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Atomically dispersed Pt in ordered PtSnZn intermetallic with Pt-Sn and
Pt-Zn pairs for selective propane dehydrogenation

Chenliang Ye?', Mao Peng’’, Yang Li*, Dingsheng Wang?, Chen Chen® and Yadong Li*"

ABSTRACT With the surge of shale gas, propane dehy-
drogenation becomes increasingly important to synthesize
propylene. Herein, a new type of ordered PtSnZn intermetallic
clusters (~0.9 nm) supported on Al,O; was synthesized by a
stepwise approach including electrostatic adsorption and
temperature-programmed reduction. The structure of the
PtSnZn clusters results from a kinetically controlled process,
and Pt atoms in the PtSnZn clusters are well isolated by Sn and
Zn with Pt-Sn and Pt-Zn pairs. The PtSnZn/ALO; catalyst
exhibits excellent catalytic performance for propane dehy-
drogenation, which achieves ~100% propylene selectivity and
keeps a high propane conversion (>40%) during stability
testing. The catalytic performance of PtSnZn/Al,O; is also
significantly higher than that of Pt/ALO;, PtSn/Al,Os;, and
PtZn/Al,O;. Experiments and theoretical calculations indicate
that the Sn 5p and Zn 4s orbitals are hybridized with Pt 5d by
forming Pt-Sn and Pt-Zn pairs, which leads to the d band
center of Pt deviating from Fermi level (—2.81 eV). The shift of
the Pt d band center significantly decreases the adsorption
energy of propylene and prohibits further dehydrogenation,
resulting in high propylene selectivity and stability.

Keywords: propane dehydrogenation, PtSnZn intermetallic
cluster, atomically dispersed Pt

INTRODUCTION

Propylene has a large number of applications in chemical
industries for producing downstream basic chemicals, such as
acrylonitrile, propylene oxide, and polypropylene. With the
surge of shale gas, propane dehydrogenation becomes increas-
ingly important to synthesize propylene. At present, Pt-based
catalysts are the most widely employed catalytic materials for
light alkane dehydrogenation. Since the C-C bond cleavage is
preferred to occur on agglomerated Pt particles, the catalytic
performance of monometallic Pt catalysts is very poor [1-4]. It
has been suggested that bimetallic catalysts, such as Pt-Sn, Pt-
Zn, Pt-In, Pt-Ga, and Pt-Ge, are able to modify the geometric
and electronic structure of Pt, so as to exhibit a higher catalytic
performance than that of monometallic Pt catalysts [5-13].
However, there are still neighboring Pt-Pt bonds in these

bimetallic catalysts, which would lead to C-C bond cleavage and
generate cokes easily during catalytic dehydrogenation.

Single atomic site catalysts have attracted great attention in
recent years due to their minimum ensembles and unique
electronic structure [14-24]. Alloys with atomically dispersed
active sites (AADAS) are one of the special catalytic materials
with isolated active metals anchored in the hosting metals.
According to the atomic arrangement, alloys can be classified
into solid solutions and intermetallic compounds [25]. Solid
solutions contain metals that randomly substitute the atomic
positions of the parent metal, while intermetallic compounds
possess a uniform crystal structure and highly ordered atomic
distribution [26-29]. It has been suggested that AADAS of solid
solutions exhibit a higher selectivity of C-H bond cleavage than
that of traditional bimetallic catalysts with Pt/Cu being a suc-
cessful example [30,31]. However, under severe reaction con-
ditions, it is a great challenge to stabilize the structure of solid
solutions and keep high catalytic selectivity. Intermetallic com-
pounds also have a potential to serve as AADAS, since the
ensembles of active metals can be reduced by the neighboring
promoter metals. More importantly, the atomic arrangement of
intermetallic compounds is more ordered than that of solid
solutions, which is beneficial for controlling the particle sizes
and achieving high thermodynamic stability under severe cata-
lytic conditions [32-35]. The AADAS of ordered active sites in
intermetallic clusters (<1 nm) is promising to display a higher
selectivity and stability for propane dehydrogenation than that
of AADAS in large solid solutions.

Herein, we prepared an ordered PtSnZn intermetallic com-
pound with ALO; as the support (PtSnZn/ALQO;) by a stepwise
approach including electrostatic adsorption and temperature-
programmed reduction (TPR). The particle sizes of the PtSnZn
intermetallic compound are at cluster scale (~0.9 nm), and the
Pt atoms are well isolated by Sn and Zn. The PtSnZn/ALO;
catalyst exhibits high selectivity and stability for propane
dehydrogenation, which is significantly better than that of Pt/
Al Os, PtSn/ALLO; and PtSnZn/Al,Os. Our work has revealed
that, by forming Pt-Sn and Pt-Zn pairs in the PtSnZn inter-
metallic clusters, the d band center of Pt shifts to a lower value of
Fermi level (—2.81eV), which significantly decreases the
adsorption energy of propylene and prohibits further dehy-
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drogenation, leading to high propylene selectivity and stability.
EXPERIMENTAL SECTION

Synthesis of the catalysts

The PtSnZn/Al,O3 sample was prepared by a stepwise approach
including electrostatic adsorption and TPR. Briefly, 0.014 g of
ZnCl, and 0.023 g of SnCl,-2H,0 were dissolved in 0.4 mL of
methanol, which was then added dropwise to 1 g of ALO;. The
acquired SnZn/AL, O3 was dried overnight at 100°C and calcined
at 550°C for 3 h. Then 0.053 g of H,PtCls-6H,0O was dissolved in
0.37 mL of water, and 0.03 mL of hydrochloric acid (37% HCI)
was added to the solution to enrich the H* concentration. The
solution was added dropwise to the prepared SnZn/Al,O;. This
catalyst was then dried overnight at 125°C and calcined at 225°C
for 3 h. Finally, the catalyst was reduced in 5% H,/N, at 150°C
for 10 min, 200°C for 30 min, 250°C for 10 min, and 550°C for
30 min. For comparison, Pt/Al,O;, PtSn/AlLOs, and PtZn/AlLO;
catalysts with the same Pt, Sn, and Zn loadings as that of
PtSnZn/AL O3 were also synthesized by the similar procedure.

Characterizations and catalytic testing

Scanning transmission electron microscopy (STEM) was carried
out using Titan 80-300 scanning/transmission electron micro-
scope operated at 300 kV with a high angle annular dark field
(HAADF). The particle size distribution was obtained by cal-
culating 1000 particles for each sample. The inductively coupled
plasma optical emission spectrometry (ICP-OES) was conducted
on an Agilent-5110 equipment. X-ray diffraction (XRD) was
performed on a Rigaku RU-200b with Cu Ka radiation. The
theoretical diffraction patterns of the PtSnZn intermetallic were
acquired with materials analysis using diffraction. The X-ray
photoelectron spectroscopy (XPS) experiments were performed
at an ESCALAB 250Xi, ThermoFischer. The X-ray was from Al
Ko (hv = 1486.6 eV) operated at 12.5 kV. The thermogravimetric
analysis (TGA) was carried out on a SDT Q600 V20.9 Build 20
instrument using the differential scanning calorimetry (DSC)-
TGA standard module. The temperature was increased from 35
to 800°C in the air with a heating rate of 10°C min™". N, phy-
sisorption measurement was performed by a Quantachrome
Instrument of version 3.01 at 77 K. The Pt L; edge extended X-
ray absorption find structure (EXAFS) spectroscopy was col-
lected on the 1W1B station at Beijing Synchrotron Radiation
Facility (BSRF) using a transmission mode. The Pt foil was
employed to calibrate the energy and calculate the amplitude
reduction factor (Sp?). TPR was performed on the AutoChem II
2920 V5.02. In situ infrared spectroscopy of chemisorbed CO
was collected from a Nicolet 6700 FT-IR spectrometer. The
catalytic testing of propane dehydrogenation was performed in a
fixed-bed quartz tube reactor. The reaction temperature was
500°C and the reactants were 5% Cs;Hg balanced with N,. The
gas hourly space velocity (GHSV) was adjusted to determine the
selectivity at a certain conversion. The propylene selectivity of
this work was based on gas phase selectivity. For stability testing,
the usage of catalysts was 0.4 g, and the flow rate of 5% C;Hg was

20 mL min~%

Theoretical calculations

The Vienna ab initio Simulation Package was applied to carry
out the DFT calculations. The transition state of every elemen-
tary reaction was obtained by the climbing-image nudged elastic
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band (CI-NEB) method and the dimer method. Vibrational
frequency was calculated to estimate the accuracy of transition
states, and weak van der Waals interactions were included to
correctly describe the physisorption. Pt, PtSn, PtZnSn, and PtZn
clusters-loaded Al,O3(211) surface model were constructed to
explore the role of isolated Pt atom in the selectivity of propane
dehydrogenation. Al,03(211) was modeled by using a p(2 x 1)
supercell with four O-Al layers; the bottom one O-Al layer was
fixed and other O-Al layers with loaded clusters were relaxed.
Pt(111) was constructed with a p(4 x 4) supercell and three
atomic layers; during calculation, the bottom one layer was fixed
and the others relaxed. For PtSn(110), PtZnSn(110), and PtZn
(110), a p(2 x 2) supercell with three atomic layers was con-
structed; the bottom one layer was fixed and others relaxed. The
vacuum slab was 15 A in the z direction.

The adsorption energy (E.4s) of species was calculated as fol-
lows:
En=E
where E,dsorbatesstab 18 the total energy of the adsorbate and cata-
lyst; Eqab is the energy of the catalyst; Eqdsorbate is the energy of the
isolated molecule in the gas phase.

The activation barrier (E,) and reaction energy (AH) were
calculated using the following equations:

E, = Es— Ey, )
AH=E, ~Ey, 3)

ads adsorbate/slab Eslab - Eadsorbate’ (1)

where Eg, Ers, and Ep are the total energies of reactant, transition
state, and product for the reaction, respectively.

RESULTS AND DISCUSSION
Pt-Sn-Zn trimetallic catalyst supported on y-Al,O; was synthe-
sized by a stepwise approach including electrostatic adsorption
and TPR. The crystal size of the ALO; is very small, only
~15 nm, which plays a key role to acquire highly dispersed metal
precursors (Fig. S1). SnCl, and ZnCl, were dissolved in metha-
nol and dropwise added to the ALO;, and then calcinated at
550°C to obtain SnZnO,/AL,O;. Hydrochloric acid was added to
the H,PtCl, solution to enrich the H* concentration, and the
obtained solution was added dropwise to SnZnO,/AL,O;. The
solution is sufficiently acidified to adsorb [PtCly]*~ on the ALO;
surface, which induces strong electrostatic adsorption of nega-
tively charged [PtCly]*~ to the oppositely charged Al,O; surface
[36]. The precursor was calcinated at 225°C for 3 h to form PtO,
on SnZnO,/ALO;. Finally, the sample was reduced at around
200°C to obtain metallic Pt, followed by reduction at 550°C to
obtain Pt-Sn-Zn trimetallic particles. For comparison, Pt/Al,O3,
PtSn/AlL,Os, and PtZn/AL,O; were also synthesized by the similar
process (Table S1, Figs S2 and S3). The surface area and average
pore diameter of PtSnZn/Al,O; are 90 m’*g™' and 6.2 nm
respectively, which are close to those of Pt/ALO;, PtSn/AlLOs,
and PtZn/ALO; (Fig. 1a, b). As shown in Fig. 1c, d, the particles
are well dispersed on the Al,O; with an average size of 0.9 nm.
We further conducted electron dispersive spectroscopy (EDS) to
analyze the element compositions of PtSnZn/AlL,Os. As displayed
in Fig. le, Fig. $4, and Table S2, the mapping areas of Pt, Sn, and
Zn are almost overlapped, indicating the formation of PtSnZn
trimetallic alloys.

To identify the precise structure of the PtSnZn cluster, Pt L,
edge EXAFS spectroscopy was carried out to characterize the
coordinated environments of Pt. As displayed in Fig. 2a, the
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Figure 1 Nitrogen sorption isotherm and spherical aberration-corrected HAADF STEM of PtSnZn/AlL,Os. (a) Nitrogen sorption isotherm; (b) pore size
distribution; (c, d) sample image and particle size distribution; (e) EDS mapping.

Pt/Al,O; sample shows three main peaks from 1.7 to 3.2 A in the
R-space Fourier transform EXAFS, which is attributed to the Pt-
Pt scattering of the first nearest shell. The Pt-Pt scattering peaks
are not observed in the PtSnZn/AlLO; sample, indicating that the
Pt atoms are isolated by Sn, Zn, or O from AL, Os. These results
are also confirmed by the wavelet transforms (WT). As shown in
Fig. 2b, ¢, the intensity maxima of PtSnZn/ALOs is far away
from that of Pt/Al,O;, suggesting the disappearance of Pt-Pt
bonds in PtSnZn/ALQO;. The R-space Fourier transform EXAFS
of PtSnZn/AlL,O; was fitted to obtain the quantitative local
structure of Pt. As shown in Fig. 2d, Figs S5-S7 and Table S3, the
Pt atoms are well isolated by Sn and Zn with Pt-Sn and Pt-Zn
coordination numbers at 2.0 and 2.3 respectively, indicating the
formation of trimetallic alloys, which is consistent with the EDS
results. In addition, there are Pt-O bonds in PtSnZn/Al,QOs,
which could be attributed to the surface oxidized Pt species. The
partial oxidization phenomenon is also observed in the Sn and
Zn species (Fig. S8).

To identify the long-range ordered structure of the PtSnZn
alloy, we carried out XRD analysis on the samples. As illustrated
in Fig. 2e, the XRD patterns of Pt/AL,Os;, PtSn/AL,O;, PtZn/
Al O3, and PtSnZn/Al,O; are almost the same, which are iden-
tical to that of ALLO;. This phenomenon results from low Pt
loadings (~1.5%), small particle sizes and strong diffraction
peaks of the background (Al,O;). To address this issue, we
prepared Pt-Sn-Zn catalyst with large particle sizes by increasing
the calcination temperature to 550°C before reduction (namely
PtSnZn/Al,05-550). The particle size of PtSnZn/Al,0;-550 is
~6 nm (Fig. S9). Interestingly, four new diffraction peaks with
very weak intensity appear at 20 of 25°, 30°, 42°, and 44°
(Fig. 2f). XRD simulation results suggest that the four diffraction
peaks are attributed to the ordered PtSnZn intermetallic com-
pound of hexagonal structure, in which the shortest Pt-Pt dis-
tance is 4.009 A (Table S4, Fig. S10). The shortest Pt-Pt distance
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in the PtSnZn intermetallic compound is significantly longer
than that of monometallic Pt (2.77 A). The long Pt-Pt distance
results from the Sn and Zn that isolate Pt atoms, which is
consistent with the EXAFS analysis. However, the Pt-Sn and
Pt-Zn coordination numbers from EXAFS are significantly
lower than those of standard bulk PtSnZn intermetallic com-
pound, which results from the high ratio of surface unsaturated
atoms of small particles. Notably, the crystal structures of
PtSnZn/Al,05-550 and PtSnZn/Al,O; may not the same, since
their calcination temperatures are different and the reduction
process can change the valence of Pt (Fig. S11). We further
compared the g-space EXAFS of PtSnZn/Al,05-550 and PtSnZn/
ALOs;. As displayed in Fig. 2g, except for the intensity, the
oscillations of the two samples are almost identical, indicating
the calcination temperature does not have a significant effect on
the crystal structure of the PtSnZn intermetallic compound.
The STEM, EXAFS, and XRD results demonstrate an ordered
PtSnZn intermetallic cluster supported on Al,O;. The phase
diagram is regularly applied to guide the synthesis and predict
the potential structure of alloys. In the phase diagram, the for-
mation of bulk alloys requires a high temperature to melt and
mix all the metals. All atoms freely move in the melt and a
cooling thermodynamically stable structure is formed later. The
formation of the small cluster by H, reduction is quite different
from that of bulk alloys. As shown in the H,-TPR analysis
(Fig. 2h), PtO, in Pt/ALO; is fully reduced to metallic Pt from
200 to 300°C. In the PtSnZn/ALO; catalyst, PtO, is firstly
reduced to metallic Pt at a low temperature and then the SnZnO,
near to Pt is reduced by a hydrogen spilled over from Pt at a
higher temperature to form PtSnZn intermetallic. The structure
of PtSnZn intermetallic compound is determined by the diffu-
sion of Sn and Zn into Pt, which is a kinetically controlled
process. These results were also confirmed by the in situ infrared
spectroscopy of chemisorbed CO. As shown in Fig. 2i, both
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Figure 2  Structure identification of the samples. (a) R-space EXAFS of the samples; (b, c) WT of Pt/AL,O; and PtSnZn/ALO;; (d) EXFAS fitting spectrum of
PtSnZn/ALOs; (e, f) XRD patterns of the samples; (g) q-space EXAFS of PtSnZn/Al,O; and PtSnZn/ALO;-550; (h) H,-TPR of Pt/ALO; and PtSnZn/ALOs;

(i) In situ infrared spectroscopy of chemisorbed CO.

linearly adsorbed CO (1990-2100 cm™") and bridge bound CO
(1720-1900 cm™) appear in the fully reduced Pt/AL,O; sample.
The bridge bound CO results from the surface ensembles of
multiple Pt atomic neighbors [37-40]. The infrared spectroscopy
of PtSnZn/Al,O3 reduced at 200°C is similar to that of Pt/Al,Os,
suggesting the formation of metallic Pt. When the reduction
temperature increases to 350°C, the bridge bound CO of
PtSnZn/AL O3 becomes weaker, indicating that partial Sn and Zn
atoms diffuse into Pt particles. Further increasing the reduction
temperature to 550°C, the bridge bound CO almost disappear,
suggesting that ensembles of Pt atoms are significantly reduced.

The catalytic performance of the samples was tested in a fixed
bed reactor. Since the carbon balance of the samples is higher
than 97%, the propylene selectivity of this work is based on gas
phase selectivity (Table S5). As shown in Fig. 3a, at 10% propane
conversion, the propylene selectivity of Pt/AL,O; is ~92%. The
propylene selectivity decreases to ~64% when the propane
conversion increases to 50%. The propylene selectivity of PtSn/
ALO;3 and PtZn/ALO; is also influenced by the propane con-
version. At 15% propane conversion, the propylene selectivity of
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PtSn/ALO; and PtZn/ALO; is higher than 93%, and it decreases
very quickly with increasing propane conversion. For PtSnZn/
ALQ;, the sample keeps ~100% propylene selectivity even
though the propane conversion increases to ~50%. We further
investigated the catalytic stability of the catalysts. As displayed in
Fig. 3b, the propane conversion of Pt/Al,O; drops very quickly,
which decreases from 57% to 4.5% within 200 min, while the
PtSnZn/AlLO; catalyst keeps a high propane conversion after
720 min testing (>40%). The stability and turnover frequency
(TOF) of PtSnZn/AL,O; catalyst are also significantly higher than
that of PtSn/ALO; and PtZn/ALO; (Fig. S12 and Table S6).
Under very high space velocity (23.6 h™") with pure C;Hjs as the
feedstock, the PtSnZn/ALOj; catalyst also exhibits a high pro-
pylene selectivity (~99%) and stability (Fig. S13). Notably,
although the propylene selectivity and stability of the PtSnZn/
ALO; catalyst are excellent, the regeneration properties of this
catalyst still need to be improved (Table S7).

Coke deposition during propane dehydrogenation is viewed as
the main reason for deactivation. To investigate the coke
deposition on the spent catalysts, we carried out TGA on Pt/
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Figure 3 Catalytic performance and deactivation studies of the samples. (a) Propylene selectivity at different propane conversions; (b) stability testing of Pt/
ALO; and PtSnZn/ALOs; (c) TGA; (d) DTGA; (e) R-space EXAFS of the fresh PtSnZn/Al,O5 and the spent PtSnZn/ALOs.

AL O; and PtSnZn/ALO; of the spent catalysts. As shown in
Fig. 3¢, when the temperature is raised to 800°C in air, the total
weight losses of Pt/Al,O; and PtSnZn/AL O3 are ~9% and ~6%,
respectively. The weight losses can be classified into two steps as
evidenced by derivative TGA (DTGA) (Fig. 3d). The weight
losses before 300°C are attributed to evaporation of absorbed
water, while the weight losses between 300 and 500°C result
from the decomposition of cokes [41]. The weight of cokes in
the spent Pt/Al,Os is 5.4%, while that in the spent PtSnZn/ALO;
is only 2.5%. It is well known that the derivative thermogravi-
metric peak at high temperatures correlates with stable carbon
species like graphitic carbon [42,43]. The derivative thermo-
gravimetric peak position of PtSnZn/ALO; (440°C) is lower than
that of Pt/AlL,O; (460°C), which means the carbon species on
PtSnZn/ALO; are easier to be removed during catalytic dehy-
drogenation than those on Pt/AL,O;. We further investigated the
potential structure change of PtSnZn/Al,Os after stability testing.
As shown in Fig. 3e, the Pt L; edge R-space EXAFS of the spent
catalyst is compared with that of the fresh catalyst. The scat-
tering peak position of the spent catalyst is identical to that of
the fresh catalyst (1.82 A), indicating the bond distance of the
spent catalyst is the same as that of the fresh catalyst, which
means the structure of PtSnZn intermetallic is not destroyed
under severe reaction conditions.

DFT calculations provide insights into the high catalytic
performance of PtZnSn/AlL,Os for propane dehydrogenation. We
constructed models of Pt, PtSn, PtZn, and PtSnZn clusters
anchored on ALLO; (Fig. 4a-d, Tables S8 and S9). According to
the identified structure, the Pt atoms in PtZnSn/Al,O; are iso-
lated by neighboring Zn and Sn atoms. The electronic structure
of Pt is significantly influenced by the unique geometric struc-
ture. As shown in Fig. 4e-h, Zn 4s and Sn 5p orbitals are
hybridized with Pt 5d, which leads to the d band center of Pt
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deviating from the Fermi level. The d-band center of surface Pt
downshifts from —1.40 to —1.90, —2.41, and —2.81eV on
Pt/ALLO;, PtZn/ALOs, PtSn/ALO;, and PtSnZn/ALOs;, respec-
tively (Table S10). Propylene desorption is viewed as the vital
process for propane dehydrogenation, since the high adsorption
energy of propylene on the catalysts would lead to further
dehydrogenation and generate cokes [44]. The electronic inter-
action of Pt-Sn and Pt-Zn limits the charge transfer between Pt
and propylene, which would weaken the adsorption of propylene
and facilitate propylene desorption. We further calculated the
potential energy for propane dehydrogenation on Pt/ALO;,
PtZn/ALO;, PtSn/ALO;, and PtSnZn/ALO; (Fig. 4i, Tables S11-
S13, Figs S14-S23). The propylene selectivity is influenced by
both propylene adsorption energy and the energy difference
between propylene desorption and propylene dehydrogenation;
the lower propylene adsorption energy and the more negative
value of the energy difference would lead to higher propylene
selectivity. The propylene adsorption energy of PtSnZn/ALO;
(—282kJmol™) is higher than that of Pt/ALO;
(=159.9 k] mol™!), PtSn/Al,O3 (—68.8 k] mol™!) and PtZn/Al, O3
(-112.1 kJ mol™'). Meanwhile, among the four catalysts,
PtSnZn/AL,O;  exhibits the  highest negative value
(—=192.7 kJ mol™) of the energy difference between propylene
desorption and propylene dehydrogenation. We also investi-
gated the potential energy on Pt(111), PtZn(110), PtSn(110), and
PtSnZn(110), which can represent larger particles. As shown in
Fig. 4j, PtSnZn(110) exhibits a higher negative value
(=55.1 kf mol™) of the energy difference between propylene
desorption and propylene dehydrogenation than that of Pt(111)
(58.4 k] mol™!), PtSn(110) (—29.0kJ mol™'), and PtZn(110)
(—10.8 k] mol™!). Moreover, it also illustrates that the small
cluster of PtSnZn/Al,0; would have a higher propylene selec-
tivity than that of PtSnZn(110) (—~192.7 & —55.1 k] mol™).
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Figure 4 DFT calculation results. (a-d) Structure models of the samples; (e-h) the partial density of states (PDOS); (i) the potential energies of the cluster

models; (j) the potential energies of the crystal phase models.

This work illustrates that isolating Pt atoms with Pt-Sn and
Pt-Zn pairs in PtSnZn intermetallic clusters is an effective way to
modify the geometric and electronic structure of Pt for propane
dehydrogenation. For geometric structure, it has been suggested
that hydrogenolysis and carbon deposits need to be in the
vicinity of adsorbed hydrogen, which is more likely to occur on
large Pt ensembles than on small particles [44,45]. Sun et al. [31]
have reported a Pt-Cu/ALO; catalyst with atomically dispersed
Pt in Cu (~10 nm solid solution), which achieves a high pro-
pylene selectivity (~90%) for propane dehydrogenation.
Cybulskis et al. [46] have illustrated that a Pt-Zn intermetallic
compound with the Pt;Zn; tetragonal structure exhibits a high
ethylene selectivity for ethane dehydrogenation; they speculated
that the high catalytic performance results from the reduced Pt
ensembles with Pt-Zn bonds in the tetragonal structure. In
addition to the geometric effects, alloys also have the potential to
modify the electronic structure of Pt, so as to improve the cat-
alytic performance. It has been suggested that low-electro-
negativity elements, such as Sn and Zn, are able to transfer
electrons to the 5d band of Pt atoms, which would alter the
adsorptive properties and improve the catalytic selectivity [47-
49]. In recent years, it has been reported that adding rare-earth
elements is also able to modify the geometric and electronic
structure of Pt for light alkane dehydrogenation. Ryoo et al. [50]
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synthesized rare-earth-platinum intermetallic nanoparticles
supported on a mesoporous zeolite that has pore walls with
surface framework defects. The Pt;La intermetallic nanoparticles
show a high initial propane conversion of 40%, and display a
high propylene selectivity (~97%) and stability. For our PtSnZn
intermetallic compound, the Pt atoms are isolated by Sn and Zn
in ultrasmall clusters (~0.9 nm), and the Zn 4s and Sn 5p orbitals
are hybridized with Pt 5d by forming Pt-Sn and Pt-Zn pairs,
leading to the d band center of Pt deviating from the Fermi level.
The optimized geometric and electronic structure results in high
propylene selectivity and stability for propane dehydrogenation.

CONCLUSIONS

In summary, a kind of PtSnZn intermetallic clusters (~0.9 nm)
supported on ALO; was synthesized by a stepwise approach
including electrostatic adsorption and TPR. The PtSnZn inter-
metallic clusters possess well isolated Pt atoms by forming Pt-Sn
and Pt-Zn pairs. Due to the unique structure, the PtSnZn/ALO;
catalyst shows a significantly higher catalytic performance than
that of Pt/ALO;, PtSn/ALO;, and PtZn/ALO; for propane
dehydrogenation, which achieves ~100% propylene selectivity
and high stability. Our work has revealed that, the Sn 5p and Zn
4s orbitals are hybridized with Pt 5d, and the d band center of Pt
deviating from the Fermi level (—2.81 eV), which significantly
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decreases the adsorption energy of propylene and limits further
dehydrogenation, resulting in the high catalytic performance.
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