusters larger than 1 nm and even some
newly formed particles larger than 10 nm (Figures 2a,c and
S11), which indicates severe Pt aggregation during 24 h of
PDH reaction. This is in accord with previous reports.1 On the
contrary, a distinct diminishment of Pt species is observed on
PtSnK-B0.32−24 (Figure 2b,d), where only Pt single atoms
and nanoclusters smaller than 1 nm are detected, showing
benign aggregation resistance. Notably, the Pt nanoclusters on
PtSnK-B0.32−24 remain loosely and disorderly arranged,
which indicates a high dispersion of Pt species on PtSnK-
B0.32−24. The size distribution of Pt species shown in Figure
2e reveals that the frequency of Pt single atoms on PtSnK-24 is
reduced from 15.8% (as-reduced PtSnK in Figure 1f) to 6.7%.
However, a completely opposite trend is observed for PtSnK-
B0.32−24, where the statistical frequency of Pt single atoms
increased to 61.1%, which is much higher than that on as-
reduced PtSnK-B0.32 (37.8%, Figure 1f). Even after 90 h on
stream, 25.0% of Pt single atoms are still retained without large
nanoparticles (>2 nm) on PtSnK-B0.32−90 (Figure S12).
Note that the ICP analysis (Table S4) shows a small Pt loss
during the PDH process. Obviously, Pt species on PtSnK-
B0.32 are redispersed during the PDH reaction.

The normalized X-ray absorption near-edge structure
(XANES) spectra (Figure 2f) show a much lower near-edge
absorption energy for as-reduced PtSnK-B0.32 than that for
PtO2 but slightly higher than that for Pt foil, suggesting a
mainly metallic state of Pt atoms. XAS spectra of as-reduced
PtSnK-B0.32 show a primary signal at 1.65 Å (no phase
correction, Figures 2g and S13), slightly lower than that of
PtO2 at 1.8 Å (Pt−O), ascribing to the partial coordination of
Pt with B atoms.26 The negative shift of the k value of WT-
EXAFS for as-reduced PtSnK-B0.32 (Figure 2h) in comparison
with Pt foil (Figure 2i) and PtO2 (Figure 2j) further confirms
the formation of Pt−B bonds. Additionally, the Pt−B bond is
also verified by the XANES spectra of B K-edge in Figure S14,
where a slight shift to higher energy of B K-edge is observed on
PtSnK-B0.32 in comparison with that of 0.35 wt %B/Al2O3.
The deconvolution curves displayed mainly four peaks for B 1s.
The B 1s XPS spectrum of reduced PtSnK-B0.32 (Figure S15)
displayed four peaks for B 1s. The peak at 191.1 eV is
attributed to elemental boron (B0 or Pt−B0), and the other
three peaks at higher binding energies (192.1, 193.0, and 194.1
eV) are attributed to a boron suboxide and B2O3 for PtSnK-
B0.32.27 Meanwhile, a weak feature attributed to Pt−Pt bonds
(Pt foil, 2.10 Å) is also observed on as-reduced PtSnK-B0.32
(Figure 2g), indicating a small amount of Pt clusters on
reduced PtSnK-B0.32, consistent with the AC-HAADF-STEM
results (Figure 1d). The R-space and K-space EXAFS fitting
analysis (Figure 2g and Table 1) display that the coordination
number (CN) of Pt−Pt and Pt−B for as-reduced PtSnK-B0.32
are ∼4.6 and ∼2.2, respectively. After PDH for 24 h, the Pt−Pt
bond on PtSnK-B0.32−24 totally disappeared, which confirms
the redispersion of Pt species during PDH.16,21 The presence
of the Pt−O bond in PtSnK-B0.32−24 may be ascribed to the
partial oxidation of highly dispersed Pt species as it is exposed
to air during sampling.
Considering that Pt sintering indeed occurs on both PtSnK

and PtSnK-B0.32 during the H2 reduction process as displayed
in Figure 1c,d, the redispersion of Pt species during the PDH
reaction is reasonably speculated to be initiated by propane
molecules. To prove this hypothesis, as-calcined PtSnK-B0.32
was further reduced under pure H2 flow (without propane) for
24 h at the same temperature (600 °C) as PDH. As expected,
large Pt nanoparticles with sizes of 5−10 nm are generated
(Figure S16), which, however, did not appear on PtSnK-
B0.32−24 after 24 h of PDH on stream. The coking deposit
can be excluded from helping Pt redispersion as the sizes of Pt
species on PtSnK-B0.32−90 are slightly larger than those on
PtSnK-B0.32−24 despite its much higher coke content
(PtSnK-B0.32−90:4.51 wt % vs PtSnK-B0.32−24:2.12 wt
%). The possible mechanism is as follows: at the initial PDH

Table 1. EXAFS Fitting Parameters at the Pt L3-Edge for Various Samples (S02 = 0.816)d

sample shell CNa R (Å)b ΔE0 (eV)
c R factor

Pt foil Pt−Pt 12* 2.76 ± 0.01 7.9 ± 0.3 0.0022
PtO2 Pt−O 5.8 ± 0.3 2.01 ± 0.01 12.1 ± 0.5 0.0095

Pt−Pt 6.4 ± 0.6 3.10 ± 0.01
Pt−O 8.0 ± 0.4 3.66 ± 0.01

PtSnK-B0.32 Pt−B 2.2 ± 0.1 2.09 ± 0.01 2.1 ± 1.2 0.0026
Pt−Pt 4.6 ± 0.4 2.65 ± 0.01

PtSnK-B0.32−24 Pt−B 1.1 ± 0.3 2.35 ± 0.02 11.7 ± 3.4 0.0005
Pt−O 3.3 ± 0.9 2.01 ± 0.02

aCN, coordination number. bR, distance between absorber and backscatter atoms. cΔE0, inner potential correction; R factor indicates the goodness
of the fit. dΔS02 was fixed as 0.816.
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stage, propane molecules contact well with Pt species to
maintain their redispersion. However, with the proceeding of
PDH, increasing coke formation on PtSnK-B0.32 covers the Pt
species, preventing their access to propane molecules, which
induces deactivation of catalysts and impedes redispersion of
Pt clusters. As a result, an extremely slow aggregation of Pt
species proceeds again. It should also be noted that no
redispersion phenomenon of Pt species is observed on PtSnK
during PDH, so the doped B is another essential prerequisite
for Pt redispersion.
To elucidate how B species promote the Pt redispersion

process on B-doped catalyst, theoretical DFT calculations were
further performed. Based on the Pt−B structure derived from
XAS, two of the most possible Pt−B cluster models (Pt6B1 and
Pt6B2) were proposed and the binding energies of Pt−B
clusters and pure Pt cluster (Pt6) on the (010) surface of θ-
Al2O3 are simulated. Notably, the molar ratio of Pt to B
calculated by DFT is based on the results of synchrotron
radiation, which also indicates that only a portion of boron will
bond with platinum. On PtSnK-B0.32, B atoms are in excess
with a B/Pt atomic ratio of approximately 30:1, so most B
atoms have no access to Pt atoms. The Pt6B1 and Pt6B2 models
used here are likely the most possible and typical models
according to synchrotron radiation results. The optimized
lowest-energy structure and corresponding binding energy of
three Pt(-B) cluster models are shown in Figure 3a and Table

S5. Notably, PtSnK and PtSnK-B0.32 have the same loading of
Pt (0.14−0.15 wt %), Sn (0.1 wt %), and K (0.65 wt %), and
the sole difference between them is whether B is doped. Thus,
the significant difference of catalytic performance between
PtSnK and PtSnK-B0.32 is undoubtably caused by B.
Moreover, Sn and K are not directly bonding to Pt or B
species according to synchrotron radiation and aberration
electron microscopy results. Therefore, for simplicity and to
clearly demonstrate the structure of Pt−B clusters, DFT
models in Figure 3a show only Pt and B atoms, where Sn and
K are hided. The calculated binding energies of Pt6, P6B1, and
Pt6B2 on the θ-Al2O3(010) surface are −7.40, −9.42, and
−11.16 eV, respectively. The binding energies of Pt−B clusters

on the Al2O3(010) surface are much lower (more negative)
than that of the pure Pt cluster. Hence, compared with pure Pt
clusters, Pt−B clusters are more stable, and Pt sintering is
harder to occur.28 Furthermore, the bonding behavior of the
Pt−B cluster is simulated under a propane atmosphere, and the
corresponding optimized structure of the critical intermediate
is shown in Figures S17 and S18. As shown in Table S6,
compared with the Pt6B2 cluster (after H2 activation), the bond
lengths between Pt atoms become longer after adsorbing
propane, indicating that the propane atmosphere is conducive
to the dissociation of Pt atoms, which is consistent with the
redispersion of Pt species in the experiment. In other words,
when Pt atoms over pure clusters or nanoparticles mobilize on
support during PDH, they are readily captured by B or BOx
species to form stable Pt−B clusters and redispersed on
support (Figure 3b).
As discussed above, B-doped catalyst shows excellent

aggregation resistance and redispersion capability during the
PDH process, so high durability is reasonably expected.
Herein, lifetime experiments were further performed on a
stainless reactor with a WHSV of 2.47 h−1 and a pressure of 0.3
bar. As shown in Figure 4, the propane conversion over PtSnK

declines rapidly to lower than 20% after 100 h of reaction.
Interestingly, by doping trace amounts of B, the durability of
PtSnK-B0.32 is significantly improved. During the initial 120 h,
the propane conversion on PtSnK-B0.32 decreases very slowly
from 37.1 to 35.1%. Then, a slightly higher deactivation rate is
observed, however, which is still much lower than PtSnK.
When the conversion falls to 20%, the single-pass lifetime of
PtSnK-B0.32 is 310 h, which is three times that of PtSnK. A
similar trend is also detected for propylene selectivity, despite
the slightly lower values in comparison with results on quartz
reactor due to the severe hydrocracking under higher pressure
and catalytic coking on the inner walls of stainless-steel reactor.
To further certify the high durability and practical

application feasibility of PtSnK-B0.32, a B-free Pt−Sn−K/

Figure 3. (a) Optimized lowest-energy cluster structures of pure Pt6,
Pt6B1, and Pt6B2 and their corresponding binding energy on θ-Al2O3
(010). Note: For simplicity, K and Sn atoms were hided. (b) Possible
redispersion mechanism of Pt species on PtSnK-B0.32.

Figure 4. Propane conversion (a) and propylene selectivity (b) of
lifetime experiments of PDH on PtSnK-B0.32 and PtSnK, reaction
condition: 6.0 g catalyst, WHSV = 2.47 h−1, n(H2):n(C3H8) = 0.5:1,
600 °C, 0.3 bar.
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Al2O3 catalyst with Pt loading of 0.26 wt % (referred to as
0.26PtSnK), similar to the industrial catalyst used by UOP, is
also synthesized for comparison. Under the same PDH
conditions, the single-pass lifetime of 0.26PtSnK is 142 h
when propane conversion falls to 20% (Figure S19), which is
less than half of that of PtSnK-B0.32 despite its much higher Pt
content. High durability of catalyst means lower regeneration
frequency and lower Pt loading signifies less catalyst cost. More
importantly, our B-doped catalyst facilely derives from
conventional Pt−Sn−K/Al2O3-based PDH catalysts, which
complies with the operation conditions of existing PDH plants
of the Oleflex process and can be directly adopted without
plant remolding or new construction. This explicitly illustrates
the promising industrial application perspective of our low-Pt
catalyst.

4. CONCLUSIONS
In summary, a low-Pt (0.15 wt %) catalyst with excellent PDH
catalytic activity and durability is synthesized through the facile
doping of B into conventional Pt-based catalysts. The
introduction of B species can remarkably promote the catalytic
performance of Pt clusters through the formation of highly
dispersed Pt−B clusters. The PtSnK-B0.32 catalyst exhibits
extremely high durability, with a single-pass lifetime three
times that of PtSnK and twice that of 0.26PtSnK (0.26 wt %
Pt) under the same conditions. Moreover, outstanding activity
and durability are observed over PtSnK-B0.32 at higher WHSV
(10.6 and 21.2 h−1) or higher propane conversion (enhanced
reaction equilibrium by N2 dilution). The characterization
results show that trace B doping significantly inhibits Pt
sintering during the high-temperature H2 reduction process.
Significantly, when propane molecules are adsorbed on the B-
doped catalyst, the bond lengths between Pt atoms become
longer and dissociation of Pt atoms gets easier. The dissociated
Pt atoms are readily captured by B or BOx species to form
stable Pt−B clusters, resulting in the redispersion of Pt species
on the B-doped catalyst during the reaction process. This work
sheds new light on the design of catalysts with both low Pt
loading and high PDH performance.
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