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ABSTRACT
The  noble  metal-based  bimetallic  clusters  with  high  atom  utilization  and  surface  energy  have  been  widely  applied  in
heterogeneous  catalysis,  but  the  stabilization  of  these  metastable  clusters  in  harsh  reaction  conditions  is  quite  challenging.
Herein, we synthesize a series of Pt-, Pd-, and Ru-based clusters promoted by a second non-noble metal (Zn, Cu, Sn, and Fe),
which  are  confined  inside  silicalite-1  (pure  silica,  S-1)  crystals  by  a  ligand-protected  method.  The  second  metal  could  well
stabilize  and  disperse  the  noble  atoms  inside  the  rigid  S-1  zeolites  via  Si–O–M  bonds,  thus  enabling  to  lower  the  usage  of
expensive  noble  metals  in  catalysts.  The  as-synthesized  bimetallic  catalysts  exhibited  excellent  performance  in  non-oxidative
propane dehydrogenation (PDH) reaction, which is typically operated above 500 °C. The PtZn@S-1, PtCu@S-1, and PtSn@S-1
with  only  a  ~  0.17  wt.%  Pt  loading  offer  a  significant  enhancement  in  PDH  performance  compared  with  the  conventional
PtSn/Al2O3 catalyst  with  a  0.5 wt.% Pt  loading prepared by impregnation method.  Notably,  the PtSn@S-1 provides a propane
conversion  of  45%  with  a  99%  propylene  selectivity  at  550  °C,  close  to  the  thermodynamic  equilibrium.  Furthermore,  the
PtSn@S-1 exhibits excellent stability during 300 h on stream and high tolerance to regeneration by a simple calcination step.
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 1    Introduction
Supported  noble  metal  catalysts  have  been  widely  applied  in  a
variety  of  key  chemical  technologies,  such  as  selective
hydrogenation, biomass valorization, three-way catalysts, and light
alkane dehydrogenation [1–4]. Considering the atom economy, a
higher  dispersion  or  smaller  particle  size  can  effectively  improve
the utilization of expensive noble metals. With this regard, a series
of single-atom catalysts (SACs) and fully exposed cluster catalysts
have  been  designed  and  developed  to  enhance  the  dispersion  of
active  metals  [5–7].  However,  the  sintering  of  metal  species  by
Ostwald  ripening  or  particle  migration  mechanisms  on  the
support  surface  is  often  inevitable  under  harsh  pretreatment,
reaction,  and  regeneration  conditions  [8–11].  This  phenomenon
not  only  causes  a  reduction  in  catalyst  activity  and  stability  but
may  also  catalyze  the  formation  of  the  by-products,  thus  the
stabilization  of  highly  dispersed  metal  sites  under  complex
working  conditions  is  the  frontier  of  heterogeneous  catalysis
[12–14].

Zeolites are microporous materials with well-defined structures,
and  their  hydrothermal  stability  can  be  up  to  850  °C  without  a
significant  drop  in  crystallinity  and  surface  area  [15–17].  In

heterogeneous  catalysis,  zeolites  are  often  combined  with  noble
metals  for  constructing  bifunctional  catalysts  or  confining  active
metal  sites  in  the  micropore  channels  [18–20].  It  is  noteworthy
that the diffusion of tightly fitting reactant molecules inside zeolite
micropores  follows  a  configurational  diffusion  mechanism,  thus
the  diffusion  becomes  a  rate-determining  step  [21, 22].  Most
successful examples of metal@zeolite in catalysis are based on the
transformation  of  small  molecules,  such  as  CO,  CO2,  NOx,  CH4,
and  light  alkanes  [23–26].  On  the  other  hand,  noble  metals  are
usually  modified  by  a  second  non-noble  metal  to  tune  the
microenvironment  of  active  sites  and  decrease  their  loading  for
catalysis [27–29]. In the recent past, the confinement of bimetallic
sites within the zeolite crystals or micropores has been confirmed
as  an  effective  strategy  to  boost  catalytic  performances,  especially
for  high-temperature  reactions  [13, 19, 30].  Accordingly,  several
synthesis  protocols  for  metal@zeolite  materials  have  been
explored,  including  ion  exchange,  the  introduction  of  a  metal
complex during hydrothermal synthesis, re-crystallization, and the
grafting of the metal species onto the framework defects [31–34].

Propane  dehydrogenation  (PDH)  is  an  on-purpose  propylene
production technology that has received extensive attention driven
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by the shale gas revolution [35–38]. PDH is a highly endothermic
reaction and requires high reaction temperatures, typically higher
than 500 °C. The harsh reaction conditions often catalyze the side
reactions  including  cracking,  deep  dehydrogenation  of  propane,
and the formation of complex coking deposition species, and also
accelerate the sintering and agglomeration of active centers leading
to  rapid  catalyst  deactivation  [39–41].  Noble-based  catalysts  are
preferentially  employed  for  PDH  reactions  due  to  their  excellent
ability  in  C–H  bond  activation  [42],  among  which  Pt-based
catalysts  promoted  by  Sn,  Zn,  and  Ga  exhibit  superior
performances  [39–41].  Nevertheless,  to  extend  the  catalyst’s
lifetime, periodic calcination, oxychlorination, and reduction must
be  conducted,  which  increases  energy  consumption  and  carbon
emission  [43].  To  alleviate  this  problem,  a  series  of  Pt-based
bimetallic  clusters  confined  inside  all  silica  zeolites  have  been
successfully  developed  to  improve  the  stability  of  PDH  reactions
[44–46].  Besides,  PDH catalysts  with  Pd,  Ru,  and  Ir  as  the  main
active  metals  were  also  developed  and  exhibited  comparable
performance as Pt-based catalysts [47–49].  However,  to maintain
the PDH performance, the noble metal loadings of these catalysts
are typically above 0.5 wt.%, which is much higher than 0.3 wt.%
of the industrial PtSn/Al2O3 catalysts [50]. Exploring noble metal-
based  catalysts  with  low  loadings  and  high  atom  utilization  for
stable PDH reactions is still a challenging task.

In  this  work,  we  synthesized  a  series  of  bimetallic  cluster
catalysts  confined  inside  silicalite-1  (S-1)  crystals  by  a  universal
ligand-protected  strategy,  with  high  dispersion  of  noble  metals
modified by a second non-noble metal (Sn, Zn, Cu, and Fe). These
non-noble  metals  have  been  frequently  applied  as  structural  or
electronic promoters  for  noble mental  in the catalytic  conversion
of  light  alkanes  [29, 31].  The  catalysts  were  unequivocally
visualized by transmission electron microscopy (TEM) assisted by
ultramicrotomy and spherical aberration correction to evaluate the
metal  location  and  distribution.  The  bimetallic  clusters  smaller
than  2  nm  could  be  well  stabilized  inside  the  S-1  crystals  by
Si–O–M bonds  even  at  550  °C.  Owing  to  the  high  dispersion  of
noble  metals,  the  optimum PtZn@S-1,  PtCu@S-1,  and PtSn@S-1
with  only  ~  0.17  wt.%  of  Pt  loading  could  maintain  propane
conversion levels close to the thermodynamic equilibrium and the
propylene selectivity as high as 99%.

 2    Experimental

 2.1    Chemicals
Platinum  dichloride  (PtCl2),  palladium  dichloride  (PdCl2),
ruthenium  trichloride  (RuCl3),  chloroplatinic  acid  hydrate
(H2PtCl6·6H2O), tin tetrachloride pentahydrate (SnCl4·5H2O), and
gallium  nitrate  (Ga(NO3)3·xH2O)  were  purchased  from  Aladdin
Reagent.  Zinc acetate (C4H6O4Zn·2H2O), ethylenediamine (EDA)
ferric nitrate (Fe(NO3)3·9H2O), bismuth chloride (BiCl3), and ethyl
orthosilicate  (TEOS)  were  purchased  from  Sinopharm  Chemical
Reagent  Co.,  Ltd.  Copper  acetate  (Cu(CH3COO)2·H2O),
lanthanum  acetate  (La(CH3COO)3·3H2O),  cadmium  acetate
(Cd(CH3COO)2·2H2O),  and  tetrapropylammonium  hydroxide
(TPAOH,  40%)  were  purchased  from Energy  Chemical  Reagent.
Propane  (C3H8,  99.9%)  was  purchased  from  Dalian  Special  Gas
Co., Ltd. Glassware was provided by Xiamen University Glassware
Workshop.

 2.2    Catalyst preparation
S-1  was  synthesized  by  a  hydrothermal  method  with  ligand
protection.  Typically,  8.13  g  TPAOH  solution  (40  wt.%)  was
mixed with 15 g of deionized water and stirred for 15 min at room

temperature.  Then,  8.32  g  TEOS  was  added  into  the  solution,
stirred for 6 h, and transferred to a 100 mL Teflon-lined stainless
steel autoclave. Hydrothermal crystallization was conducted under
static  conditions  at  170  °C  for  3  days.  The  solid  products  were
collected  after  washing,  centrifugation,  and  drying  overnight  at
80 °C. The organic template was removed by calcination at 550 °C
for 6 h. The metal-EDA complexes were prepared by dissolving an
appropriate amount of metal compound into an aqueous solution
containing  ethylenediamine.  Then  the  mixture  was  stirred  until
completely  dissolved.  The  cluster@  S-1  was  synthesized  by  a
modified hydrothermal method. Taking PtM@S-1 as an example,
typically,  8.13  g  TPAOH  solution  (40  wt.%)  was  mixed  with  a
certain  amount  of  deionized  water,  and  then  an  appropriate
amount of Pt complexes in the solution were added and stirred for
10 min at room temperature. Then, 8.32 g TEOS was added to the
mixture dropwise and stirred for 6 h, after which a certain amount
of  promoter-EDA  complexes  were  added  into  the  mixture  and
stirred  for  another  30  min.  The  obtained  precursor  was
transferred  to  a  100  mL  Teflon-lined  autoclave  and  crystallized
at  170  °C  for  3  days.  The  solid  products  were  collected  after
washing,  centrifuging,  and drying at  80 °C overnight.  Finally,  the
PtxMy@S-1 was obtained by reduction at 400 °C for 2 h under H2
flow (x and y denote the metal weight percentage (based on SiO2)
introduced  into  hydrothermal  solutions).  PtZn/S-1  and
PtSn/Al2O3 were prepared by a traditional impregnation method.

 2.3    Catalyst characterizations
X-ray powder diffraction (XRD) was measured on a Smart Lab-SE
physical  X-ray  diffractometer  with  Cu  Kα radiation  (λ =
0.15406 nm) X-ray source (40 kV and 30 mA). The porosity of the
sample  was  determined  on  the  Micromeritics  Tri-Star  II  3020
surface area analyzer. Samples are treated under vacuum at 250 °C
for 2 h before N2 adsorption. CO Fourier-transform infrared (CO-
FTIR) spectroscopy was analyzed on a Nicolet 6700 spectrometer
equipped  with  an  MCT  detector.  Typically,  10  mg  sample  was
pressed  into  a  self-supporting  wafer  and  placed  in  an in  situ
infrared (IR) cell, then heated to 550 °C and reduced by a 10 vol.%
H2/Ar gas for 1 h. After cooling to room temperature, a 10 vol.%
CO/Ar  gas  was  introduced  for  1  h.  The  CO  adsorption  spectra
were  recorded  after  purification  of  the  sample  with  flow  Ar  for
1 h.  Metal  content  was  analyzed by an X-ray fluorescence (XRF)
spectroscopy on a Panalytical Axios-Petro XRF instrument.

X-ray  photoelectron  spectroscopy  (XPS)  analysis  was  carried
out  using  a  Quantum 2000  Scanning  ESCA Microprobe  with  Al
Kα radiation (1846.6 eV) as the X-ray source. The binding energy
was  calibrated  using  the  C  1s  photoelectron  peak  of  284.6  eV.
Scanning electron microscopy (SEM) was performed on a Hitachi
S-4800  at  15  kV.  High-resolution  TEM  (HRTEM)  and  the
corresponding  energy-dispersive  X-ray  (EDX)  mapping  analysis
were  obtained  on  a  Phillips  Analytical  FEI  Tecnai  20  electron
microscope  with  an  accelerating  voltage  of  200  kV.  Aberration-
corrected  high-angle  annular  darkfield  scanning  transmission
electron microscopy (AC-HAADF-STEM) was performed on the
JEM-ARM200F.

X-ray  absorption  fine  structure  (XAFS)  measurements  were
performed  at  the  BL14W1  in  Shanghai  Synchrotron  Radiation
Facility  (SSRF).  The  electron  beam  energy  was  3.5  GeV  and  the
stored  current  was  200  mA  (top-up).  A  38-pole  wiggler  with  a
maximum magnetic  field of  1.2 T inserted in the straight section
of  the  storage  ring  was  used.  XAFS  data  were  collected  using  a
fixed-exit  double-crystal  Si  (111)  monochromator.  The
fluorescence signal was collected by an silicon drift detector (SDD)
and  the  transmission  signal  was  collected  by  gas  ionization
chambers.  The  energy  was  calibrated  using  corresponding  metal
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foils.  The  photon  flux  at  the  sample  position  was  2.6  ×  1012

photons  per  second.  The  raw  data  analysis  was  performed  using
the  IFEFFIT  software  package  according  to  the  standard  data
analysis  procedures  [51].  The  spectra  were  calibrated,  averaged,
pre-edge background subtracted, and post-edge normalized using
the Athena program in the IFEFFIT software package. The weight
of  Fourier  transformation  was  3  for  Zn  K-edge  and  Cu  K-edge
extended  X-ray  absorption  fine  structure  (EXAFS)  oscillations.
The weight of Fourier transformation was 2 for Pt L3-edge and Sn
K-edge  EXAFS  oscillations.  From K space  to R space  was
performed  to  obtain  a  radial  distribution  function.  And  data
fitting was done by the Artemis program in IFEFFIT.

 2.4    Catalyst evaluation
The PDH performance was evaluated in an atmospheric fixed-bed
tubular quartz reactor with an inner diameter of 10 mm designed
and built by Xiamen Hande Precision Industry Co., Ltd. Typically,
0.3 g catalyst was diluted with 1 g quartz sand and loaded into the
reactor,  after  which  the  reactor  was  heated  to  550  °C  under  N2
flow of  30  mL·min−1.  The gas  was  then switched to  flow H2 with
20  mL·min−1 for  1  h  at  550  °C.  The  PDH  was  initiated  by
switching  flow  H2 to  a  C3H8/N2 (vol/vol  =  1:3)  flow  with
40 mL·min−1 at 550 °C and the weight hourly space velocity at this
condition is 3.6 h−1.

The  products  were  analyzed  by  an  online  gas  chromatograph
(Ruimin  GC-2060,  Shanghai),  equipped  with  a  hydrogen  flame
ionization  detector  (FID)  and  a  thermal  conductivity  detector
(TCD) connected to  the  Rt-Q-Bond capillary  column.  Assuming
that  all  gaseous  hydrocarbon  products  could  be  detected  and
analyzed  by  FID  and  H2/N2 could  be  detected  by  TCD,  the
propane dehydrogenation performance was calculated based on a
normalization  method.  Propane  conversion  and  product
selectivity were calculated by Eqs. (1)–(3)

Select. n (%) = An/Aproduct × 100% (1)

Conv. C3H8(%) = Aproduct/(Aproduct +AC3H8)× 100% (2)

Yield n (%) = Select. n×Conv.C3H8 × 100% (3)

where n and A represent  each  hydrocarbon  product  and  their

corresponding FID peak area,  respectively.  The carbon balance is
better than 98%.

 3    Results and discussion

 3.1    Catalyst synthesis and characterization
The  synthetic  procedure  for  metal@S-1  catalysts  is  illustrated  in
Fig. 1(a).  The  metal  complexes  were  prepared  by  mixing  metal
salts  and  EDA  via  electrostatic  interactions  and  then  introduced
into  the  initial  gel  containing  the  templating  agent  (TPA+)  and
TEOS. The in situ encapsulation of the metal complexes in zeolites
was completed during the crystallization. The noble metal feeding
in the hydrothermal step for this series of catalysts was 0.75 wt.%
and  the  loading  of  the  second  metal  was  preoptimized  for  PDH
reactions.  The  metal@S-1  catalysts  were  obtained  after  a  direct
reduction  step  and  denoted  as  fresh  catalysts.  The  sharp  and
strong  XRD  peaks  at  2θ =  7.9°,  8.9°,  23.1°,  23.9°,  and  24.4°  over
Pt0.75Zn1.0@S-1,  Pd0.75Zn1.0@S-1,  and  Ru0.75Zn1.0@S-1  indicate  the
successful  synthesis  of  S-1  with  MFI  topology  (Fig. 1(b)).  No
characteristic diffraction peaks belonging to metal species or their
alloys were observed, suggesting a high dispersion of metal species.
A similar trend was also observed over other metal@S-1 catalysts
(Fig. S1 in the Electronic Supplementary Material (ESM)).

The SEM imaging suggests  that  the Pt0.75Zn1.0@S-1 exhibited a
regular hexagonal  cubic shape with an average size of  ~ 250 nm,
and  no  amorphous  phases  were  observed,  evidencing  the  high
crystallinity  of  as-synthesized  catalysts  (Fig. 1(c)).  The  high-
resolution TEM imaging shows that the metal clusters with a small
size  of  ~  1.5  nm  were  highly  dispersed  in  zeolites  (Fig. 1(d)),
consistent with the XRD analysis that no characteristic diffraction
peaks  of  metal  (oxide)  were  detected.  The  Pd-  and  Ru-based
bimetallic  clusters  confined  inside  S-1  crystals  could  also  be
synthesized  by  this  ligand-protected  method  (Figs.  1(e) and 1(f),
and Fig. S2 in the ESM). The crystal shape, metal particle size, and
metal  distribution  were  not  influenced  by  the  metal  types,
suggesting the generality of this synthesis method.

Since  normal  TEM  imaging  only  provides  a  2-dimensional
projection  of  3-dimensional  material  and  the  crystal  size  of  S-1
was  too  thick  for  accelerated  electrons,  the  realistic  location  of

 

Figure 1    Preparation and characterization of metal@S-1 catalysts. (a) Scheme of the preparation procedure. (b) XRD patterns of different catalysts. ((c) and (d)) SEM
and TEM images of Pt0.75Zn1.0@S-1. ((e) and (f)) SEM and TEM images of Pd0.75Zn1.0@S-1.
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metal clusters in the metal-zeolite catalysts can be ambiguous [52].
To explore the location and distribution of the bimetallic clusters
in the S-1 crystal,  we cut the PtZn@S-1 catalyst into 70 nm-thick
sections using ultramicrotomy [22], which was then visualized by

TEM. The TEM image with better contrast demonstrates that the
PtZn  clusters  were  indeed  encapsulated  within  the  S-1  crystals
(Fig. 2(a)).  It  is  noteworthy  that  the  sizes  of  these  clusters
(~  1.5  nm)  are  much  larger  than  the  micropore  sizes  of  S-1
(0.55 nm),  indicating a  collapse  of  neighboring micropores  upon
particle  growth  [53].  In  other  words,  the  metal  clusters  were
confined in zeolite crystals, not micropore channels [22]. One may
think  that  micropores  of  S-1  would  be  blocked  by  PtM  clusters,
but the N2-physisorption suggests that the porosity of S-1 was not
significantly  influenced  by  confining  PtM  clusters  as  compared
with  the  pristine  S-1  (Table  S1  in  the  ESM).  The  MFI  has  a
3-dimensional pore structure, which makes the micropore volume
easily  accessible  for  most  small  molecules  from  every  direction.
The  encapsulation  structure  was  also  evidenced  over  PtCu@S-1
and  PtSn@S-1  (Fig. S3  in  the  ESM).  Furthermore,  the  HAADF-
STEM image and EDX mapping confirmed the high dispersion of
PtZn  clusters  and  the  uniform  element  distribution  along  zeolite
crystals  (Figs.  2(b)–2(e)).  The affinity  between Pt  and the  second
metal may provide synergy in their application for catalysis.

Pt-based metal@S-1 catalysts  with a low Pt dosage of  0.2 wt.%
were  carefully  characterized  by  AC-HADDF-STEM  imaging
(Fig. 3).  By  analyzing  more  than  200  clusters,  more  than  95%  of
clusters  were  in  the  range  of  0.5–1.9  nm  for  both  Pt0.2Zn0.8@S-1
and  Pt0.2Cu0.8@S-1  (Figs.  3(a) and 3(b)).  Interestingly,  most
clusters were located inside the inner region of S-1 crystals, while
the  shell  of  S-1  was  almost  empty  of  metal  clusters.  Besides,  the
XPS spectra also reveal that no Pt species on the surface layers of
metal@S-1 catalysts (Fig. S4 in the ESM). This spatial organization
might  prevent  the  sintering  of  metal  clusters  to  a  maximum
extent.

No  isolated  single-atom  Pt  was  observed  over  Pt0.2Zn0.8@S-1
within  the  resolution  of  the  electron  microscope  (Fig. 3(c)).
According to the Z-contrast mechanism, the AC-HADDF-STEM
imaging can distinguish Pt  from promoters  like  Zn and Cu.  The
close-up images of the intensity profiles indicate the single cluster
was composed of both Pt and Zn atoms, suggesting the formation
of  bimetallic  phases.  However,  both  Pt  clusters  and  SACs  were
observed  over  fresh  Pt0.2Cu0.8@S-1  (Fig. 3(d)),  suggesting  that  the
dispersion of Pt in S-1 crystals would be impacted by the type of
second  metal.  Most  metal  clusters  were  mainly  composed  of  Pt
and Cu over Pt0.2Cu0.8@S-1, the same as Pt0.2Zn0.8@S-1. After PDH

 

Figure 2    The  location  and  distribution  of  PtZn  clusters  of  fresh  Pt0.75Zn1.0@
S-1. (a) TEM and (b) HAADF-STEM images. ((c)–(e)) EDX mapping.

 

Figure 3    The  AC-HADDF-STEM  images  of  (a)  Pt0.2Zn0.8@S-1  and  (b)  Pt0.2Cu0.8@S-1  and  their  particle  size  distribution.  High  magnification  AC-HADDF-STEM
images of bimetallic clusters and the corresponding line profiles taken at the blue rectangles: (c) Pt0.2Zn0.8@S-1 and (d) Pt0.2Cu0.8@S-1. Pt clusters and SACs are marked
in circles and squares, respectively.
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reactions, the sizes and compositions of the Pt-based clusters were
close to those of the fresh catalysts (Fig. S5 in the ESM), revealing
the robust nature of metal@S-1 catalysts.

 3.2    Chemical state of bimetallic clusters
CO  has  been  widely  used  as  a  probe  molecule  to  investigate  the
local  environment  state  of  platinum  species  [54].  The  peak  at
2067  cm−1 can  be  ascribed  to  the  CO  linear  adsorption  on  the
unsaturated  metallic  Pt  sites  in  Pt0.2/S-1  (Fig. 4(a)).  This  peak
shifting  to  the  low  wavenumber  of  2053  cm−1 over  Pt0.2@S-1
suggested  a  decrease  in  Pt  size  [45, 55].  With  the  addition  of  Cu
and  Zn,  this  peak  further  shifted  to  2040  and  2026  cm−1,
respectively,  suggesting  the  formation  of  bimetallic  PtM  phases
with  the  chemical  decoration  of  Pt  by  the  second  metal.  It  was
reported that the addition of Cu or Zn would transfer electrons to
the  5d  orbital  of  Pt  and  weaken  the  interaction  between  Pt  and
CO  molecules,  resulting  in  the  redshifts  of  the  CO  stretching
frequency [56–58].

Infrared  spectroscopy  can  provide  elaborate  surface  hydroxyl
information  (Fig. 4(b)),  based  on  which  we  can  infer  the
interaction  between  PtM  and  zeolite  frameworks  [36, 59].  The
bands of pristine S-1 in the range of 3750–3716,  3716–3675,  and
3640–3610  cm−1 can  be  attributed  to  the  isolated,  terminal,  and
vicinal  H-bonded  Si–OH  groups,  respectively  [60].  The  diversity
of  Si–OH  groups  in  zeolites  may  originate  from  their  different
locations  in  twisted  zeolite  channels  and  defective  zeolite
structures  [61].  As  the  loading  of  Pt  and  the  second  metal
increased,  the  intensity  of  Si–OH  groups  significantly  decreased,
indicating  that  the  metal  species  interact  with  and  consume  the
Si–OH  groups.  The  ultraviolet–visible  diffuse  reflectance  spectra
(UV–vis  DRS)  also  suggest  the  existence  of  Si–O–M bonds  over
reduced  Pt0.2Zn0.8@S-1  and Pt0.2Cu0.8@S-1  catalysts  (Fig. S6  in  the
ESM),  i.e.,  Zn  and  Cu  were  in  their  oxidized  state  and  bonded
with  S-1  framework.  Based  on  the  above,  we  can  infer  that  the
PtM  clusters  were  not  fully  metallic  but  partially  reduced  by  H2
and  stabilized  by  the  S-1  framework  (Fig. 4(b)).  This  model  is
similar to the one reported by several other groups [59, 62, 63].

To further analyze the fine chemical structure of the bimetallic
PtM  clusters  inside  S-1  crystals,  we  performed ex-situ X-ray
absorption near edge structure (XANES) and EXAFS spectra over
Pt-based catalysts (Fig. 5). The Pt L3-edge XANES spectra suggest
that the Pt species of PtM@S-1 samples were in their low valence
state,  close to that of  Pt foil  but not fully reduced (Fig. 5(a)).  It  is
noteworthy  that  these  reduced  PtM@S-1  catalysts  might  be
reoxidized  by  air  before ex-situ X-ray  absorption  spectroscopy.
Nevertheless,  most  Pt  species  of  PtM@S-1  in  reductive  working
conditions  are  expected  to  be  in  the  metallic  state  since  the

reduction  temperature  of  Pt  clusters  is  around  550  °C  [37].  The
Fourier-transformed  EXAFS  of  the  Pt  L3-edge  was  further  fitted
with Pt–O and Pt–M pathways (Fig. 5(b), and Figs. S7 and S8 and
Table S2 in the ESM).

The  average  coordination  numbers  (CNs)  of  Pt–O  bonds  in
Pt0.2Zn0.8@S-1, Pt0.2Cu0.8@S-1, and Pt0.2Sn1.4@S-1 were 2.0, 2.7, and
1.7,  respectively,  significantly  lower  than  6  of  PtO2.  The  average
CNs  of  Pt–M  (including  Pt–Pt  and  Pt–M)  bonds  were  2.9,  2.3,
and  3.2,  respectively,  also  lower  than  12  of  Pt  foil.  These  results
reveal  that the Pt species were partially reduced and stabilized by
bonding  with  the  O  atoms  of  the  S-1  framework.  Besides,  the
compounding  with  the  second metal  could  significantly  decrease
the CNs of Pt–Pt bonds, in other words, increasing the dispersion
of Pt species.

Regarding  the  chemical  state  of  Zn,  Sn,  and  Cu,  the  X-ray
absorption  spectroscopy  (XAS)  spectra  evidenced  a  high  valence
state,  close  to  that  of  ZnO,  SnO2,  and  CuO,  respectively  (Figs.
5(c)–5(f) and Fig. S9 in the ESM). The apparent peak located at R
≈  1.6  Å  was  originated  from  the  first  shell  Zn–O  or  Sn–O
coordination  pathway.  In  contrast,  no  Zn–O–Zn  (R ≈  2.9  Å),
Zn–Zn (R ≈ 2.3 Å), Sn–O–Sn (R ≈ 3.5 Å), and Sn–Sn (R ≈ 2.8 Å)
coordinations were observed over Pt0.2Zn0.8@S-1 and Pt0.2Sn1.4@S-
1.  These  results  indicate  that  the  second  non-noble  metal  was
highly  dispersed  inside  the  S-1  framework  and  stabilized  by  the
Si–O–M  bonds.  There  is  no  indication  of  the  presence  of  bulk
oxides for these PtM@S-1 catalysts. In summary, we can speculate
that for the PtM clusters,  Pt species are partially reduced and the
second metal is in its oxide state. Pt species are highly dispersed by
the  second  metal  with  a  strong  interaction  with  the  S-1
framework.

 3.3    Propane dehydrogenation
We first  evaluated the PDH performances at  550 °C over the Pt-
and Pd-based catalysts with the noble metal  feeding of 0.75 wt.%
in  the  hydrothermal  step.  The  Pt0.75@S-1  already  exhibited
considerable  PDH  activity  with  a  C3H8 conversion  of  41%  (Fig.
6(a)).  However,  the C3H6 selectivity  was only 88% with CH4 and
C2H6 as the primary side products, which is unacceptable for PDH
reactions. It  was reported that the formation of Pt–Pt sites favors
the  cracking  of  C3H8 [39, 64].  Our  results  partly  supported  this
viewpoint but the segregated Pt clusters do not always catalyze the
C–C  cleavage.  The  presence  of  Pt–Pt  sites  increased  the
probability of C3H8 cracking. With the promotion of Cu, Zn, and
Sn, both the C3H8 conversion and C3H6 selectivity increased in the
order  of  Pt0.75Cu1.0@S-1  <  Pt0.75Zn1.0@S-1  <  Pt0.75Sn1.8@S-1.  In
particular, Pt0.75Sn1.8@S-1 offered a high C3H6 selectivity of 99% at
a  C3H8 conversion  of  44%,  close  to  the  thermodynamic

 

Figure 4    (a) CO-FTIR spectra of PtM@S-1 as well as Pt/S-1 and Pt@S-1 catalysts. The catalyst was reduced in situ at 550 °C under H2 flow for 1 h. (b) IR spectra of
PtM@S-1 and pristine S-1 samples in the range of 3900–3600 cm−1. The catalyst was activated at 500 °C and vacuumed for 1 h.
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equilibrium of 48%. Considering the high dispersion of bimetallic
Pt-based  clusters,  we  can  speculate  that  the  decrease  of  Pt–Pt
ensemble  sites  could  minimize  the  occurrence  of  C–C  cleavage.
Although the activity of Pd-based catalysts was lower than that of
Pt-based catalysts, the promotion effect of the second metal on Pd-
based  catalysts  was  also  observed  (Fig. S10  in  the  ESM).  These
PdM@S-1  catalysts  might  be  applied  to  methane  and  CO2
conversions [26, 65].

To  make  the  best  of  high  metal  dispersion  and  confinement
structure, we gradually reduced the Pt loading to explore the lower
limit  for  ideal  dehydrogenation  (Fig. 6(b)).  The  actual  Pt  loading
was determined by XRF spectrometry (Table S6 in the ESM). The
Pt loading of the state-of-the-art commercial PtSn/Al2O3 catalyst is
about  0.3  wt.%  [50].  The  actual  Pt  loading  of  the  fresh
Pt0.75Zn1.0@S-1  catalyst  was  0.38  wt.%.  Interestingly,  the  PDH

performance  in  the  initial  4  h  was  not  influenced  by  the  Pt
loadings in the range of 0.17 wt.%–0.57 wt.% (Tables S4 and S6 in
the ESM). An obvious decrease in activity and C3H6 selectivity was
observed  over  Pt0.1Zn0.4@S-1.  These  results  suggest  that  only  a
~  0.17  wt.% Pt  loading  for  metal@S-1  was  sufficient  to  maintain
the PDH reactions.

As  another  important  performance  indicator,  the  catalyst
stability  was  intensively  evaluated.  The  Pt0.5Sn0.75/Al2O3 catalyst
with  a  0.5  wt.%  Pt  loading  suffered  from  fast  deactivation  (Fig.
6(c)).  The  Pt0.2Zn0.6/S-1  prepared  by  the  impregnation  method
exhibited  low  PDH  activity.  By  contrary,  the  Pt0.2Sn1.4@S-1  with
only an actual Pt loading of 0.17 wt.% confined in S-1 crystals not
only  exhibited  high  C3H8 conversion  levels  (45%)  and  C3H6
selectivity  (99%)  but  also  improved  stability,  close  to  their
counterparts  with  high  Pt  loadings  (Table  S4  in  the  ESM).

 

Figure 5    ((a), (c), and (e)) XANES spectra. The inset shows an enlarged view of pre-edge energy. ((b), (d), and (f)) Fourier transform of k2-weighted EXAFS spectra.
Although the samples were pre-reduced, the measurement was performed ex-situ. The data are k2- or k3-weighted and not phase corrected.
 

Figure 6    PDH  performances  of  (a)  Pt0.75My@S-1  catalysts,  (b)  PtxMy@S-1  catalysts  with  different  Pt  and  promoter  loadings,  and  (c)  optimum  Pt0.2My@S-1  and
conventional catalysts. (d) Stability and (e) the performances of Pt0.2Sn1.4@S-1 under different WHSV. Reaction conditions: Wcat = 0.3 g, C3H8:N2 = 1:3, and T = 550 °C.
Detailed reaction conditions and product distributions are listed in Tables S3–S5 in the ESM.
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Therefore,  the  confinement  of  PtM  clusters  inside  S-1  crystals
could significantly increase the utilization of noble metals.

C3H8

Under typical PDH reaction conditions with weight hour space
velocity  (WHSV )  = 3.6  h−1,  the  C3H8 conversion  only  slightly
decreased  from  45%  to  34%  after  300  h  on  stream,  and  C3H6
selectivity  was  stable  at  99%  (Fig. 6(d))  and  the  catalyst  structure
did not change significantly before and after the reaction (Fig. S11
in  the  ESM).  These  excellent  performance  indicators  render  this
catalyst  one  of  the  best  reported  to  date  (Table  S7  in  the  ESM).
The confinement of PtM clusters inside the S-1 crystals allows the
catalyst  regeneration by a simple calcination step to remove coke
and skips the toxic oxychlorination step for redispersing Pt atoms.
As  expected,  the  C3H8 conversion  and  C3H6 selectivity  of
Pt0.2Sn1.4@S-1  catalyst  could  be  recovered  and  sustained  after
calcination by a 2 vol.% O2 flow at 400 °C (Fig. S12 in the ESM).
Furthermore,  as  the  WHSV  increased  up  to  36  h−1,  the  C3H8
conversion  only  slightly  decreased  (Fig. 6(e)),  but  further
increasing  the  WHSV  to  72  h−1 led  to  a  C3H8 conversion  lower
than 30% (Table S8 in the ESM). Overall, these results suggest the
great  practicality  and stability  of  metal@S-1 for  high-temperature
reactions.

 4    Conclusions
We  have  synthesized  a  series  of  noble  metal-based  bimetallic
clusters  confined inside S-1 crystals  for  PDH reactions.  The sizes
of  these  clusters  are  larger  than  the  micropore  sizes  of  S-1,
indicating  a  collapse  of  neighboring  micropores  upon  particle
growth. The non-noble metal species are hardly reduced, but can
highly disperse the noble metal atoms and stabilize the bimetallic
clusters  by  Si–O–M  bonds.  The  Pt-based  cluster  catalysts,
especially  PtSn@S-1,  PtZn@S-1,  and  PtCu@S-1,  exhibit  higher
C3H8 conversion  and  C3H6 selectivity  than  their  single-metal
counterparts.  Because of  the high dispersion of  noble  metals  and
excellent accessibility, the loading of Pt can be decreased to < 0.2%
while  keeping  a  C3H8 conversion  close  to  the  thermodynamic
equilibrium  and  C3H6 selectivity  up  to  99%.  Furthermore,  the
optimum  PtSn@S-1  catalyst  shows  superior  stability  in  PDH
reaction  and  high  tolerance  to  calcination  for  regeneration.  This
catalyst  design  strategy  might  offer  new  opportunities  for  the
highly  efficient  utilization  of  noble  metals  for  heterogeneous
catalytic reactions operated under harsh reaction conditions.
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