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Designing highly active and stable catalytic sites is often challenging due to the
complex synthesis procedure and the agglomeration of active sites during
high-temperature reactions. Here, we report a facile two-step method to syn-
thesize Pt clusters confined by In-modified ZSM-5 zeolite. In-situ character-
ization confirms that In is located at the extra-framework position of ZSM-5 as
In®, and the Pt clusters are stabilized by the In-ZSM-5 zeolite. The resulting Pt
clusters confined in In-ZSM-5 show excellent propane conversion, propylene
selectivity, and catalytic stability, outperforming monometallic Pt, In, and
bimetallic PtIn alloys. The incorporation of In" in ZSM-5 neutralizes Brgnsted
acid sites to inhibit side reactions, as well as tunes the electronic properties of

Pt clusters to facilitate propane activation and propylene desorption. The
strategy of combining precious metal clusters with metal cation-exchanged
zeolites opens the avenue to develop stable heterogeneous catalysts for other

reaction systems.

The influence of the size of metal particles is critically important in
heterogeneous catalysis, as it directly impacts catalytic rates, product
selectivity, and catalyst durability'>. Typically, smaller active centers,
including single atoms and clusters, often demonstrate superior per-
formance compared to larger metal nanoparticles'. This is due to their
enhanced metal utilization efficiency, potential to increase intrinsic
catalytic rates, and ability to reduce side reactions'. Despite these
advantages, maintaining the stability of these small active species
presents a significant challenge. They are prone to agglomerating into
nanoparticles, especially during high-temperature processes such as
propane dehydrogenation (PDH)*. Consequently, developing efficient
and economical methods to synthesize and stabilize these small active
sites remains to be a topic of significant interest®®.

PDH is one of the most important on-purpose propylene pro-
duction technologies. It has gained significant attention in both aca-
demia and industry due to its high propylene selectivity and atom
economy compared to traditional petroleum-based processes such as
catalytic cracking and steam cracking”™". The abundance of shale gas-

derived propane has made PDH even more essential to meet the
growing demand for propylene'> ™. Currently, commercial Oleflex and
Catofin processes utilize Pt- and CrO,-based catalysts, respectively*.
Although numerous potential PDH catalysts such as GaO,, VO,”,
Zr0, ", and ZnO,"™® have been reported, Pt-based catalysts are
extensively investigated for their superior C-H dissociation ability
compared to other catalysts. Recent studies have demonstrated that
single Pt atoms or clusters can provide better turnover frequency and
propylene selectivity'>?°. Meanwhile, side reactions such as hydro-
genolysis and coke deposition are structure-sensitive and are influ-
enced by the size of Pt nanoparticles. To improve the PDH
performance of Pt-based catalysts, the addition of a second metal
component has been explored, such as Sn, Zn, Mn, Ga, or Cu'>""%,
This approach is efficient in separating Pt ensembles, forming Pt-M
alloy?, Pt-M intermetallic**?, or single atom alloy?® catalysts. However,
it has been shown that the alloy-free Pt species shows better intrinsic
dehydrogenation ability, although it exhibits poor stability>”. To
achieve highly active and stable Pt sites for PDH, one strategy is to
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confine Pt species by metal-modified zeolites, which are commercially
available and therefore facilitate scaling up possibilities.

Zeolites have garnered attention for PDH owing to the advanta-
geous confinement provided by their structures®”?, For example,
Corma and coworkers have developed a one-pot synthesis of PtSn
clusters encapsulated in the ZSM-5 zeolite”**, exhibiting high propy-
lene selectivity and PDH activity. Qi et al.° have synthesized Zn-
modified dealuminated Beta zeolite catalyst and integrated Pt atoms to
form PtZn_, sites, showing high PDH activity, propylene selectivity,
and catalyst stability. It is worth noting that the siliceous or germanium
zeolites are frequently used over Al-containing zeolites>*. This pre-
ference is due to Al-containing zeolites having Brgnsted acid sites
(BASs) that catalyze undesirable side reactions, including propane
cracking, oligomerization, and aromatization, consequently decreas-
ing propylene selectivity®. While Al-free zeolites can be obtained either
via direct zeolite synthesis without Al precursors or through the deal-
umination of Al-containing zeolites, both methodologies pose chal-
lenges: they involve costly precursors, complex preparation steps, and
are limited to certain zeolite types”-**?°*>**, Recently, it was reported
that RhIn@MFI exhibited superior stability for propane
dehydrogenation®. The preparation process involved the synthesis of
Rh@MFI through the hydrothermal method, followed by the intro-
duction of indium via impregnation. During the reaction, indium spe-
cies migrated into the pores to form Rhin, clusters with stable propane
dehydrogenation performance. Therefore, although the mobility of
indium in reductive environments has been recognized by the research
community as a significant strategy for synthesizing bimetallic cata-
lysts, the reported zeolite-encapsulated bimetallic catalysts include at
least one step involving hydrothermal synthesis. These factors may
hinder scalability and commercial viability. The direct application of
commercial Al-containing zeolites and only the impregnation method
has not been reported, which is the subject of the current study. On the
other hand, metal cation-exchanged zeolites (metal including Ga, Co,
Zn, etc.) have also attracted attention for PDH*™°. Although these
metal cation species show lower activity compared to Pt-based cata-
lysts, replacing BAS with metal cations turns metal-zeolites into ideal
hosts for confining Pt species. This could lead to the formation of Pt,-M
species at the extra-framework position in zeolites. Such synergy may
create a novel type of active center, distinct from traditional PtM
bimetallic configurations, and potentially enhance PDH performance.

Herein, we have developed a two-step method to synthesize Pt
clusters confined by In-modified ZSM-5 zeolite. The process involves
introducing In in H-ZSM-5 through the incipient wetness impregnation
(IWI) method and calcination, followed by reduction to form In* at the
extra-framework position of ZSM-5 zeolites. In the second step, an
appropriate amount of Pt is introduced in In-ZSM-5 using the same IWI
method and calcination, resulting in Pt/In-ZSM-5 catalyst. In-situ
characterization results have revealed that Pt clusters are slightly
positively charged and In species are in the +1-oxidation state during
propane dehydrogenation. The propane conversion over Pt/In-ZSM-5
was maintained at ~40% after 118 h and the propylene selectivity higher
than 99.5%, representing a much better propane conversion compared
to bulk PtIn alloys. To the best of our knowledge, this is the first time
that commercial Al-containing zeolite has been directly used as
anchoring sites to stabilize Pt species for PDH.

Results

Synthesis and characterization of In-ZSM-5 zeolite

A two-step method has been developed for preparing Pt/In-ZSM-5
catalyst: The first step involved exchanging In" with BAS in the H-
ZSM-5 zeolite, referred to as In-ZSM-5, and the second step intro-
duced Pt into the In-ZSM-5 catalyst. The in-situ reduction of In/H-
ZSM-5 resulted in the replacement of BAS by In*, known as the
reductive solid-state ion-exchange process*>*'. As shown in Fig. 1a,
upon dehydration, the diffuse reflectance infrared Fourier

transform spectroscopy (DRIFTS) results of In/H-ZSM-5 showed
bands at 3735 and 3591 cm™, attributed to external silanol group
(Si-OH) and bridge OH group associated with BAS*, respectively.
Upon reduction at 550 °C, the BAS OH group disappeared, indi-
cating the exchange of BAS with In. The difference spectra of
before and after reduction confirmed the consumption of the BAS
OH group (Fig. 1a). In-situ Fourier transform infrared spectroscopy
using pyridine as a probe molecule (pyridine-FTIR) was employed
to monitor the density of BAS. As shown in Fig. 1b, pyridine-
adsorbed H-ZSM-5 showed three characteristic peaks: 1540, 1490,
and 1455 cm™. The 1540 and 1455 cm™ features were associated with
the protonated pyridinium ion corresponding to BAS and coordi-
natively adsorbed pyridine on the Lewis acid site (LAS), respec-
tively, while 1490 cm™ was attributed to the combination of
pyridine adsorbed on BAS and LAS*2. There was a ~30% decrease in
BAS intensity and a minor increase of LAS intensity on calcined In/
H-ZSM-5, likely due to the partial ion-exchange between In cations
and BAS during the impregnation steps. Upon reduction, the pyr-
idinium band decreased by ~70% compared to parent H-ZSM-5, in
parallel with the appearance of pyridine adsorbed on LAS (1455 and
1446 cm™), attributed to the formation of exchanged In species.
Note that although the partial ion-exchange occurred during the
impregnation steps, the extent of exchange was no more than 30%.
The Hj-reduction process was required to promote the migration
of surface InO, nanoparticles to neutralize sufficient BAS and
produce a large fraction of exchanged In sites.

The in-situ X-ray absorption near edge structure (XANES) inves-
tigation shed light on the oxidation state of reduced In in In/H-ZSM-5
catalyst (Fig. 1c). The In of the fresh In/H-ZSM-5 showed identical
absorption energy with In,05, indicating In being in the +3-oxidation
state. Upon reduction, the In K-edge showed a decrease in absorption
energy, but different from the In foil (Fig. 1c). There has been an
ongoing debate regarding the origin of decreasing absorption energy
in metal-zeolites such as Ga/H-ZSM-5 and In-CHA catalysts®*+~%_ It
was unresolved whether this reduction was due to the formation of a
hydride or a reduced In with a lower oxidation state. The H,-D,
exchange experiment on reduced In/H-ZSM-5 revealed the absence of
In hydride at 550 °C, which was typically characterized by a band
between 1600 and 2000 cm™ wavenumber range*', as shown in Sup-
plementary Fig. 1. This suggested that In* instead of In hydride was
most likely the species upon reducing In/H-ZSM-5. In addition, the In/
H-ZSM-5 did not exhibit any additional scattering peaks in the
extended X-ray absorption fine structure (EXAFS) spectrum (Fig. 1d),
which was different from In,05 and the In foil. This distinction became
more pronounced when the In/Al ratio was decreased to 0.2, where
the In K-edge EXAFS feature of the reduced catalyst disappeared
entirely (see Supplementary Note 1, Supplementary Fig. 2). This
phenomenon was likely attributed to the formation of extra-
framework In* species. Through linear combination fitting, it was
estimated that ~70% of In,05; was reduced in the In/H-ZSM-5 sample
with an In/Al ratio of 1.0. This correlated closely with the consumption
of BAS, following stoichiometry where one indium atom replaced one
BAS to form In" species. The significant reduction in the EXAFS scat-
tering peak for the reduced In/H-ZSM-5 aligned with findings reported
for the disappearance of In K-edge features in In-CHA", although the
exact reason for the disappearance would need to be further inves-
tigated. Upon subsequent oxidation, In* was transitioned to the +3-
oxidation state (Fig. 1d). Importantly, the EXAFS spectrum displayed
the In-O feature in the first shell without the In-O-In feature in the
second shell (Fig. 1d). This suggested that although In* was oxidized to
+3 upon contact with air, the In remained to be isolated at the
extra-framework position within the micropores of zeolites. This
was different from the initial In,O3 particles located at the external
surface, which showed the In-O feature in both the first and second
shell in the EXAFS spectrum (Fig. 1d). Likewise, XRD measurements
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Fig. 1| Characterizations of In/H-ZSM-5 catalyst. a In-situ DRIFTS spectra col-
lected during reduction of In/H-ZSM-5: (i) dehydrated at 550 °C; (ii) reduced by 10
vol. % Hy/He at 550 °C; (iii) spectrum (i) subtracted from the spectrum (ii).

b Pyridine-FTIR spectra of H-ZSM-5 and In/H-ZSM-5 with calcined and reduced
conditions. The calcined sample was dehydrated at 550 °C before cooling to 150 °C
for pyridine adsorption. The reduced condition represented that the sample was
reduced at 550 °C before cooling to 150 °C for pyridine adsorption. ¢ In-situ In
K-edge XANES and (d) Fourier-transformed EXAFS spectra over In/H-ZSM-5 with

Radial distance (A)

fresh and reduced conditions. The fresh catalyst referred to the calcined sample
measured at room temperature. The reduced condition represented that the
sample was reduced at 550 °C. The reduced + oxidized condition represented the
sample was reduced at 550 °C and then oxidized by exposing the reduced indium
species to the ambient atmosphere. In foil and In,O3 were also measured as stan-
dards for reference. e Schematic of the reduction and subsequent oxidation of
In/H-ZSM-5 catalyst.

(Supplementary Fig. 3) showed the crystalline In,O3 particles in the
fresh In/H-ZSM-5 and disappeared upon reduction and subsequent
oxidation by air, consistent with TEM images that In,O3 particles
(-10nm) observed on the fresh In/H-ZSM-5 catalyst nearly dis-
appeared upon reduction (Supplementary Fig. 4).

The examination of In/Al ratios (Supplementary Figs. 2-8)
revealed that as the In/Al ratio increased from 0.2 to 1.0, more BAS was
replaced by In, but BAS could not be completely replaced even at a
high In/Al ratio of 1.5. An excess of In led to the formation of unreduced
InO, oligomers. These observations suggested that at an In/Al ratio at
or below 1.0, In" was the dominant species upon reduction of In/H-
ZSM-5 catalyst, and dispersed [InO]" was the species when exposing
the reduced indium species to the ambient atmosphere (Fig. 1e). In
contrast, when indium was introduced onto siliceous MFI (Si-MFI) and
SiO, supports, the indium oxide exhibited a higher reduction tem-
perature (Supplementary Fig. 8), and furthermore, indium was unable
to migrate into the micropores of Si-MFI (Supplementary Figs. 9, 10).
This observation emphasized the critical role of BAS in H-ZSM-5, not
only in facilitating the reduction of In,O5 but also in stabilizing the
formation of extra-framework In* ions. Using a traditional liquid ion-
exchange method, the In-ZSM-5(IE) zeolite attained an indium loading
of only 0.8%, with an In/Al ratio of 0.17. TEM images (Supplementary
Fig. 11) of the fresh and reduced In-ZSM-5(IE) showed the absence of

indium oxide on the external surface, aligning with expectations from
the ion-exchange process between indium species and BAS.

Propane dehydrogenation performance of Pt/In-ZSM-5 catalysts
Pt was introduced into In-ZSM-5 to prepare the Pt/In-ZSM-5 catalysts.
For comparison, the same metal loadings were used to prepare Pt/H-
ZSM-5, Ptin/H-ZSM-5 (one-step method) and PtIn/SiO,. The propane
(C5Hg) dehydrogenation performance was tested with 20 vol% C3Hg in
Ar at 550 °C. As shown in Fig. 2a, the Pt/In-ZSM-5 catalyst showed a
stable propane conversion of -48% without appreciable deactivation
within 37 h. The propylene (C3Hg) selectivity was higher than 99%. In
comparison, PtIn/H-ZSM-5 and PtIn/SiO, showed much lower propane
conversion, indicating that PtIn alloy formed on the external surface of
H-ZSM- 5 and SiO, were less active than the PtIn species inside the
micropores. In contrast, Pt/H-ZSM-5 showed a decreasing conversion
over time on stream, although the initial propane conversion was
higher than other catalysts. This was due to side reactions catalyzed by
a large amount of BAS in Pt/H-ZSM-5 (Supplementary Fig. 12), which
resulted in alower propylene selectivity and carbon balance (Fig. 2b, d)
compared to other catalysts. These BAS-catalyzed side reactions
involved propane cracking, olefin oligomerization, and aromatization.
Consequently, Pt/In-ZSM-5 delivered the highest propylene yield
among these samples (Fig. 2c). Overall, Pt/In-ZSM-5 showed excellent
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Fig. 2 | Propane dehydrogenation performance of Pt/In-ZSM-5 catalyst.

a Propane conversion, b propylene selectivity, ¢ propylene yield, and d carbon
balance as a function of time on stream over Pt/In-ZSM-5 and control catalysts.
e Comparison of propane conversion as a function of time on stream over Pt/In-
ZSM-5 with PtSn/Al,0s;, PtSn/SiO,, and Pt/SiO, catalysts. f Propane dehydrogena-
tion performance of Pt/In-ZSM-5 catalyst for long-term operation. Reaction

Time on stream (h)

conditions of (a-): 550 °C, pressure 20.3 kPa, and WHSV =5.9 h™’. g Propane
dehydrogenation performance of Pt/In-ZSM-5 catalyst with an undiluted propane
stream: 580 °C, pressure 101.3 kPa, and WHSV =4.7 h™. h Ethane dehydrogenation
performance: C;Hq conversion and C,H, selectivity versus time on stream over Pt/
In-ZSM-5 catalyst. Reaction conditions: 550 °C, pressure 20.3 kPa, and
WHSV=59h",

PDH performance in terms of propane conversion, propylene selec-
tivity, and stability, outperforming other monometallic (Pt, In) and
bimetallic (PtIn) with different combinations. Based on the control
experiments shown here, In in the Pt/In-ZSM-5 catalyst had at least two
roles: (1) neutralizing BAS to avoid side reactions; (2) stabilizing Pt
species to serve as the highly active sites for PDH.

The PDH performance of Pt/In-ZSM-5 was compared with the
benchmark PtSn-based catalysts using SiO, and Al,O5 as supports*. As
shown in Fig. 2e, both PtSn/Al,O5; and PtSn/SiO, showed much lower
propane conversions than Pt/In-ZSM-5, although similar propylene
selectivity and carbon balance were observed (Supplementary Fig. 13).
In addition, as shown in Fig. 2f, the propane conversion over Pt/In-ZSM-
5 maintained at -40% after 118 h and the propylene selectivity higher
than 99.5%. The Pt/In-ZSM-5 catalyst was tested under 580 °C in the
pure propane flow (WHSV=4.7h™), as shown in Fig. 2g. Close to
equilibrium conversion was obtained with a relatively minor deactiva-
tion with propane conversion from 36.2% to 34.7% while the propylene
selectivity remained constant at 97.1% within 70 h. In addition, the
catalytic performance of Pt/In-ZSM-5 was tested at increased weight
hourly space velocities (WHSVs) of 39.3, 118, 236, and 531 h™ to obtain
the C3Hg production rates and apparent rate coefficient. As shown in

Supplementary Fig. 14, at WHSVs of 118 h™ or higher, the C3Hg con-
version was below 20%, with propylene selectivity exceeding 99.8%.
The net C3H, formation rates were calculated to be 49.1, 61.6, and 70.0
molcspegpe “h™ at WHSVs of 118, 236, and 531 h™, respectively. Con-
sidering that propane dehydrogenation was a reversible reaction, the
forward apparent rate coefficient was derived based on the net C;Hg
formation rates, inlet propane partial pressure, equilibrium constant,
and propane conversion using the methodology provided in a previous
study®. The apparent rate coefficient was determined to be
370 molcspe-gpe “h™-bar™ at WHSV of 531 h™. This value was higher than
most of the reported PtGa-, PtZn-, Ptln, and PtSn-based
catalysts®***7*%, Using ethane dehydrogenation as another probe
reaction, Pt/In-ZSM-5 also showed equilibrium conversion for ethane
dehydrogenation with a higher than 99% ethylene selectivity and no
deactivation after 80 h (Fig. 2h). These results further confirmed the
superior dehydrogenation abilities of the Pt/In-ZSM-5 catalyst.

The impact of the In/Al ratio of Pt/In-ZSM-5 catalysts was examined.
As shown in Supplementary Fig. 15, as the In/Al ratio increased from 0.2
to 1.0, there was a decrease in the initial propane conversion, and an
increase in propylene selectivity, propylene yield, and carbon balance.
This was because more In" neutralized more BAS, and thus led to fewer
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side reactions. On the other hand, an excess of In (In/Al=1.5) was also
detrimental to the PDH performance of Pt/In-ZSM-5 catalyst. The excess
In,03 could not diffuse into the micropores and located on the external
surface as crystalline (Supplementary Figs. 3-8), which prevented the
movement of Pt into the micropores of ZSM-5 and instead tended to
form PtIn alloy on the external surface upon reduction. The resulting
PtIn sites showed a similar performance to the case of PtIn/H-ZSM-5 and
PtIn/SiO,. Consequently, selecting the optimal In/Al ratio was crucial:
the amount of indium should be sufficient to neutralize BAS without
being excessive, yet too much indium would inhibit Pt from migrating
into the micropores and instead promote the formation of PtIn alloy on
the external surface. Through comparative studies of In-ZSM-5 and Pt/
In-ZSM-5 with various In/Al ratios, the optimal In/Al ratio was deter-
mined to be 1.0. The propane dehydrogenation performance of the Pt/
In-Si-MFI catalyst was also tested, as shown in Fig. 2a-d. Initially, the
catalyst achieved approximately 30% propane conversion, but it gra-
dually declined to ~10% within 40 h. This observation suggested that the
PtIn species, likely forming a PtIn alloy, not only offered a relatively low
propane conversion but also exhibited a fast deactivation within 40 h.
PtIn/SiO, with different ratios (1:3 to 1:8) confirmed the poor propane
dehydrogenation performance in terms of low propane conversion or
fast deactivation (Fig. 2 and Supplementary Fig. 16). In addition, the
prepared Pt/In-ZSM-5(IE) exhibited prominent deactivation, low pro-
pylene selectivity (Supplementary Fig. 17).

Employing the same method, Pt/Zn-ZSM-5, Pt/Ga-ZSM-5, and Pt/
Co-ZSM-5 catalysts were synthesized to examine the influence of the

metal cation type. Supplementary Fig. 18 demonstrated a notable
contrast with Pt/In-ZSM-5; the three new samples exhibited a decrease
in propylene selectivity, although Pt/Zn-ZSM-5 and Pt/Ga-ZSM-5
showed higher propane conversions. As a result, Pt/In-ZSM-5 delivered
the highest propylene yield. These results underscored the unique role
of In in the Pt/M-ZSM-5 catalysts compared to other metal cations.
The influence of Pt loading in Pt/In-ZSM-5 catalysts on PDH was
shown in Fig. 3a. Reducing Pt loading to as low as 0.05% led to a
marginal decline in initial propane conversion. However, catalysts with
lower Pt loading demonstrated deactivation over time on stream. As
shown in Supplementary Fig. 19, catalysts with varying Pt loadings
exhibited comparable high propylene selectivity. This similarity sug-
gested that active sites, regardless of Pt loading, preferentially favored
propylene desorption. The easy desorption of propylene likely pre-
vented its further dehydrogenation on the surface, thereby ensuring
high propylene selectivity”. The catalyst deactivation was likely due to
the instability of the active sites and the agglomeration at elevated
temperatures (550 °C), which was usually a problem with single-atom
catalysts'. The deactivation coefficients for varying Pt loadings in Pt/In-
ZSM-5 were presented in Fig. 3b. The deactivation coefficient of 1Pt/In-
ZSM-5 was 0.0042h? within -37h, comparable to the value of
0.0038 h™ for PtSn/SiO, catalyst within 8 h and superior to other Pt-,
Cr-, and Ga-based catalysts®*°. It was hypothesized that reducing Pt
loading from 1% to 0.05% changed Pt from clusters to single atoms; Pt
clusters contributed to high propane conversion, propylene selectiv-
ity, and durable stability, whereas single Pt atoms exhibited poor
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Fig. 4| HAADF-STEM analysis and STEM-EDS mapping of xPt/In-ZSM-5 catalysts
upon reduction. a HAADF-STEM image of 1Pt/In-ZSM-5. Inset in (a) showed the
particle size distribution. b STEM-EDS mapping of 1Pt/In-ZSM-5. ¢ HAADF-STEM
image of 0.3Pt/In-ZSM-5. Red and blue circles in (a) and (c) showed the single Pt
atom and Pt clusters, respectively. d HAADF-STEM image of 0.05Pt/In-ZSM-5. e A

1901 0.209 nm
1601 0:238h | 5’448
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nm

zoomed-in image of the orange square in (d). Orange circles in (e) represented the
less bright spots compared to the bright spots within the rectangular area.

f Intensity profiles along the green area in (e). Note that the samples were reduced
at 550 °C and then cooled down to room temperature before the TEM sample
preparation.

stability, and were not promising from a practical application point of
view (Fig. 3c).

The coke deposition on spent catalysts was investigated using
Raman spectroscopy, temperature-programmed oxidation (TPO), and
thermogravimetric analysis (TGA) (Supplementary Figs. 20-22). Nota-
bly, the Pt/In-ZSM-5 catalyst exhibited minimal carbon formation, sig-
nificantly less than that observed on the Pt/H-ZSM-5 catalyst. In
contrast, the 0.05Pt/In-ZSM-5 catalyst did not show carbon deposition,
suggesting that deactivation resulted from the instability of isolated Pt
atoms rather than coke deposition. TGA and TPO analysis further
confirmed these observations. Based on this, the Pt/In-ZSM-5 catalyst
under harsh conditions (600 °C in the pure propane flow) as well their
regeneration ability was further evaluated (Supplementary Fig. 23). The
results indicated a very slow deactivation rate over a period of 40 h.
This minimal deactivation was attributed to coke formation at high
temperatures. The produced coke could be easily regenerated through
combustion, effectively restoring it to the original high performance.

Determination of active site in Pt/In-ZSM-5 catalysts

High-angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) and energy-dispersive X-ray spectroscopy
(STEM-EDS) were applied to analyze the reduced Pt/In-ZSM-5 catalysts,
providing information about the size of Pt clusters. In the 1Pt/In-ZSM-5
catalyst, HAADF-STEM images revealed Pt clusters averaging 0.7 nmin

size (Fig. 4a). In contrast, 1Pt/H-ZSM-5 showed a larger particle size
(1.3 nm, Supplementary Fig. 24) than 1Pt/In-ZSM-5 (0.7 nm), suggesting
a confinement effect of In-ZSM-5. However, distinguishing between Pt
and In elements was challenging due to insufficient contrast. STEM-
EDS mapping of 1Pt/In-ZSM-5 (Fig. 4b) confirmed the even distribution
of Pt and In within the catalyst. When the Pt loading was decreased to
0.3%, both Pt clusters and single Pt atoms were observed (Fig. 4c). At a
lower Pt loading of 0.05%, HAADF-STEM images of 0.05Pt/In-ZSM-5
displayed only isolated Pt atoms (bright spots in Fig. 4d), with zoomed-
in areas showing these spots to be -0.209 nm in diameter and well-
separated (Fig. 4e, f). Some less bright spots, potentially isolated In
atoms or Pt atoms at varying thicknesses, were also noted (orange
circles in Fig. 4e). Although distinguishing Pt from In atoms was diffi-
cult, the consistent In loadings across all three samples suggested that
the bright spots in HAADF-STEM images should be Pt atoms. STEM-
EDS mapping of 0.3Pt/In-ZSM-5 and 0.05Pt/In-ZSM-5 catalysts (Sup-
plementary Figs. 25, 26) further supported the uniform distribution of
Pt and In. These results indicated that at the Pt loading of 1%, Pt clusters
were predominant, while at the low loading (0.05%), isolated Pt atoms
were primarily present. HAADF-STEM images of 1Pt/In-ZSM-5 and
0.05Pt/In-ZSM-5 catalysts after PDH test showed that no particle
growth was observed on 1Pt/In-ZSM-5, but isolated Pt atoms agglom-
erated on the 0.05 Pt/In-ZSM-5 catalyst (Supplementary Fig. 27). Cor-
relating these findings with PDH performance (Figs. 2, 3) led to the
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conclusion that Pt clusters played a crucial role in the observed
superior PDH performance. HAADF-STEM analysis of the Pt/In-Si-MFI
and Pt/In-ZSM-5(IE) after reaction revealed Pt with sizes of ~1.2 nm and
1.3 nm, respectively, as shown in Supplementary Fig. 28, 29, similar to
the observation of Pt in Pt/H-ZSM-5 catalyst. This indicated that the Pt
species were predominantly located on the outer surface of the zeo-
lites, rather than within the micropores. HAADF-STEM analysis of the
spent PtIn/SiO, identified an average size of 3 nm (Supplementary
Fig. 30). Moreover, while X-ray diffraction (XRD) measurements did
not reveal any active site information for the Pt/In-ZSM-5 due to the
small size of the species, the spent PtIn/SiO, showed PtIn, as the
dominant phase (Supplementary Fig. 31).

In-situ X-ray absorption fine structure (XAFS) investigations were
conducted to elucidate the active site of PtIn-based catalysts. For fresh
samples, both Pt and In elements were predominantly in their oxidized
forms (see Supplementary Fig. 32 and Supplementary Note 2 for
detailed discussion). Upon reduction, as shown in Fig. 5, the In K-edge of
all Ptin-related samples exhibited a decrease in absorption energy.
Specifically, for Pt/In-ZSM-5 and Ptin/H-ZSM-5, the reduction-induced
shift in the In K-edge absorption was similar to that observed in In/H-
ZSM-5 catalysts (Supplementary Fig. 2 and Supplementary Note 1),
showing a significant decrease in absorption energy, yet distinct from
that of the In foil. A closer examination revealed that Pt/In-ZSM-5
exhibited a slightly greater decrease in absorption energy compared to
In/H-ZSM-5 sample. This slight variance was attributed to the interac-
tion between Pt species and In*. In the case of PtIn/H-ZSM-5, the pre-
sence of an excess amount of In species resulted in the formation of In*
species in the reduced samples, as confirmed by pyridine-FTIR results
(Supplementary Fig. 12). Consequently, both Pt/In-ZSM-5 and PtIn/H-

ZSM-5 exhibited a nearly complete disappearance of EXAFS features at
the In K-edge (Fig. 5b). A careful examination of the Fourier-
transformed EXAFS spectra at the In K-edge of the Pt/In-ZSM-5 cata-
lyst (Fig. 5b) showed very minor peaks between 2 and 3 A, which might
be assigned to In-Pt bonds. However, the weak signal hindered further
analysis due to the low concentration of In-Pt bonds in all In* species
arising from the Pt/In atomic ratio being close to 1:8. In contrast, Pt/In-
Si-MFI and PtIn/SiO, catalysts only demonstrated a minor decrease in
the In K-edge absorption intensity, with EXAFS spectra prominently
featuring In,05, suggesting that only a fraction of In was reduced due to
the presence of Pt, while the majority remained as In,O5; nanoparticles.
EXAFS fitting data (Supplementary Tables 1, 2, Supplementary Fig. 33-
40) further corroborated these findings, revealing a decrease in the
coordination number (CN) of In-O and the emergence of In-Pt bonds.
For instance, in Pt/In-Si-MFI, the CN of In-O and In-O-In decreased from
5.6+0.5 and 4.7+0.9 in fresh sample to 4.8+0.3 and 4.0+£0.5 in
reduced sample, respectively, with a minor contribution potentially
from the In-Pt bond (CN=0.13+0.06, d=2.64 +0.04 nm). For Ptln/
SiO,, the CN of In-O and In-O-In decreased from 5.8 + 0.6 and 5.1+ 1.1in
fresh sample to 5.0 + 0.2 and 4.1+ 0.4 in reduced sample, respectively,
but with a notable In-Pt bond (CN = 0.43 + 0.05, d = 2.64 + 0.01 nm). The
more pronounced In-Pt coordination number in PtIn/SiO, compared to
Pt/In-Si-MFI was attributed to the preparation of the former via a one-
step impregnation method, which contrasted with the two-step pro-
cedures of the latter, resulting in a different extent of alloy formation.

Analysis of the Pt L;-edge XANES and EXAFS provided insights into
Pt speciation within Ptin-based catalysts. After reduction, all
Pt-containing samples demonstrated absorption features generally
similar to the metallic phase, with notable differences upon detailed
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Fig. 5 | In-situ XANES, EXAFS, and CO-DRIFTS investigations over Pt/In-ZSM-5
catalysts. a In-situ XANES spectra of In K-edge and (b) in-situ Fourier-transformed
EXAFS spectra over PtIn-based catalysts. In foil and In,O3 were also measured as

standards for reference. c In-situ XANES spectra of Pt L3-edge and d in-situ Fourier-
transformed EXAFS spectra over Ptin-based catalysts. e In-situ XANES spectra of Pt

Radial distance (A)
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L;-edge over xPt/In-ZSM-5 catalysts. The spectra were collected in the presence of
20% Hy/He at 550 °C. f CO-DRIFTS of xPt/In-ZSM-5 with different Pt loadings. The
catalysts were reduced at 550 °C and then cooled down to room temperature in He
gas before CO adsorption.
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examination. For Pt/In-Si-MFI, the absorption was nearly identical to
that of Pt/H-ZSM-5, indicative of Pt nanoparticles ~1.3 nm in size (CN(Pt-
Pt) =8.7). EXAFS fittings for reduced Pt/In-Si-MFI samples revealed
a predominance of Pt-Pt bonds (CN=7.2+1.7) over PtIn bonds
(CN=10+0.5). Conversely, PtIn/H-ZSM-5 and PtIn/SiO, displayed
slightly higher absorption energies, suggesting primary PtIn alloy for-
mation. This was corroborated by EXAFS fittings showing PtIn/H-ZSM-5
with CN(Pt-Pt) =4.0 +1.0 and CN(Pt-In) =3.5+ 0.8, and PtIn/SiO, with
CN(Pt-Pt) =2.7+ 0.5 and CN(Pt-In)=3.4+0.4, confirming that a one-
step impregnation method favored PtIn alloy formation. The absorp-
tion energy of Pt/In-ZSM-5 fell between that of Pt/H-ZSM-5 and
PtIn/SiO,, indicating the interaction between Pt and In species without
forming the bulk PtIn alloy. In addition, the absorption energy of Pt
within xPt/In-ZSM-5 samples showed a gradual increase with decreasing
Pt size from clusters to single atoms (Fig. 5e). This trend was rationa-
lized by the electron transfer (from Pt to In) that occurred when Pt was
introduced, resulting in a partially positive charge of Pt and a slight
reduction in In. In larger Pt clusters, these positive charges were more
evenly distributed, resulting in an average valence state closer to that of
the metallic phase. EXAFS fitting of Pt/In-ZSM-5 showed CN(Pt-Pt) =
2.8 £ 0.6 and CN(Pt-In) =1.6 + 0.6 for reduced Pt/In-ZSM-5 sample. The
ratio of CN(Pt- Pt) to CN(Pt-In) was also between that of the Pt/H-ZSM-5
and PtIn/SiO, samples, further demonstrating the presence of Pt-In
bond, but without bulk PtIn alloys. The difference between Pt/In-ZSM-5
and Ptln/H-ZSM-5 catalysts were discussed in detail, as shown in Sup-
plementary Fig. 41. Therefore, we identified the active center of Pt/In-
ZSM-5 catalyst as a Ptyln cluster, primarily due to two reasons: (1) In
speciation predominantly existed as In* in the Pt/In-ZSM-5 catalyst, as
evidenced by in-situ XANES, EXAFS, and pyridine-FTIR results. These
findings provided the guidance that the active centers should be Pt,In
clusters. (2) The HAADF-STEM image of the spent catalyst showed a
particle size of 0.7 nm. The total CN of Pt-Pt and Pt-In from the XAFS
measurements was 4.4, which was in line with the coordination envir-
onments of the Density functional theory (DFT) model of a PtyIn cluster
composed of five atoms. It was important to note that, while a cluster of
five atoms could be useful for DFT studies to investigate the effects of Pt
coordination with In on adsorption and surface reactions, it might not
necessarily replicate the precise structure of catalysts used in experi-
ments. As reported previously, the local coordination was critical to
control the catalytic activity of an active site’®. Although there were
minor differences in the EXAFS fittings, possibly due to the lack of a
standard Pt-In" pathway in the zeolite, the collective evidence strongly

The CO-DRIFTS results provided additional evidence for the
extent of interaction between Pt with In* in the Pt/In-ZSM-5 catalysts.
As shown in Fig. 5f and Supplementary Fig. 42, the lack of a CO
adsorption band on reduced In-ZSM-5 implied the negligible interac-
tion between CO and In*. 1Pt/H-ZSM-5 showed an intense peak at
2082 cm’, characteristic of linearly adsorbed CO on metallic Pt and
consistent with the in-situ XANES results (Fig. 5)**. Notably, Pt/In-ZSM-5
exhibited a CO peak at a slightly lower frequency than Pt/H-ZSM-5. The
red shift in the CO frequency for Pt/In-ZSM-5 suggested a stronger CO
adsorption on this catalyst due to the interaction between In and Pt,
resulting in a more effective d-rt back-donation from Pt to CO*' and
consistent with in-situ XANES results in Fig. 5. A higher In/Al ratio
exhibited more pronounced interaction of CO with Pt (Supplementary
Fig. 42). With the decrease of Pt loading (Fig. 5f), a notable blue shift in
the CO frequency signified a reduced interaction strength between Pt
species and CO molecules, aligning with the emergence of isolated Pt
atoms that interacted less strongly with CO', consistent with the in-
situ XANES results that a more positively charged Pt was on single Pt
atoms (Fig. Se).

Integrating HAADF-STEM images, in-situ XANES and EXAFS char-
acterizations and CO-DRIFTS results led to a comprehensive under-
standing of Pt/In-ZSM-5 catalysts. At a 1% Pt loading, Pt, clusters
stabilized by In* within the ZSM-5 zeolite, were predominant. However,
reducing the Pt loading to 0.05% favored the formation of single Pt
atoms. For these catalysts, In was found to exist primarily in a+1-
oxidation state at extra-framework positions (Fig. 3¢), playing a crucial
role in stabilizing slightly positively charged Pt atoms. This interaction
mechanism was notably distinct from that in conventional PtIn-based
catalysts, where In typically existed in a+3 oxidation state or in a
metallic form, forming PtIn alloys***

DFT investigations of reaction mechanisms

DFT calculations were performed to gain more insights into the
structural characteristics of Pt/In-ZSM-5 catalysts. ZSM-5 was descri-
bed by the periodic MFI framework (Supplementary Fig. 43). Pty/In;-
ZSM-5 and Pt4/In;-ZSM-5 models (Supplementary Figs. 44, 45) were
used to describe the isolated single Pt atom and Pt cluster, respec-
tively. In;-ZSM-5, Pt;-ZSM-5, and Pt4-ZSM-5 models (Supplementary
Figs. 46-48) were also included for comparison. DFT-calculated partial
density of states (PDOS) revealed a slight decrease in the oxidation
state of In with an increasing Pt atoms from 1 to 4, evidenced by the
downshift of In 5s and 5p valence states (Fig. 6a). This was consistent

supported the configuration of the active center as a Ptyln cluster. with the slight decrease in edge position observed in
a b
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Fig. 6 | DFT-calculated PDOS for In and Pt orbitals. a In 5 s and 5p orbitals in In;-ZSM-5, Pty/In-ZSM-5, and Pt,/In;-ZSM-5 models and (b) Pt 5d orbitals in Pt;-ZSM-5, Pty/In;-
ZSM-5, and Pt,/In;-ZSM-5 models. Middle inset: optimized structures for In;-ZSM-5, Pt;-ZSM-5, Pty/In;-ZSM-5, and Pt,/In-ZSM-5.
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Fig. 7 | Reaction mechanism of propane dehydrogenation over Pt/In-ZSM-5

catalysts. a DFT-calculated potential energy diagram (solid line) and the Gibbs free
energy diagram at 550 °C (dashed line) for the dehydrogenation of propane over
Pty/In;-ZSM-5 model and Pt4/In;-ZSM-5 model, also see Supplementary Table 4 for
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reaction energy and activation energy of each elementary step. b DFT-optimized
atomic structures for the reaction intermediates and transition states during PDH
on Pt;/In;-ZSM-5 model and Pt,/In;-ZSM-5 models.

in-situ XANES (Fig. 5a). By comparison, on interaction with In, Pt of Pt/
In;-ZSM-5 was less positively charged than that of Pt;-ZSM-5 by
demonstrating a downshift of d-band, which eventually became more
metallic with the increase of size to Pty/In;-ZSM-5 (Fig. 6b). The for-
mation of the Pty cluster in ZSM-5 was more favorable than the for-
mation of Pt; single atom, where the presence of In species could help
stabilize Pt; and Pt clusters compared to the case without the pre-
sence of In species in the ZSM-5 framework (Pty-ZSM-5: E;=-8.59 eV;
Pty/In;-ZSM-5: E¢=-10.01eV, Supplementary Fig. 49). These DFT
results aligned with the structural characterizations obtained from in-
situ XAFS investigations and CO-DRIFTS results (Fig. 5), indicating that
In* in Pt/In-ZSM-5 effectively anchored Pt atom through direct Pt-In

interaction, with In being more positively charged than Pt. The dif-
ferences in the electronic structure between Pt;/In;-ZSM-5 and Pt4/In;-
ZSM-5 models should be responsible for the varied PDH performances.

The PDH mechanism was further explored using DFT for Pty/In;-
ZSM-5 and Pt,/In;-ZSM-5 (Fig. 7, Supplementary Fig. 50, 51, and Sup-
plementary Tables 3, 4). As illustrated in Fig. 7a, the Pt cluster site of Pt/
In;-ZSM-5 (solid black line) was active toward the adsorption of
CH5CH,CH3; with an adsorption energy (E,q4s) of —0.82 eV (Supplemen-
tary Fig. 50, Supplementary Table 3). The first C-H bond breaking of
*CH3CH,CHj3 was preferred with a reaction energy (AE) of —0.73 eV and
an activation energy (E,) of 0.33 eV. The sequential C-H bond cleavage
was also favorable (AE=-0.30, E, = 0.60 eV), where the reaction barrier
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was lower than that on the Pt(111) surface (E, = ca. 0.7 - 1.1eV)******, As a
comparison, the single Pt atom site of Pt;/In;-ZSM-5 (Fig. 7a, solid blue)
bounded CH3;CH,CH; more strongly (Supplementary Fig. 50,
Ea4s=-1.04 eV). The cleavage of the first C-H bond of *CH;CH,CHj; to
*CH3CH;CH3 was slightly less thermodynamically favorable but with a
relatively lower barrier (AE=-0.31, £, = 0.26 eV), where a dissociated *H
was coadsorbed at the same Pt; site. The sequential C-H bond cleavage
resulted in the bindings of *CH;CH;CH, via a bidentate conformation
together with two *H species at a Pt; site, which corresponded to a high
barrier (AE=-0.20 eV, E,=1.46 eV) due to the over-coordination of Pt;.
This step was much more difficult than that on Pt,/In;-ZSM-5. Alter-
natively, the second C-H bond scission could undergo a two-step path
associated with the synergy between Pt; and neighboring In; (Supple-
mentary Fig. 51, solid orange line). Specifically, the *H species on Pt
hopped to the neighboring In site (AF = 0.92 eV), which was followed by
the dehydrogenation of *CH;CH;CH; species to *CH;CH;CH,
(AE=-0.55¢eV, E,=0.15 eV). However, the H-hopping process on Pt;/In;-
ZSM-5 was still more difficult than the direct C-H bond breaking on Pt,/
In;-ZSM-5 model, and the corresponding barrier was too high to attri-
bute to the experimentally observed high initial PDH rates (Fig. 3). Our
DFT results indicated the superior advantage of the Pt, cluster site over
single Pt atom site. By comparison, the hydrogen bonds provided by the
ZSM-5 framework to stabilize the intermediates and transition states
were rather limited and the contribution to tune the potential energies
(Fig. 7b and Supplementary Fig. 51) was subtle.

To ensure the Pty cluster rather than Pt; as the catalytic site that
could enable active and selective dehydrogenation as observed
experimentally (Fig. 3), the free energy was calculated by including
the entropy contribution at 550 °C (Fig. 7a, dashed line). Indeed, Pt,
cluster again displayed a lower apparent barrier of 0.97 eV than Pt; of
1.37 eV. Finally, as discussed above, the In;-anchored Pt; site enabled
the bidentate binding motif of *CH3CH;CH, with a strong adsorption
energy (Supplementary Fig. 50, E,qs =—2.12 eV), while In;-anchored
Pt, site provided a relatively weak binding of *CH3CH;CH, with two Pt
atoms (E,qs =-1.77). Yet, the removal of *CH;CH;CH, was both fea-
sible under the reaction temperature of 550°C by lowering the
adsorption energy to —0.61 eV for Pty/In;-ZSM-5 and -0.25 eV for Pt,/
In;-ZSM-5 (Supplementary Fig. 50, Supplementary Table 3), which
was much more favorable than the other steps involved in PDH for
each case (Fig. 7b). This was further corroborated by the in-situ
DRIFTS investigation (Supplementary Fig. 52) on the flow of propane
over reduced Pt/In-ZSM-5. It showed that the C-H stretching band of
propane disappeared rapidly upon being purged by He without the
associated vibrational features of unsaturated hydrocarbons. In
addition, in-situ XAFS investigations revealed that the oxidation
states remained unchanged for both Pt and In, from the reduction
stage to the reaction feed (Supplementary Fig. 53 and Supplementary
Table 2), suggesting no appreciable hydrocarbon coverage at the
active center formed upon reduction. Therefore, it was concluded
that the desorption of *CH;CH;CH, was not a rate-limiting step, while
the C-H scission, specifically the second C-H scission according to the
DFT results, required the highest energy to overcome along the
reaction pathway.

Without the presence of In species, the formation Pt, cluster in
ZSM-5 was less preferred (Supplementary Fig. 49). This was consistent
with the experimental observation that Pt clusters in the ZSM-5 fra-
mework were larger than those with the presence of In species (Sup-
plementary Fig. 24). Upon exposure to propane, the first C-H bond
breaking was not as favorable as Pty/In;-ZSM-5 (Pt4,-ZSM-5: AE=-0.19
eV; Pty/In;-ZSM-5: AE=-0.73 eV, in Supplementary Table 5). While the
sequential dehydrogenation to propylene was more favorable for the
Pt4-ZSM-5 model (Pt;-ZSM-5: AE=-1.17 eV; Pt4/In;-ZSM-5: AE=-0.30
eV). This was due to the more weakly anchored Pt, in Pt,-ZSM-5 than
that in Pt,/In;-ZSM-5, enabling structural fluxionality to selective bond-
strengthening to propylene via the m-bond (Pty-ZSM-5: E, =-2.13 eV;

Pty/In;-ZSM-5: Ey, = -1.77 eV in Supplementary Table 6, Supplementary
Fig. 54). According to the calculated PDOS (Supplementary Fig. 55), the
propylene adsorption introduced more significant change of Pt 5d
states for Pty-ZSM-5 than Pt,/In;-ZSM-5. By comparison, the effect on
the binding of *CH3-CH;-CHj; via the o-bond was much less (Pt4-ZSM-5:
E,=-0.90 eV; Pty/In-ZSM-5: E, =-0.82 eV in Supplementary Table 6,
Supplementary Fig. 54).

Overall, the DFT calculations (Fig. 7) agreed well with the
experimental observations (Figs. 2, 3) that Pt/In-ZSM-5 catalysts
were active and selective for PDH. According to the DFT results, the
superior dehydrogenation performance of Pt/In-ZSM-5 strongly
depended on the size of Pt (single atom or clusters) anchored by In
sites. Both the Pt; atom site and Pty cluster site were active enough
to enable facile propane adsorption and the first C-H bond cleavage
(Fig. 7) by facilitating the electron transfer from Pt to the adsor-
bates, and moderately enough to allow the removal of the propy-
lene product from the site under the reaction condition. While the
situation to break the second C-H bond was rather different. It was
hindered by over-coordination of the Pt; site of Pt;/In;-ZSM-5, but
being facilitated by the direct participation of neighbored Pt atoms
within of Pt4/In;-ZSM-5under hydrogenation conditions.

Discussion

A facile method has been developed to synthesize Pt clusters
confined within In-modified ZSM-5 zeolites. This process involves
initially creating In-ZSM-5 through a reductive solid-state ion-
exchange process, leading to the reduction of In,0O5 and displace-
ment of BAS, thereby forming stable extra-framework In*
cations within the ZSM-5 zeolite. Subsequent incorporation of Pt
into In-ZSM-5 results in the formation of slightly positively charged
Pt atoms stabilized by In*. The resulting Pt/In-ZSM-5 catalyst
demonstrates excellent propane dehydrogenation performance at
550 °C, with propane conversion maintained at around 40% after
118 h and the propylene selectivity higher than 99.5%. Further
characterizations reveal that the exceptional PDH performance is
attributed to Pt clusters confined within the In-ZSM-5 zeolites. Low
Pt loading (0.05%) results in a predominance of single Pt atoms
within In-ZSM-5, which suffer from rapid deactivation despite high
initial dehydrogenation rates. DFT calculations corroborate that
the superior experimental performance is primarily due to Pt,
clusters, which facilitate propane dehydrogenation and propylene
desorption. To the best of our knowledge, this is the first time using
In-modified commercial Al-containing zeolite to stabilize Pt clus-
ters for PDH. The findings from this study open avenues for further
catalytic applications of these readily available and easily synthe-
sized catalysts.

Methods

Catalyst preparation

All reagents were used without purification. To obtain the parent H-
ZSM-5 samples (Si/Al=40), commercial NH4-ZSM-5 samples (Alfa
Aesar Si/Al = 40) were calcined in the air at 550 °C for 12 h at a heating
rate of 2°C-min™. The Si/Al ratios of the samples were determined to
be 39.6 by X-ray fluorescence (XRF, Rigaku WDXRF). In/H-ZSM-5 was
prepared by impregnating an aqueous solution of indium(lll) nitrate
hydrate (Sigma-Aldrich) into H-ZSM-5 zeolite through the IWI method,
followed by drying at 80 °C and calcination at 550 °C in the air for 2h
with a ramp rate of 5°C-min’_. The calcined samples were denoted as
In/H-ZSM-5(X, Y), where X and Y represented the Si/Al ratio and In/Al
ratio, respectively. In-ZSM-5 samples were subsequently prepared via
the reductive solid-state ion-exchange process, where In/H-ZSM-
5 samples were reduced in 50 vol% H, in Ar at 550 °C for 1h with a
heating rate of 10 °C-min™.. Afterward, Pt was introduced on In-ZSM-5
by the same IWI method using an aqueous solution of tetra-
ammineplatinum(ll) nitrate (Sigma-Aldrich, 99.995% trace metals
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basis), followed by drying at 80 °C and calcination at 350 °C in the air
for 2h with a ramp rate of 2°C-min™. The obtained products were
denoted as xPt/In-ZSM-5, where x represented the Pt loadings. For the
sake of brevity, In/H-ZSM-5 without parentheses referred to the sample
with Si/Al and In/Al ratios of 40 and 1.0, which showed the same
meaning as In/H-ZSM-5(40, 1.0). Pt/In-ZSM-5 without x represented the
Pt loading of 1 wt%. The XRF measurement of 1Pt/In-ZSM-5(40, 1.0)
(same as Pt/In-ZSM-5) showed the Pt loading with 1.04% and In/Al ratio
of 0.96, respectively, consistent with nominal loadings.

PtIn/H-ZSM-5 (1 wt% Pt and 4.5 wt% In), PtIn/SiO,(1:3) (1 wt% Pt and
1.7 wt% In, with Pt/In atom ratio of 1:3) and PtIn/SiO,(1:8) (1 wt% Pt and
4.5 wt% In, with Pt/In atom ratio of 1:8) were prepared via a one-step IWI
method using a mixed aqueous solution of indium(lll) nitrate hydrate
and tetraammineplatinum(ll) nitrate. Note that PtIn/SiO,(1:8) was in
most cases abbreviated as PtIn/SiO,. For comparison, In/SiO, (4.5 wt%
In), Pt/SiO, (1 wt% Pt), Pt/H-ZSM-5 (1 wt% Pt) were prepared by the same
method with SiO, (Sigma-Aldrich, silica gel davisil, grade 646) and H-
ZSM-5 zeolite, respectively. PtSn/SiO, (1 wt% Pt and 3 wt% Sn) and PtSn/
AlyO3 (1 wt% Pt and 3 wt%Sn) catalysts were prepared using IWI method
with an aqueous solution of tetraammineplatinum(ll) nitrate and
SnCl,-2H,0 (Sigma-Aldrich) on SiO, and y-Al,O5 (Alfa Aesar, 99.97%
metals basis), respectively. In,O3 was purchased from Sigma-Aldrich
(99.99% trace metals basis) and used as received.

In/Si-MFI (4.5wt% In) was prepared by the same method using
siliceous MFI that was synthesized by a hydrothermal method, as
described in Supplementary Note 1. Pt/In-Si-MFI (1wt% Pt) and Pt/In-
ZSM-5(IE) (1 wt% Pt) were prepared using the two-step method used to
prepare Pt/In-ZSM-5 catalyst: In/Si-MFI or In-ZSM-5(IE) was reduced at
550°C, and then the Pt precursor was introduced.

Ga-ZSM-5, Co-ZSM-5, and Zn-ZSM-5, as well as their Pt-containing
samples, were obtained via the same methodology as the preparation of
Pt/In-ZSM-5 samples described above, except for the use of gallium(lI)
nitrate hydrate (Sigma-Aldrich) or cobalt(ll) nitrate hexahydrate (Sigma-
Aldrich) or zinc nitrate hydrate (Sigma-Aldrich) as the precursors.

Catalyst characterization

Elemental analysis was performed by XRF (Rigaku WDXRF). The H,
temperature-programmed reduction (H,-TPR) profiles of the cal-
cined catalysts were obtained using an AMI-300ip (Altamira) instru-
ment equipped with a TCD detector. Typically, 100 mg of the catalyst
was pretreated under He (50 mL min™) at 200 °C for 30 min and then
cooled to 40 °C. The temperature-programmed reduction measure-
ment was conducted in a mixture of 10% H./Ar (30 mL-min™) with a
heating rate of 10°C:-min? to 750°C. The electron microscopy
characterization of the catalysts was performed at the Center for
Functional Nanomaterials, Brookhaven National Laboratory. Typi-
cally, the samples were ultrasonically dispersed in ethanol for 10 min.
Afterward, a droplet was dripped onto a Lacey carbon film supported
on a copper grid and fully dried before use. HAADF-STEM images
were conducted with Hitachi HD 2700C, and STEM-EDS were
acquired on Themo-Fisher Talos F200X at an accelerating voltage of
200 kV to determine the particle size and element distribution of the
catalysts, respectively. Other TEM images were collected at the JEOL
2100F and JEOL 1400 instruments. The XRD measurements
(A=0.6199 A) were collected at beamline 7-BM (QAS) of the National
Synchrotron Light Source II (NSLS-II) at Brookhaven National
Laboratory. Raman spectra for the spent catalysts were acquired
using HORIBA Raman spectrometers and microscopes, employing a
532 nm laser source. The neutral density filter remained set at 25% of
the laser power. Multiple spots were examined, and an average
spectrum was generated. Raman spectra analysis was conducted
using LabSpace 6 Spectroscopy Software. For the TPO analysis,
~20 mg of the spent catalyst was placed in a quartz tube. This was first
dehydrated at 300 °C for 30 min under a He flow of 45 mL-min, then
cooled to 50°C. Subsequently, a gas mixture of 20vol% O,/He

(45 mL-min™) was introduced. The temperature was then increased
to 800 °C at a ramp rate of 10°C-min™. The analysis monitored
atomic mass units (amu) for the following gases: 4 (He), 32 (0O,), 44
(CO,). TGA was performed on a Pyris Series-Diamond TG/DTA
instrument under oxygen flow (200 mL-min™) with temperature
ramping (10 °C-min™) to 800 °C.

Pyridine-FTIR spectroscopy was conducted to identify the pre-
sence of BASs and LASs using an Agilent CARY 660 spectrometer
with an MCT detector*’. For sample preparation, ~20 mg of the cat-
alyst powder was pressed into a wafer with a diameter of 1/2 inch,
which was then vertically placed in a customized transmission cell.
This cell was equipped with a vacuum manifold connected to a
mechanical pump and a diffusion pump, achieving a vacuum level
below 0.01 mTorr. In addition, the cell was wrapped with heating
tapes and the temperature was controlled by a PID system with a
thermocouple near the sample. Typically, the sample underwent
dehydration at 550 °C for 30 min under vacuum to remove adsorbed
molecules. Following this, H, was introduced at 550 °C for 10 min and
then evacuated. This reduction step was repeated three times to
ensure thorough reduction. The sample was then cooled to 150 °C
under vacuum. Excess pyridine was introduced into the transmission
cell and subsequently evacuated; a process repeated three times to
ensure full saturation of pyridine. A final evacuation for 15min
removed physisorbed pyridine before spectra collection. The spectra
were obtained from 128 co-added scans with a resolution of 2 cm™,
and normalized to the Si-O-Si bands between 1700 and 2000 cm™
for zeolite samples*.

CO diffuse reflectance infrared Fourier transform spectroscopy
(CO-DRIFTS) experiments were performed on a Nicolet 6700 instru-
ment equipped with a Harrick drifts cell at ambient pressure. Typically,
the sample was heated to 550 °C in He (50 mL-min™), followed by the
reduction in 10 vol% H,/He (50 mL-min™ in total) at the same tempera-
ture for 60 min. Next, the flow was switched to pure He to purge the
sample for 10 min, then the sample was cooled down to room tem-
perature in the flow of pure He. After that, the sample was treated with a
10 vol% CO/He (50 mL-min™ in total) for 30 min and then purged with
pure He for 15min, before collecting the spectrum. Note that the
background spectrum was collected before flowing CO/He flow. In-situ
H,-D, exchange and propane dehydrogenation measurements were
performed at 550 °C. The gas line was purged by pure He for 10 min
before introducing the target gas.

The in-situ XAFS spectra of the Pt L;-edge and In K-edge were
collected at beamline 7-BM (QAS) of the National Synchrotron
Light Source II (NSLS-II) at Brookhaven National Laboratory. For
each measurement, an appropriate amount of the catalyst was
compressed into a wafer (1/2in.) before being loaded into a
Nashner-Adler reaction cell sealed by Kapton windows, which
allowed for the simultaneous collection of both the transmission
and fluorescence signals. The sample was first reduced under an H,/
He flow (25 mL-min™) at 550 °C for 30 min, followed by the intro-
duction of 20 vol% C3Hg in He flow at the same temperature. The ex-
situ XAFS spectra of the Pt L3-edge and In K-edge were collected at
ambient conditions. For each measurement, the catalyst was
pressed and sealed with Kapton tape. The XAFS spectra were col-
lected simultaneously via transmission and fluorescence modes.
Data processing was preformed using the Athena and Artemis
software, parts of the Demeter package™.

Propane dehydrogenation performance measurements

Catalytic reaction rates were measured using a fixed bed plug flow
reactor, consisting of a quartz glass tube (1/2in. in diameter). The
catalyst bed typically contained 100 mg of the catalyst with a particle
size range of 40-60 mesh. A thermocouple was placed close to
the catalyst bed to ensure accurate temperature measurement.
Before the propane dehydrogenation tests, the catalyst was heated
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to 550°C (or 580 or 600°C) for 60 min with a ramp rate of
10 °C-min in 50 vol% H,/Ar (20 mL-min™), followed by purging with
Ar at the same temperature for another 10 min. The reduced sample
was then exposed to 20 vol% C3Hg in Ar or pure C3Hg flow with the
total pressure maintained at atmospheric pressure. The reactor
effluent was periodically injected into an online gas chromatograph
(GC) (Agilent 7890B), using a heated gas line. The GC was equipped
with a Plot Q and MOLESEIVE column and a thermal conductivity
detector (TCD) and flame ionization detector (FID) used for gas
analysis. TCD and FID response factors for Ar, CH,, C;H4, C3Hg, and
C;Hg were calibrated before the product analysis. The conversion of
propane was calculated using Eq. 1, and the selectivity and yield of
CH,, C3H,4, and C3Hg were determined using Eqgs. 2 and 3, and the
carbon balance was obtained using Eq. 4.

. FC H

C;Hgconversion= | 1 — -2 | x100% 1)
C3Hg inlet
n;:xF.
Selectivity = —+—outlet » 10909 2
y ZnixFi,outlet ¥ ( )
n;xF.

Yield = 5=t « 100% 3
3 x FC3H8, inlet ( )

x FCJHB, outlet + Z n; x Fi, outlet

3
Carbon bal =
arbon balance 3xFe,

x100%  (4)

HS, inlet

where i represents the propane dehydrogenation products CH,4, CoHy,
C5Hg in the effluent gas, n; is the number of carbon atoms of compo-
nent i, and F; is the molar flow rate.

Similar methods were used to show the ethane dehydrogenation
performance, as shown in Egs. 5-7.

H FCZHé outlet 0
C,Hgconversion= | 1 — ——>= | x100% 5)

CoHg inter

X
2 FC2H4,ou(Iet
+2X

2 FCZ

C,H,selectivity = x100% (6)

CH4, outlet Hy, outer

+2X +
FCH4, outlet 2 FCZ H4, outlet 2

xF
CZHﬁ,ou(IEl X 100% (7)
2xFe,

Carbon balance =

Hé, inlet

The deactivation coefficient was calculated by Eq. 8*.

1-X, 1-X2
In{ 5281 ) _ In( == SMs
Xezng X 83 Hg 8
kd =

t

where, X2, and X represented the initial propane conversion and
C3H8 C3H8
propane conversion at ¢, respectively.

DFT calculations

Spin-polarized DFT***’ calculations were performed based on Vienna
ab initio simulation package®™. The projector augmented wave
method**“° together with GGA exchange-correlation functional plus
the PBE functional®® and DFT-D3 method of Grimme with zero-
damping function®” were employed with a 500 eV kinetic energy cut-
off. The I-point® was applied for all the calculations and the Gaussian
smearing with width 0.05 eV was used to improve the convergence.
The criteria for total energies and forces on all atoms were set as

10°eV and 0.03eVA™ for convergence, respectively. The climbing
nudged elastic band method®* were conducted to obtain the transition
states with nine configurations generated between the initial and final
states.

The adsorption energy of adsorbate on the surface was calcu-
lated as:

E 4 = E(Adsorbate/Surf ace) — E(Surface) — E(Adsorbate) 9)

where E is the total energy (Eprr) obtained from DFT calculations with
zero-point energy (ZPE) correction, Ezpg:

number of modes 1
Eypr= 3 (10)
i
where v; is DFT calculated harmonic vibrational frequency, f is the
Planck constant.
Gibbs free energies at the specific temperature (7) were calculated
based on the following equation®>®:
G(T)=Eppr+Ezpe — T*S(T) 1n
The entropies for gas phase molecules (propane, propylene and
hydrogen) were taken from NIST Chemistry WebBook®’. The entropies
for all the intermediates and transition states involved were calculated
based on the following equation®®:

b d
S=Rnum er of mox es{ hl)i/kBT
exp(

hoyfksT) —1 In[1- exp(—hui/kBT)}}

12)

i=1

Where R and kg are the gas phase constant and the Boltzmann con-
stant, respectively.

The ZSM-5 zeolite was modeled based on the periodic MFI fra-
mework (Supplementary Fig. 43) taken from the Database of Zeolite
Structures®. The DFT-optimized MFI unit cell has a lattice constant of
20.26 Ax19.92 A x13.37 A, which are consistent with the experimental
determined values (20.07 A x19.92 A x13.42 A)°. One Si atom at the
T7 site, which has been identified as the preferred framework site for
Aluminum substitution”, was replaced by one Al in this work to anchor
the active metal species.

The formation energy for M,M'y-ZSM-5 zeolite models (M, M": Pt,
In) was calculated as:

Ep=EMM’, — ZSM — 5)~E(M,) — EM',) — EZSM —5)  (13)

Data availability

All the data that support the findings of this study are available within
the paper and supplementary information file, or from the corre-
sponding author on reasonable request. The structures of DFT calcu-
lations are provided within this paper.
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