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ABSTRACT: Zeolite-encapsulated subnanometer metal catalysts
are an emerging class of solid catalysts with superior performances
in comparison to metal catalysts supported on open-structure solid
carriers. Currently, there is no general synthesis methodology for
the encapsulation of subnanometer metal catalysts in different
zeolite structures. In this work, we will show a general synthesis
method for the encapsulation of subnanometer metal clusters (Pt,
Pd, and Rh) within various silicoaluminate zeolites with different
topologies (MFI, CHA, TON, MOR). The successful generation
of subnanometer metal species in silicoaluminate zeolites relies on
the introduction of Sn, which can suppress the migration of
subnanometer metal species during high-temperature oxidation−
reduction treatments according to advanced electron microscopy
and spectroscopy characterizations. The advantage of encapsulated subnanometer Pt catalysts in silicoaluminate zeolites is reflected
in the direct coupling of ethane and benzene for production of ethylbenzene, in which the Pt and the acid sites work in a synergistic
way.
KEYWORDS: silicoaluminate zeolites, subnanometer metal clusters, alkane activation, platinum, tin

■ INTRODUCTION
Encapsulation of subnanometer metal entities (single metal
atoms and metal clusters made by a few atoms) within zeolites
is an emerging class of supported metal catalysts which exhibit
unique catalytic properties in comparison with the conven-
tional metal nanoparticles supported on open-structure
carriers.1−3 On one hand, the subnanometer metal species
expose more active sites than nanoparticles with sizes of >1
nm. Especially, the subnanometer metal species can provide
more under-coordinated metal sites, which may offer markedly
higher reactivity than the well-coordinated metal sites.4,5 On
the other hand, the stability of the encapsulated metal species
in zeolite structures will be greatly improved due to the spatial
confinement of the microporous channels/cavities.6,7 In
particular, for reactions that require high temperatures, such
as dehydrogenation of light alkanes, dehydroaromatization and
hydroisomerization of alkanes, the enhanced resistance to
sintering can considerably prolong the operating life of the
metal catalysts.8

In the past years, several synthesis methods have been
proposed for the encapsulation of subnanometer metal
catalysts within zeolites via one-pot synthesis approaches or
postsynthesis treatments.9−11 It should be noted that most of
the successful examples for stabilization of subnanometer metal
clusters are achieved with pure-silica zeolites. In the case of

metal particles encapsulated in silicoaluminate zeolites, the
particle sizes are mostly larger than 1 nm,12−18 which could be
caused by the different crystallization conditions and electronic
properties of the zeolite frameworks due to the presence of
aluminum.19 Currently, about 50 of the total >200 zeolite
topological structures can be synthesized as pure-silica forms
according to the database of the International Zeolite
Association while the majority of zeolite topological structures
can only be synthesized with the doping of other heteroatoms,
such as Al, Ge, P etc.20,21 Metal-modified silicoaluminate
zeolites also offer the possibility of constructing bifunctional
catalysts with metal sites and zeolite acid sites for practical
processes. For instance, Ir/Beta and Pt/ZSM-22 catalysts are
used in industrial processes for the catalytic ring-opening
reaction of decalin and branched alkanes as well as the
hydroisomerization of linear alkanes, respectively.22,23 There-
fore, from both fundamental and practical points of view, it is
crucial to develop synthesis methodologies for the generation
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and stabilization of subnanometer clusters within silicoalumi-
nate zeolites to expand the library of zeolite-encapsulated metal
materials for applications in catalysis.
In this work, we will show a general synthesis method for the

encapsulation of subnanometer metal clusters (Pt, Pd, Rh)
within various silicoaluminate zeolites with different topologies
(MFI, CHA, TON, MOR). The successful generation of
subnanometer metal species in silicoaluminate zeolites relies
on the introduction of Sn species into metal-silicoaluminate
zeolites, and the subnanometer Pt clusters encapsulated in
silicoaluminate zeolite exhibit enhanced performance in the

direct coupling reaction of ethane and benzene for production
of ethylbenzene compared to Pt nanoparticles in ZSM-5 or Pt
clusters encapsulated in pure-silica zeolite.

■ RESULTS AND DISCUSSION

Encapsulation of Subnanometer Pt Clusters within ZSM-5

As shown in our prior work, subnanometer Pt clusters can be
generated in pure-silica MFI zeolite by employing tetrapropy-
lammonium hydroxide (TPA+OH−) as the organic structure-
directing agent (OSDA) and adding alkaline metal (K+) to

Figure 1. Generation and stabilization of subnanometer Pt clusters within ZSM-5 zeolite structure. (a) Illustration of the evolution of Pt species in
different stages of the preparation of K-Pt-ZSM5 sample. (b) K-Pt-ZSM5-AS sample obtained after hydrothermal crystallization, (c) K-Pt-ZSM5-
Air sample obtained after calcination in air at 600 °C, and (d) K-Pt-ZSM5 sample obtained after reduction by H2 at 600 °C. (e) Illustration of the
evolution of Pt species in different stages of the preparation of the K-PtSn-ZSM5 sample. (f) K-PtSn-ZSM5-AS sample obtained after hydrothermal
crystallization, (g) K-PtSn-ZSM5-Air sample obtained after calcination in air at 600 °C, and (h) K-PtSn-ZSM5 sample obtained after reduction by
H2 at 600 °C.
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stabilize the Pt species against sintering during high-temper-
ature oxidation and reduction treatments.7,24 Herein, we
attempt to extend the synthesis method to the generation of
Pt clusters in silicoaluminate zeolites, which are more widely
used in practical applications than their pure-silica counter-
parts. We conducted the synthesis of Pt-modified ZSM-5
(denoted as K-Pt-ZSM5) by following the reported method
with K+ as the promotor, because the Pt-ZSM5 sample
prepared under K-free condition contained large Pt nano-
particles (Figures S1 and S2). The X-ray diffraction (XRD)
pattern of the resultant K-Pt-ZSM5 sample (with a Pt loading
of ∼0.42 wt % and Si/Al ratio of ∼49, determined by ICP-
OES, as shown in Table S1) shows typical diffraction peaks
corresponding to MFI zeolite (Figure S3). The evolution of Pt
species during the three key stages in the one-pot synthesis of
metal-zeolite materials, i.e., hydrothermal crystallization,
calcination in air to remove OSDA, and reduction by H2 to
obtain metallic Pt clusters, has been tracked by high-angle
angular dark-field scanning transmission electron microscopy
(HAADF-STEM). As shown in Figures 1a−d and S4−S6,
neither metal clusters nor nanoparticles can be visualized in the
HAADF-STEM images of the as-synthesized K-Pt-ZSM5
sample (named as K-Pt-ZSM5-AS) obtained from hydro-
thermal crystallization (see Figures 1b and S4), indicating that
the Pt species should be atomically dispersed in the zeolite
crystallites. However, Pt nanoparticles with diameters of 3−10
nm are observed on the external surface of the zeolite
crystallites upon calcination (K-Pt-ZSM5-Air sample, shown in
Figures 1c and S5), suggesting that the presence of Al species
in the zeolite framework is detrimental for the stabilization of
subnanometer Pt clusters in ZSM-5 crystallites. This result is in
sharp contrast to the behavior observed with pure-silica MFI
zeolite, in which subnanometer Pt species remain stabilized
after calcination treatment.7 After reduction by H2 at 600 °C,
the Pt nanoparticles were further aggregated into larger ones
(K-Pt-ZSM5 sample, shown in Figures 1d and S6). As revealed
by theoretical studies, the stabilization of subnanometer Pt
species within the microporous channels is strongly related to

the electronic properties of the anchoring site provided by the
zeolite framework.25,26 The incorporation of Al into the zeolite
framework modifies the charge properties of the zeolite
framework,27 altering the interaction between the Pt atoms
and the ZSM-5 framework and thus causing the formation of
Pt nanoparticles instead of subnanometer Pt species.
Based on the electron microscopy characterization results, it

is inferred that the stabilization of Pt species during the
calcination treatment could be a critical issue because of the
high mobility of Pt species in oxidative atmosphere at elevated
temperatures.28,29 Given the high affinity of oxidized Pt species
to reducible metal oxides (such as CeO2, TiO2, and SnO2),
incorporating SnO2 species into ZSM-5 zeolite structure may
suppress the migration and sintering of Pt species during the
high-temperature calcination treatment.29−32 Motivated by the
hypothesis, we synthesized K-PtSn-ZSM5 samples via a one-
pot approach, in which SnCl4·5H2O was added into the
synthesis gel as a Sn precursor. The crystalline structure and
chemical composition of K-PtSn-ZSM5 sample were analyzed
using XRD and ICP-OES, respectively, as shown in Figure S3
and Table S1. The MFI-type structure remains intact after the
introduction of Sn, and the Pt loading and Si/Al ratio in the
final K-PtSn-ZSM5 material are similar to those of K-Pt-ZSM5.
As shown in the electron microscopy characterization results,
the introduction of Sn into the synthesis gel did not influence
the dispersion of Pt species in the as-synthesized K-PtSn-
ZSM5-AS sample derived from hydrothermal crystallization
(Figures 1f and S7). More importantly, Pt species remain
highly dispersed after calcination in air at 600 °C (Figures 1g
and S8). After reduction treatment by H2 at 600 °C,
subnanometer Pt clusters with good dispersion within the
ZSM-5 zeolite crystallites are formed, as visualized in the
HAADF-STEM images (Figures 1h and S9). Accordingly, it
can be concluded the addition of Sn does not interfere with the
crystallization of the ZSM-5 zeolite and can effectively stabilize
subnanometer Pt species during the high-temperature
calcination and reduction treatments, thus avoiding the
sintering of Pt into nanoparticles. It should be noted that, in

Figure 2. Determination of the location of subnanometer Pt clusters in the K-PtSn-ZSM5 sample. (a, c) HAADF-STEM images and (b, d) iDPC-
STEM images along the [010] orientation. (e, g) HAADF-STEM images and (f, h) iDPC images along the tilted-[010] orientation. The paired
HAADF-STEM and iDPC-STEM images were acquired in the same area but with different imaging modes.
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order to ensure the successful generation and stabilization of Pt
clusters, it is necessary to introduce both K and Sn in the
synthesis mixture, as indicated by the formation of large Pt
particles in the K-free PtSn-ZSM5 samples (Figures S10 and
S11).
To validate the successful encapsulation of the Pt clusters in

the ZSM-5 zeolite structure in the K-PtSn-ZSM5 sample, the
hydrogenation of olefins with distinct kinetic diameters was
conducted. Ethene (kinetic diameter of ca. 0.39 nm) and cis-
cyclooctene (kinetic diameter of ca. 0.79 nm) were used as the
model compounds for testing the encapsulation efficiency of Pt
species in ZSM-5 zeolite structure, which gives a pore size of
ca. 0.55 nm. The hydrogenation of cis-cyclooctene should be
catalyzed by Pt sites on the external surfaces of ZSM-5, while
ethene can access the active Pt sites both encapsulated within
ZSM-5 and located on external surfaces. The successful
encapsulation of Pt species in the K-PtSn-ZSM5 sample is
confirmed by comparing the relative reaction rates of the two
substrates and comparison with a reference PtSn/SiO2 catalyst
(see Figure S12 and Table S2).13,16,17

It can be expected that the surrounding environment of the
metal species confined within zeolite structures will affect their
physicochemical properties. In this sense, it is very important
to figure out the spatial distribution of the encapsulated
subnanometer metal species in the zeolite matrix. The location

of the subnanometer Pt clusters within zeolite crystallites in the
K-PtSn-ZSM5 sample has been studied by the combination of
HAADF-STEM and integrated differential phase contrast
(iDPC-STEM) imaging techniques.33 The former is partic-
ularly sensitive to heavy elements, such as Pt in this work, and
the latter enables clear imaging of the zeolite framework
structure. The precise location of the subnanometer Pt clusters
can therefore be accurately determined by correlating the two
images obtained in the same area but in two different modes.
As displayed in the iDPC image along the [010] orientation
(Figure 2b, d), the framework of the ZSM-5 zeolite (bright
area in the images) and the 10-ring straight channels (black
area in the image) can be clearly observed. In paired HAADF-
STEM images (Figure 2a, c), brighter spots with sizes of ∼0.5
nm are attributed to subnanometer Pt clusters, which are
mainly located in the sinusoidal 10-ring channels, rather than
the straight channels or intersectional voids. The selective
generation of Pt clusters in the sinusoidal 10-ring channels is
also confirmed by the paired HAADF-STEM and iDPC-STEM
images along the tilted-[010] orientation (Figure 2e−h),
because the Pt clusters (visualized in the HAADF-STEM
images) overlap with the 10-ring sinusoidal channels
(visualized in the iDPC images).
We characterized the as-synthesized K-PtSn-ZSM5-AS

sample to understand the regioselective location of Pt clusters

Figure 3. Characterization of K-PtSn-ZSM5 by X-ray absorption spectroscopy. (a) XANES spectra of the Pt L3-edge of the K-PtSn-ZSM5-Air
sample obtained after calcination in air, the K-PtSn-ZSM5 sample obtained after reduction by H2, and the PtSn-HZSM5 sample obtained after ion-
exchange treatment. The Pt L3-edge XANES spectrum of Pt foil is included as reference. (b) EXAFS spectra of Pt L3-edge of K-PtSn-ZSM5 sample
obtained after reduction by H2, the PtSn-HZSM5 sample obtained after ion-exchange treatment, and the reference Pt foil. (c) In situ Sn K-edge
XANES spectra of K-PtSn-ZSM5 obtained from 25 to 600 °C during the reduction treatment by H2. The Sn K-edge XANES spectra of Sn foil, SnO
and SnO2 are included as reference. (d) Sn K-edge EXAFS spectra of the K-PtSn-ZSM5 sample after reduction, SnO, and SnO2.
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in the ZSM-5 zeolite. According to the high-resolution
HAADF-STEM images of the K-PtSn-ZSM5-AS sample (see
Figure S13), the Pt species should exist as atomically dispersed
species within the ZSM-5 structure. Based on the thermog-
ravimetry (TG) (Figure S14) and elemental analysis results,
the number of the OSDA molecules (i.e., TPA+OH−) per unit
cell of the MFI structure was estimated at approximately 4.1
for K-PtSn-ZSM5-AS (Table S3), which corresponds to the
four intersectional voids within each unit cell.34 Therefore, the
atomically dispersed Pt species should not be able to occupy
the intersectional voids due to the full occupancy by the OSDA
molecules in the K-PtSn-ZSM5-AS sample. Besides, possibly
due to the fact that the sinusoidal channels have more space to
accommodate the Pt and Sn precursors compared to the
straight channels (Figure S15), the metal species are stabilized
within the sinusoidal channels.35

To follow the formation process of subnanometer Pt
clusters, in situ spectroscopic techniques are employed to
probe their electronic and coordination environment. The X-
ray absorption near edge structure (XANES) spectra (Figure
3a) show that Pt species are in the oxidized state after
calcination in air at 600 °C. After being reduced by H2 at 600
°C, the white-line intensity decreases to a state close to the
reference Pt foil, indicating that Pt species should be in
metallic state in the final K-PtSn-ZSM5 material. The binding
energies at 331.6 and 314.7 eV shown in Figure S16 can be
assigned to 4d3/2 and 4d5/2 of Pt0, respectively.

36 The weak
signal of the Pt 4d XPS spectra infers the encapsulation of the
Pt species in ZSM-5 crystallites. The coordination environ-
ment of Pt species in K-PtSn-ZSM5 upon reduction by H2 at
600 °C has been studied by Pt L3-edge extended X-ray
absorption fine structure (EXAFS) spectroscopy (Figure 3b).

Table 1. Fitting Results of Pt L3-Edge and Sn K-Edge EXAFS Spectraa

samples path distance CN σ2 ΔE0 R-factor

K-PtSn-ZSM5 Pt−Pt 2.75(1) 6.4(8) 0.006(1) 4.2(13) 3.0%
Sn−O 2.06(0) 3.1(1) 0.005(1) 9.8(5) 0.3%

PtSn-HZSM5 Pt−Pt 2.76(1) 6.4(4) 0.005(3) 6.1(10) 1.3%
aCN, coordination number; σ2, Debye−Waller factor; ΔE0, inner potential correction; R-factor, difference between modeled and experimental data.
For the fit of the Pt L3-edge EXAFS spectrum, S02 was fixed as 0.82, which was obtained from Pt foil. Data range: 3.5 ≤ k ≤ 13 Å−1, 1.3 ≤ R ≤ 3.2
Å. The number of variable parameters is 6, out of a total of 10.3 (2ΔkΔR/π) independent data points. For the fit of Sn K-edge EXAFS spectrum,
S02 was fixed as 1.0, which was obtained from SnO2 sample. Data range: 3.0 ≤ k ≤ 12.5 Å−1, 1.0 ≤ R ≤ 2.5 Å. The number of variable parameters is
4, out of a total of 8.8 (2ΔkΔR/π) independent data points.

Figure 4. Spectroscopy characterizations of Sn species in K-PtSn-ZSM5. (a, b) IR spectra of CD3CN adsorbed on K-PtSn-ZSM5 after calcination
in air (a) and reduction by H2 (b). (c) 31P solid state NMR spectra of TMPO adsorbed on K-Pt-ZSM5 and K-PtSn-ZSM5 samples after calcination
in air (K-Pt-ZSM5-Air and K-PtSn-ZSM5-Air) and after reduction by H2 (K-Pt-ZSM5 and K-PtSn-ZSM5). (d) Schematic illustration of the
structural features of Pt clusters and Sn species in the K-PtSn-ZSM5 material.
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The fitting results (Table 1) show that only the Pt−Pt bonding
is observed while the Pt−O and Pt−Sn bonds are absent,
indicating that Pt species are metallic and Pt−Sn alloys are not
formed. The coordination number of Pt−Pt bonding further
confirms the formation of subnanometer Pt clusters in the K-
PtSn-ZSM5 sample, being consistent with the electron
microscopy observations.
The chemical states of Sn species in the K-PtSn-ZSM5

material during the synthesis procedure are studied by in situ
XANES (Figure 3c). The Sn species in the K-PtSn-ZSM5-Air
sample obtained after calcination in air are Sn4+ species. During
the reduction treatment by H2, a gradual decrease of the white-
line intensity is observed along the increasing temperature
from 25 to 600 °C. By comparison with the reference SnO2,
SnO and Sn foil, it is inferred that the Sn species remain in
partially reduced state (denoted Snδ+) after reduction treat-
ment at 600 °C. The presence of partially reduced Sn species
instead of metallic Sn species in the final K-PtSn-ZSM5
material is also supported by the Sn 3d region XPS spectra
(Figure S17).37 Only Sn−O bonding is observed in the Sn K-
edge EXAFS spectra of the K-PtSn-ZSM5 sample, while the
Sn−Sn and Pt−Sn bonds are absent (Figure 3d). Additional
higher-shell Sn−O−Sn bonding is not observed either,
indicating that Sn species are well dispersed within the K-
PtSn-ZSM5 sample, probably in the form of isolated Snδ+

species or tiny SnOx clusters. The absence of Pt−Sn
interaction in the Pt L3-edge and Sn K-edge EXAFS spectra
could be related to the low abundance of Pt−Sn or Pt−O−Sn
bonding in the K-PtSn-ZSM5 sample (see discussion in
Supplementary Note 1 in the Supporting Information).
We employed spectroscopy techniques to characterize the

interaction between Sn species and the probe molecules to
figure out the location of Sn species in the K-PtSn-ZSM5
sample. The IR spectra of CD3CN adsorbed on oxidized and
reduced K-PtSn-ZSM5 samples are shown in Figure 4a and b,
respectively. The stretching bands of C�N of CD3CN
adsorbed on Si−OH (2274 cm−1) and physiosorbed by the
zeolite (2266 cm−1) are observed, while the vibrational
frequencies attributed to CD3CN adsorbed on isolated
framework Sn sites (typically located at 2316 and 2308
cm−1) are not detected, indicating the absence of Sn
incorporated in the ZSM-5 framework.38 Moreover, the
position of Sn atoms was also investigated by solid state 31P
NMR spectroscopy with trimethylphosphine oxide (TMPO)
as the probe molecule. As depicted in Figure 4c, the NMR
signals at 39 and 32 ppm correspond to the physiosorbed
TMPO.39 For the K-Pt-ZSM5 sample, two peaks at 66 and 77
ppm are assigned to TMPO interacting with Brønsted acidic
sites,40 which remain after reduction treatment by H2.
However, these peaks were not observed in the spectra of K-
PtSn-ZSM5, suggesting that the addition of Sn can neutralize a
considerable portion of the Brønsted acid sites in ZSM-5. The
NMR peak at 50 ppm corresponds to TMPO interacting with
extra-framework Lewis acidic sites.41 The signals of TMPO
interacting with framework Sn sites are expected in the range
between 55 and 60 ppm,42 which are not observed with the
oxidized and reduced K-PtSn-ZSM5 sample, inferring the
absence of framework Sn species in ZSM-5 zeolite. These
results are in line with the reported works which show the
feasible incorporation of Sn into the framework of large-pore
zeolites (such as Beta zeolite) but not in medium-pore zeolites
(such as ZSM-5), due to the larger atomic radius of Sn than
Si.38,43

We have characterized the location of the Al species in three
samples (K-PtSn-ZSM5, K-Pt-ZSM5, and K-ZSM5) by 27Al
NMR spectroscopy. As shown in Figure S18, the three samples
exhibit quite similar 27Al NMR spectra, as suggested by the
fitting results shown in Table S5. Moreover, by comparing our
results and the related literature, it is suggested that the Al
species should be randomly distributed in the ZSM-5 zeolite,
occupying both the intersections and the straight/sinusoidal
channels.34

Understanding the Stabilization Effect of Sn to Pt Species

A series of K-PtSn-ZSM5 samples with different Sn contents
were prepared to reveal the stabilization effect of Sn on Pt
species within the ZSM-5 zeolite. Two samples with lower Sn
contents (0.24 and 0.54 wt % of Sn in K-PtSn0.24-ZSM5 and K-
PtSn0.54-ZSM5, respectively) were synthesized via the same
one-pot synthesis method as the K-PtSn-ZSM5 sample except
for adding different amounts of Sn precursor (Table S1). A
gradual increase of the number of Pt clusters is observed with
increased Sn content from K-Pt-ZSM-5 to K-PtSn0.24-ZSM5
and K-PtSn0.54-ZSM5 (Figure S19−S20), indicating that a
sufficient amount of Sn is required to guarantee the formation
of subnanometer Pt species in ZSM-5. However, as shown in
Figure S21, the introduction of an excess amount of Sn will
partly inhibit the crystallization of ZSM-5, resulting in the
formation of amorphous domains in the sample and the
formation of large Pt particles due to insufficient encapsulation
of Pt species.
Because the aggregation of Pt in the absence of Sn occurs

during the calcination step, we have collected the IR spectra of
PtSn-ZSM5 samples with different Sn contents obtained after
calcination in air to investigate the effect of Sn on the zeolite
structure. As shown in Figure S22, IR bands corresponding to
external silanol groups (3743 cm−1), internal silanol groups
(3728 and 3693 cm−1) and silanol nests (3500 cm−1) are
observed.44 For the K-Pt-ZSM5 sample, a band at 3593 cm−1

was also observed, which could be attributed to the bridging
Si-OH-Al, i.e., the Brønsted acidic sites.45 This band disappears
in the Sn-containing samples, implying that Sn can selectively
neutralize a great portion of the Brønsted acidic sites in the
ZSM-5 zeolite, which is consistent with the observations in the
31P NMR spectra (Figure 4c). The partial neutralization of the
Brønsted acidic sites by Sn species could be similar as the
behavior of Ga and Zn species in ZSM-5 by forming extra-
framework metal species for the replacement of H+.46,47 In
principle, the neutralization of the −OH groups in ZSM-5 can
also be achieved by alkali metals such as K+. However, even by
introducing a double amount of K+ in the synthesis mixture, Pt
nanoparticles are still formed on ZSM-5 (see Figure S23),
suggesting that the stabilization of subnanometer Pt species
cannot be achieved by solely introducing alkali metals.
The IR spectra show that the amount of internal silanol

groups and especially the silanol nests exhibits a significant
inverse correlation with the Sn content. On one hand, the
concentration of silanol groups is related to the electronic
property of the ZSM-5 framework. Replacing the H+ in the
silanol groups with Snδ+ can enhance the charge density of the
O atom, which could be beneficial for binding the positively
charged Pt species formed during the calcination procedure via
the stronger Pt−O−Sn interaction than the Pt−O−Al or Pt−
O−Si interactions.48 Consequently, the interaction between
oxidized Pt species and the zeolite support can be greatly
promoted, as supported by the better dispersion of Pt species

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00548
JACS Au 2023, 3, 3213−3226

3218

https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00548/suppl_file/au3c00548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00548/suppl_file/au3c00548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00548/suppl_file/au3c00548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00548/suppl_file/au3c00548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00548/suppl_file/au3c00548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00548/suppl_file/au3c00548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00548/suppl_file/au3c00548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00548/suppl_file/au3c00548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00548/suppl_file/au3c00548_si_001.pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


in the K-PtSnx-ZSM5-Air samples with higher Sn contents
(Figures S5, S24, S25, S8), leading to stabilized subnanometer
Pt species during calcination and the formation of subnan-
ometer Pt clusters after subsequent reduction by H2, as
illustrated in Figure 4d. On the other hand, the amount of
silanol groups reflects the structural integrity of the ZSM-5
crystallites, which could be detrimental for stabilizing the
subnanometer Pt species during high-temperature oxidation−
reduction treatments, because the sintering of Pt may occur as
a result of the migration along the defects in the zeolite
channels.
Extending the Synthesis Strategy to Other Silicoaluminate
Zeolites

The profound stabilization effects of Sn on subnanometer Pt
species in ZSM-5 encourage us to explore such effects in the
generation of subnanometer metal species in other silicoalu-
minate zeolites. By properly adjusting the composition (Si/Al
atomic ratios, amount of alkali metals, and the promoter
metals), we are able to synthesize metal-zeolite materials with
highly stable metal clusters in the microporous channels/
cavities. Three types of silicoaluminate zeolites (CHA-type
zeolite with 8-ring pores, TON-type zeolite with 10-ring pores
and MOR-type zeolite with 12-ring pores) with different
topological structures were selected to demonstrate the
application scope of our synthesis method. First, we have
prepared a series of Pt-zeolite samples by one-pot synthesis
approach (see Figure S26 for the XRD patterns). As
demonstrated with the HAADF-STEM images (Figures 5a−c
and S27−S29), Pt nanoparticles (>2 nm) on the external
surface of zeolites are formed in all the samples, indicating the
unsuccessful encapsulation of Pt clusters in the zeolite
crystallites. Notably, after the introduction of Sn species, the
dispersion of Pt species in the final PtSn-zeolite materials can

be greatly improved, and subnanometer Pt clusters with
uniform distribution within the silicoaluminate zeolite
crystallites can be confirmed in the HAADF-STEM images
(Figures 5d−f and S30−S32). The encapsulation efficiencies of
Pt species in different PtSn-zeolite samples have also been
evaluated by hydrogenation reactions of ethylene and cis-
cyclooctene, which infer the encapsulation of Pt species in the
silicoaluminate zeolite crystallites according to the measured
relative reaction rates (see Table S2).
In addition to encapsulation of subnanometer Pt clusters in

silicoaluminate zeolites, we have also attempted to extend the
synthesis methodology for generation and stabilization of other
noble metal clusters in ZSM-5. As shown in Figures S33−S36,
the addition of Sn can also greatly improve the dispersion of
Rh and Pd in ZSM-5, resulting in the formation of
subnanometer Pd and Rh clusters in ZSM-5 zeolite crystallites.
These results indicate that, the employment of an oxyphilic
metal as an addictive could be a general strategy to form
subnanometer metal clusters in silicoaluminate zeolites.
Ion-Exchange Treatment with PtSn-Zeolite Materials

In order to liberate the acid sites within the Pt-zeolite
materials, we performed ion-exchange treatments to replace
the alkali metals with H+. After the ion-exchange treatment, the
good dispersion of Pt species in the PtSn-HZSM5 sample is
maintained, as suggested by the HAADF-STEM images in
Figure 6 and the EXAFS characterization results (Figure 3 and
Table 1). The location of the subnanometer Pt clusters also
remains unchanged according to the paired HAADF-STEM
and iDPC-STEM images, indicating the structural robustness
of the Pt clusters confined in the 10-ring channels. The
subnanometer Pt clusters remain stable after two cycles of
consecutive high-temperature oxidation−reduction treatment
(Figure S37). By substitution of the alkali metals with H+, the

Figure 5. HAADF-STEM images of Pt-zeolite materials with other topological structures. (a) Na-Pt-CHA, (b) K-Pt-TON, (c) Na-Pt-MOR, (d)
Na-PtSn-CHA, (e) K-PtSn-TON, and (f) Na-PtSn-MOR. Particle size distribution of Pt in Na-PtSn-CHA, K-PtSn-TON, and Na-PtSn-MOR are
embedded in corresponding HAADF-STEM images, respectively.
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acid sites in the ZSM-5 framework become available, as
confirmed by the pyridine-IR spectra (Figure S38). In
comparison with the monometallic Pt-HZSM5, the PtSn-
HZSM5 exhibits slightly fewer acid sites, which could be
caused by the interaction between Sn species and the ZSM-5
framework. Additionally, the uniform distribution of Pt clusters
in other silicoaluminate zeolites is preserved after ion-exchange
treatments (Figures S39−S41), suggesting that the synthesis
strategy can be extended for the preparation of a variety of
bifunctional catalysts with both metal and acid sites in different
zeolite structures.
Catalytic Performance of PtSn-ZSM5 Catalysts
The direct coupling of ethane and benzene allows the
production of ethylbenzene in a single-step process instead
of the two separated processes in current chemical
industry.49,50 As illustrated in Figure 7a, the direct coupling
reaction between ethane and benzene can be considered as a
tandem process catalyzed by the metal sites (for dehydrogen-
ation of ethane to ethylene) and the acid sites (for alkylation of
benzene with ethylene), respectively. The ethane−benzene
coupling reaction is chosen as a model reaction to study the
catalytic properties of different Pt-zeolite materials as bifunc-
tional catalysts. For comparison, we have prepared a PtSn-MFI
sample by incorporating Pt clusters in pure-silica MFI as a
reference catalyst to study the influence of acid sites (see
characterization results in Figure S42).7 As shown in Figure 7b,
the PtSn-MFI catalyst exhibits low initial activity (0.2%
conversion of ethane) and ineffectiveness for conversion of
benzene. According to the isotopic exchange experiments with
C2H6 and D2, PtSn-MFI has good capability for activation of
C−H bonds in ethane (Figure S43). Therefore, the
ineffectiveness for the production of ethylbenzene should be
attributed to the absence of acid sites (Figure S38 and Table
S4). In addition, low conversion of ethane is limited by the
thermodynamic equilibrium of the ethane dehydrogenation
reaction at 400 °C, because it is a highly endothermic reaction.
After physically mixing the PtSn-MFI catalyst with the HZSM5
(ZSM-5 in H-form), we can observe an increase in conversions
of ethane and benzene and the formation of ethylbenzene. The
enhanced activity is ascribed to the coupling reaction between

ethylene and benzene catalyzed by acid sites in HZSM5, which
greatly promotes the ethane dehydrogenation reaction on Pt
sites by continuously consuming the ethylene. Furthermore,
we have tested the performance of the Pt-HZSM5 catalyst
prepared by one-pot synthesis and it shows better performance
than the physical mixture of PtSn-MFI and HZSM5, indicating
that the direct coupling reaction is favorable when increasing
the proximity of the metal and acid sites. More interestingly,
the PtSn-HZSM5 catalyst exhibits even higher activity than the
Pt-HZSM5, whose conversions of ethane and benzene are
nearly two times of those obtained with the Pt-HZSM5
catalyst. The PtSn-HZSM5 catalyst shows a superior
production rate of ethylbenzene in comparison with the
reported systems (Table S6).
According to the catalytic results obtained with different Pt-

zeolite catalysts and the PtSn-HZSM5 catalysts with different
Sn loadings (Figures S43 and S44), the impacts of Sn species
on the catalytic properties can be reflected in the following
three aspects. First, the introduction of Sn can stabilize the
subnanometer Pt clusters, which should have significant
advantages over Pt nanoparticles for activation of light alkanes,
because the activation of C−H bonds is more favorable on
under-coordinated Pt sites than that on well-coordinated Pt
sites. Therefore, the PtSn-HZSM5 catalyst has higher
capability for dehydrogenation of ethane to ethylene, which
is also confirmed by the isotopic exchange experiments with
C2H6 and D2 (Figure S43). Second, similar to the effects
observed with dehydrogenation of light alkanes, the interaction
between Pt and Sn can suppress the coke formation on Pt sites
and the undesired breaking of C−C bonds, resulting in the
extended catalyst lifetime (Figure 7d) and declined selectivity
to methane (Figure 7c) of PtSn-HZSM5 in comparison with
Pt-HZSM5. Third, the presence of Sn in the PtSn-HZSM5 will
neutralize a portion of the acid sites in the HZSM5 zeolite
(Figure S38 and Table S4), but the influences of Sn species on
the catalytic performances for direct coupling of the ethene
intermediate and benzene are minor according to the catalytic
results shown in Figure S45. The decreased acidity of HZSM5
zeolite after the introduction of Sn species may also contribute
to the improved long-term stability (Figure 7d-e) by mitigating
the coke deposition because heavy aromatics (precursors of
coke) tend to form on the sites with strong acidity, as inferred
by the characterizations of the spent catalysts (Figures S46 and
S47). The structural robustness of the spent PtSn-HZSM5
catalyst is confirmed by the electron microscopy character-
ization results (Figures S48−S50).

■ OUTLOOK
In summary, a general method for encapsulating subnanometer
metal clusters within silicoaluminate zeolites has been
developed, which can greatly broaden the scope of zeolite
materials with the encapsulation of subnanometer metal
clusters. In principle, by varying Sn to other oxyphilic metals
(such as Zn, Ga, In, Ge etc.), other types of bimetallic or even
multimetallic nanoclusters could be formed and stabilized in
zeolite structures, which will lead to the generation of a large
variety of subnanometer metal catalysts confined in different
zeolite structures as bifunctional catalysts.

Figure 6. Structural characterizations of the PtSn-HZSM5 sample
obtained after ion exchange. (a, b) Low-magnification HAADF-STEM
images of the PtSn-HZSM5 sample. (c−f) Determination of the
location of Pt clusters in ZSM-5 zeolite by paired HAADF-STEM (c,
e) and the corresponding iDPC-STEM images (d, f).
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■ EXPERIMENTAL SECTION

Materials Synthesis
Synthesis of K-PtSn-ZSM5. The PtSn clusters encapsulated in

ZSM-5 zeolite crystallites were synthesized by a one-pot synthesis
method, which employed tetraethyl orthosilicate (TEOS) as the Si
source, Al(NO3)3·9H2O as the Al source, and tetrapropylammonium
hydroxide (TPAOH) as the organic structure-directing agent. Batch
composition: 1.2 K2O:16 TPAOH:0.4 Al2O3:40 SiO2:1600 H2O.
First, a TPAOH solution was prepared by mixing 16.24 g of TPAOH
(Sigma-Aldrich, 20 wt %, containing ∼0.6 wt % of K, product code:
254533-100G) and 12.0 g of distilled water at room temperature.
Then, 8.24 g of TEOS (Alfa Aesar, 99+%) was hydrolyzed with
TPAOH solution at room temperature for 6 h under stirring (500
rpm). The aluminum source solution was prepared by mixing 0.3 g of
Al(NO3)3·9H2O (Sinopharm Chemical Reagent Co., Ltd. ≥99.0%)
and 3.0 g of distilled water at room temperature. Then the Al(NO3)3
solution was added dropwise to the TEOS-TPAOH-water mixture,
followed by agitation for 3 h. After the addition of aluminum source,
90 mg of SnCl4·5H2O (Energy Chemical, 99%) was added to the
mixture, which was then kept stirring for 30 min. Afterward, 300 μL of
H2PtCl6 (Sigma-Aldrich, >99.9%) aqueous (0.19 mol·L−1) and 300
μL of ethylenediamine (Sigma-Aldrich, ≥99%) were added with

stirring for another 30 min. The resultant yellow solution was then
transferred to Teflon-lined autoclaves and heated in an electric oven
at 175 °C for 96 h under static condition. After the hydrothermal
process, the solid product was isolated by centrifugation, washed with
distilled water and acetone, and then dried at 60 °C. Then the solid
sample was calcined under air at 560 °C for 8 h and then at 600 °C
for 2 h. Finally, the obtained sample was named as K-PtSn-ZSM5.
The K-PtSn0.24-ZSM5, K-PtSn0.54-ZSM5, and K-PtSn2.33-ZSM5 were
synthesized by altering the content of SnCl4·5H2O.
Synthesis of K-Pt-ZSM5, K-Sn-ZSM5 and K-ZSM-5. The K-Pt-

ZSM5, K-Sn-ZSM5, and K-ZSM-5 samples were prepared by a similar
one-pot synthesis as the PtSn-ZSM5. The only difference was that
SnCl4·5H2O, H2PtCl6 aqueous solution, and both SnCl4·5H2O and
H2PtCl6 aqueous solution, respectively, were not added to the
synthesis mixture.
Synthesis of Na-PtSn-CHA. Batch composition: 2.6 Na2O:5.2

RN-OH:1.7 Al2O3:50 SiO2:1100 H2O. First, 67 mg of NaOH
(Sinopharm Chemical Reagent Co., Ltd., AR) was dissolved in 17 g of
distilled water at room temperature. Then, 276 mg of NaAlO2
(Shanghai Macklin Biochemical Co., Ltd., AR) was added to the
above solution with stirring for 15 min until dissolved. 4.41 g of
N,N,N-trimethyl-1-adamantanamonium hydroxide solution (RN-OH,
Energy Chemical, 25 wt %) was added with stirring for another 10

Figure 7. Catalytic performance of alkylation of benzene with ethane on Pt-zeolite catalysts. (a) Illustration of the direct coupling of ethane and
benzene via tandem dehydrogenation-alkylation reaction. (b) Initial conversions of benzene and ethane at 1 h. (c) Initial product distributions over
PtSn-HZSM5 and Pt-HZSM5 at 1 h based on ethane and benzene, respectively. (d) Conversions of benzene and ethane as a function of reaction
time over PtSn-HZSM5 and Pt-HZSM5. (e) Long-term stability test of PtSn-HZSM5. Reaction conditions in plots (b−d) are as follows: 400 °C,
atmospheric pressure, ethane/benzene molar ratio of 9 and WHSV of ethane at 2.0 h−1. Reaction conditions in plot (e) are the same as those in
plots (b−d), except for the WHSV at 1.2 h−1. “EB” in plot (c) denotes ethylbenzene. “Others” in plot (c) contains xylene, propyl-benzene, diethyl-
benzene, and other heavy aromatics.
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min. Then, 50 mg of SnCl4·5H2O and 200 μL of H2PtCl6 aqueous
(0.19 mol·L−1) and 300 μL of ethylenediamine were added to the
resultant solution with stirring for 20 min. 3.03 g of fumed SiO2
(Degussa, Aerosil 380) was then added to the resultant solution with
stirring for 1.5 h. The resultant solution was transferred to Teflon-
lined autoclaves and heated in an electric oven at 160 °C for 48 h at
30 rpm. After the hydrothermal process, the solid product was
isolated by centrifugation, washed with distilled water and acetone,
and then dried at 60 °C. Then the solid sample was calcined under air
at 560 °C for 8 h.
Synthesis of K-PtSn-TON. Batch composition: 4.7 K2O:9.6

DAO:0.35 Al2O3:32 SiO2:1260 H2O. First, the aluminum source
solution was prepared by mixing 235 mg of Al2(SO4)3·18H2O
(Sinopharm Chemical Reagent Co., Ltd., AR) and 2.43 g of distilled
water, and the KOH solution was prepared by mixing 0.53 g of KOH
(Sinopharm Chemical Reagent Co., Ltd., AR) and 2.43 g of distilled
water at room temperature. Then, the Al2(SO4)3 solution was
dropped into the KOH solution under agitation to form a
homogeneous solution. A 1,8-diamino-octane solution consisting of
1.39 g of 1,8-diamino-octane (DAO, Innochem, 98%) and 9.7 g of
distilled water prepared in advance was dropped into the resultant
solution with stirring for 10 min. Then, a silica source solution was
prepared by mixing 6.35 g of SiO2 aqueous (Ludox AS-30, 30 wt %)
and 3.59 g of distilled water and added to the resultant solution above
with stirring for 30 min. Finally, 30 mg of SnCl4·5H2O, 300 μL of
H2PtCl6 aqueous (0.19 mol·L−1), and 300 μL of ethylenediamine
were added with stirring for 20 min. The resultant yellow solution was
then transferred to Teflon-lined autoclaves and kept in an electric
oven at 160 °C for 48 h at 30 rpm. After the hydrothermal process,
the solid product was isolated by centrifugation, washed with distilled
water and acetone and then dried at 60 °C. Then the solid sample was
calcined under air at 560 °C for 8 h.
Synthesis of Na-PtSn-MOR. Batch composition: 5.9 Na2O:1.6

Al2O3:30 SiO2:680 H2O. First, a NaOH solution was prepared by
mixing 0.34 g of NaOH and 0.7 g of distilled water. Then, 0.26 g of
NaAlO2 was added to the NaOH solution with stirring until it was
dissolved, and 11.5 g of distilled water was added to the resultant
solution with stirring. Then, 1.75 g of fumed SiO2 (Degussa, Aerosil
200) was added to the resultant solution with stirring for 30 min.
Finally, 15 mg of SnCl4·5H2O and 150 μL of H2PtCl6 aqueous (0.19
mol·L−1) and 150 μL of ethylenediamine were added with stirring for
20 min. The resultant yellow solution was then transferred to Teflon-
lined autoclaves and kept in an electric oven at 170 °C for 24 h under
static conditions. After the hydrothermal process, the solid product
was isolated by centrifugation, washed with distilled water and
acetone and then dried at 60 °C. Then the solid sample was calcined
under air at 560 °C for 8 h.
Synthesis of Na-Pt-CHA, K-Pt-TON and Na-Pt-MOR. The Pt-

zeolite samples with different topologies were prepared by a one-pot
synthesis similar to that of the PtSn-zeolite samples. The only
difference was that SnCl4·5H2O was not added to the synthesis
mixture.
Synthesis of PtSn/SiO2. PtSn/SiO2 were prepared by a

conventional impregnation method. One g of SiO2 (Sigma-aldrich,
surface area of ∼550 m2/g, average pore size of ∼6 nm, product code:
227196) was added into 10 g of aqueous solution containing H2PtCl6
(3.5 mg of Pt) and SnCl4·5H2O (13.5 mg of Sn). The solutions were
then stirred at room temperature and 300 rpm followed by drying at
80 °C overnight.
Synthesis of K-PdSn-ZSM5. Bimetallic PdSn nanoparticles

encapsulated in ZSM5 zeolite with a Si/Al ratio of 50 were prepared
by a one-pot synthesis. Batch composition: 1.2 K2O:16 TPAOH:0.4
Al2O3:40 SiO2:1600 H2O. First, a TPAOH solution was prepared by
mixing 16.24 g of TPAOH (Sigma-Aldrich, 20 wt %, containing ∼0.6
wt % of K, product code: 254533-100G) and 12.0 g of distilled water
at room temperature. Then, 8.24 g of TEOS were hydrolyzed with
TPAOH solution at room temperature for 6 h under stirring (500
rpm). The aluminum source solution was prepared by mixing 0.3 g of
Al(NO3)3·9H2O and 3.0 g of distilled water at room temperature.
Then the Al(NO3)3 solution was added dropwise to the mixture of

TEOS-TPAOH-water with stirring for 3 h. To the resultant
homogeneous solution, 90 mg of SnCl4·5H2O was added with
stirring for 30 min, and then 172 μL of Na2PtCl4 aqueous (0.34 mol·
L−1) and 300 μL of ethylenediamine were added with stirring for
another 30 min. The resultant yellow solution was then transferred to
Teflon-lined autoclaves and heated in an electric oven at 175 °C for
96 h under static conditions. After the hydrothermal process, the solid
product was isolated by centrifugation and washed with distilled water
and acetone and then dried at 60 °C. Then the solid sample was
calcined under air at 560 °C for 8 h. For the preparation of K-Pd-
ZSM5, the only difference was that SnCl4·5H2O was not added to the
synthesis mixture.
Synthesis of K-RhSn-ZSM5. Bimetallic RhSn nanoparticles

encapsulated in ZSM5 zeolite with a Si/Al ratio of 50 were prepared
by a one-pot synthesis. Batch composition: 1.2 K2O:16 TPAOH:0.4
Al2O3:40 SiO2:1600 H2O. First, a TPAOH solution was prepared by
mixing 16.24 g of TPAOH (Sigma-Aldrich, 20 wt %, containing ∼0.6
wt % of K, product code: 254533-100G) and 12.0 g of distilled water
at room temperature. Then, 8.24 g of TEOS were hydrolyzed with
TPAOH solution at room temperature for 6 h under stirring (500
rpm). The aluminum source solution was prepared by mixing 0.3 g of
Al(NO3)3·9H2O and 3.0 g of distilled water at room temperature.
Then the Al(NO3)3 solution was added dropwise to the mixture of
TEOS-TPAOH-water with stirring for 3 h. To the resultant
homogeneous solution, 90 mg of SnCl4·5H2O was added with
stirring for 30 min, and then 132 μL of RhCl3 aqueous (0.48 mol·L−1)
and 300 μL of ethylenediamine were added with stirring for another
30 min. The resultant yellow solution was then transferred to Teflon-
lined autoclaves and heated in an electric oven at 175 °C for 96 h
under static conditions. After the hydrothermal process, the solid
product was isolated by centrifugation and washed with distilled water
and acetone and then dried at 60 °C. Then the solid sample was
calcined under air at 560 °C for 8 h. For the preparation of K-Rh-
ZSM5, the only difference was that SnCl4·5H2O was not added to the
synthesis mixture.
Ion Exchange. Typically, 1 g of sample was dispersed in 30 mL of

NH4Cl aqueous solution (1 mol·L−1) at 80 °C for 6 h under stirring.
The solid was collected by centrifugation and washed with deionized
water, then the solid was dried at 120 °C for 12 h. The resulting solids
were NH4-type samples. H-type samples were prepared by treating
the NH4-type samples at 400 °C under a H2 atmosphere for 1 h.

Characterizations
Powder X-ray diffraction was performed with a Rigaku RU-200b
powder X-ray diffractometer using Cu Kα radiation. Actual metal
contents and Si/Al atomic ratios of the synthetic catalysts were
measured by inductively coupled plasma optical emission spectrom-
etry analysis (ICP-OES) on a PerkinElmer Optima 2100DV
instrument. A Mettler-Toledo TGA/DSC1 thermogravimetric ana-
lyzer was used for the thermogravimetric analysis with a ramping rate
of 10 °C·min−1 under 50 mL·min−1 of air. Coke species on the spent
catalysts were observed by Raman spectroscopy using a LabRAM
HR800 system at a wavelength of 325 nm. X-ray photoelectron
spectroscopy analysis was conducted on a Physical Electronics
Company Quantum-2000 Scanning ESCA Microprobe using
monochromic Al Kα as an X-ray source. The adventitious carbon C
1s peak (284.8 eV) was used to calibrate the binding energy.
Samples for transmission electron microscopy (TEM) studies were

prepared by dropping the suspension of the solid samples in CH2Cl2
directly onto holey-carbon-coated copper grids. Electron microscopy
measurements were performed using two types of microscopes. Thus,
noncorrected JEOL 2100F microscope operating at 200 kV both in
transmission and scanning-transmission modes (STEM) was used to
record high-angle annular dark-field (HAADF), Z-contrast, images at
low resolution. High resolution HAADF-STEM and STEM-iDPC
imaging was performed on a double aberration corrected (AC),
monochromated, FEI Titan3 Themis 60-300 microscope working at
300 kV. The iDPC (for integrated-differential phase contrast) imaging
provides atomically resolved images in which the contrasts are roughly
related to the atomic number of the elements under the beam in thin
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specimen, instead of the roughly Z2-dependent contrasts obtained in
HAADF-STEM images. By using a four-segment detector, this
technique allows imaging light elements, as is the case of O, in the
presence of heavier ones (Si, Z = 14), which is a key aspect in the
atomic scale structural analysis of zeolites. The imaging was
conducted under very low electron dose conditions since zeolites
are very sensitive to electron beams. In particular, 2048 × 2048
HAADF-iDPC image pairs were recorded simultaneously using a
convergence angle of 18.6 mrad and collection angles of 53−198
mrad. This configuration allowed us to optimize the collection of
signals on the HAADF and FEI DF4 detectors. In order to limit the
damage by the electron beam, a fast image recording protocol was
used by combining a beam current of 10−30 pA, a 1.25−2.5 μs dwell
time (corresponding to dose rates of 2500−3900 e−/Å2) and an
automated fine-tuning alignment of A1 and C1 using the OptiSTEM
software.
X-ray absorption near-edge structure (XANES) and extended X-ray

absorption fine structure (EXAFS) at the Pt L3-edge and Sn K-edge of
PtSn-ZSM5 samples were measured at the 20-BM-B beamline of the
Advanced Photon Source at Argonne National Laboratory. A Si (111)
fixed-exit, double-crystal monochromator was used and the energy
resolution was 0.5 eV. Harmonic rejection was facilitated using a Rh-
coated mirror (4 mrad) as well as a 15% detuning of the beam
intensity at ∼1000 eV above the edge of interest. Data was collected
in fluorescence mode using a four elements Vortex Si Drift detector.
The samples were prepared as pellets and placed in a furnace with
Kapton windows. The PtSn-ZSM5 samples were in situ reduced by
H2 at 600 °C and then cooled to room temperature before the Pt L3-
edge and Sn K-edge EXAFS spectra were recorded at room
temperature.
The infrared spectroscopy studies were carried out on a Bruker

VERTEX 70 infrared spectrometer. When IR spectra upon CD3CN
adsorption were collected, 30 mg of each sample was pressed into self-
supported thin pallets followed by pretreatment at 400 °C for 1 h
under vacuum before cooling to room temperature. The samples were
then saturated with deuterated acetonitrile vapor until equilibrated.
The spectra of the samples were recorded continuously during
evacuation until physically adsorbed CD3CN was completely
removed. When collecting IR spectra in the −OH stretching region
of catalysts, 30 mg of each sample was pressed into self-supporting
thin pallets. The samples were then pretreated at 400 °C for 1 h under
vacuum to remove adsorbed water, and the spectra were recorded
after cooling to room temperature. When collecting IR spectra upon
pyridine adsorption, 30 mg of each sample was pressed into self-
supported thin pallets and pretreated at 350 °C for 0.5 h under
vacuum followed by cooling to room temperature. Subsequently,
samples were saturated with pyridine vapor until equilibrium. Finally,
pyridine was desorbed at 200 °C for 0.5 h and the spectra were
measured after cooling to room temperature.
Solid state 31P magic angle spinning nuclear magnetic resonance

(MAS NMR) spectra were acquired after adsorption of trimethyl-
phosphine oxide (TMPO, Alfa Aesar, 99%) using a 600 a Bruker
Advance III spectrometer. First, the samples were degassed for 20 h
under dynamic vacuum at 420 °C to remove any adsorbed water.
Samples were thereafter transferred to a glovebox to prevent exposing
them to moisture. Subsequently, 1 mL of dichloromethane solution
containing TMPO (0.2 wt %) was added into 150 mg of samples
followed by string at room temperature for 2 h. Samples dosed with
TMPO were pack into zirconia MAS NMR rotors in glovebox after
volatilization of dichloromethane. The chemical shifts were referenced
to ammonium dihydrogen phosphate at 1.1 ppm.

Catalytic Evaluation
Ethene and cis-Cyclooctene Hydrogenation. The hydro-

genation reaction was carried out in a 250 mL stainless-steel
autoclave. With regard to hydrogenation of ethene, catalysts (10
mg) were added into the autoclave, followed by introducing the feed
gas containing 0.1 MPa ethene and 0.3 MPa H2. For hydrogenation of
cis-cyclooctene, 10 mg of catalysts, 0.6 g of cis-cyclooctene, and 1 g of
cyclohexane (as a solvent) were mixed in the autoclave followed by

introducing 5 MPa H2. The hydrogenation rates were measured at 80
°C under vigorous agitation at 800 rpm. The rethene and rcis−cyclooctene
values were defined as moles of olefin converted per mole of Pt per
hour.
Alkylation of Benzene with Ethane. This reaction was carried

out in a fixed-bed reactor at atmospheric pressure and 400 °C.
Typically, 200 mg of NH4-type Pt-zeolite catalyst with 40−60 mesh
particle size was loaded into the reaction tube. Before the reaction, the
catalyst was treated by H2 flow (35 mL·min−1) at 400 °C for 1 h with
a ramping rate of 10 °C·min−1. Subsequently, the reaction was carried
out with a molar ratio of ethane to benzene of 9 and weight hour
space velocity (WHSV) of ethane at 2.0 h−1. For the long-term
stability test of PtSn-HZSM5, 300 mg of catalyst and WHSV of
ethane at 1.2 h−1 were used. All products were analyzed using an
online gas chromatograph that can detect alkanes, alkenes and
aromatics. The line between the reaction tube and the gas
chromatograph was kept at 180 °C to prevent condensation of the
products. The ethane conversion (Xethane) and benzene conversion
(Xbenzene) are calculated as follows:

X
f n A f n A

f n A

X
f n A f n A

f n A

i i i

i i i

j j j

j j j

ethane
ethane ethane ethane

benzene
benzene benzene benzene

=

=

For all products, their selectivity (Si) calculated based on ethane is
defined as

S
f n A

f n A f n Ai
i i i

i i i ethane ethane ethane
=

For the aromatic product, their selectivity (Sj) calculated based on
benzene is defined as

S
f n A

f n A f n Aj
j j j

j j j benzene benzene benzene
=

where f i and f j are the mole correction factors of compounds, Ai and
Aj are the peak areas of compounds, ni is the carbon number of chain
hydrocarbons and branched chain of aromatics, and nj is the carbon
number of phenyl ring of aromatics.
Alkylation of Benzene with Ethene. This reaction was carried

out in a fixed-bed reactor at atmospheric pressure and 400 °C.
Typically, 150 mg of NH4-type zeolite catalyst with 40−60 mesh
particle sizes was loaded into the reaction tube. Before the reaction,
the catalyst was treated by H2 flow (35 mL·min−1) at 400 °C for 1 h
with a ramping rate of 10 °C·min−1. Subsequently, the reaction was
carried out with a molar ratio of benzene to ethene of 2 and WHSV of
ethene at 0.55 h−1. All products were analyzed using an online gas
chromatograph that can detect alkanes, alkenes and aromatics. The
line between the reaction tube and the gas chromatograph was kept at
180 °C to prevent condensation of the products. The ethene
conversion (Xethene) and benzene conversion (Xbenzene) are calculated
as follows:

X
f n A f n A

f n A

X
f n A f n A

f n A

i i i

i i i

j j j

j j j

ethene
ethene ethene ethene

benzene
benzene benzene benzene

=

=

where f i and f i are the mole correction factors of compounds. Ai and
Ai are the peak areas of compounds. ni is the carbon number of chain
hydrocarbons and the branched chain of aromatics, and nj is the
carbon number of phenyl ring of aromatics.
H/D Exchange. The H/D exchange between ethane and D2 was

performed on a CatLab (Hiden, UK) instrument equipped with a
mass spectrometer. Typically, 20 mg of sample was loaded in a quart
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tube and prereduced by H2 for 1 h at 400 °C followed by cooling to
40 °C. Then, the gas flow was switched into a mixture containing 1
mL·min−1 ethane and 16 mL·min−1 D2. Subsequently, the temper-
ature was heated to 400 °C with a ramping rate of 10 °C·min−1 and
the outlet gas was analyzed with a mass spectrometer.
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