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Abstract: Minimizing Pt loading without sacrificing catalytic performance is critical, particularly for
designing cost-efficient hydrocarbon transformation catalysts. Here, we show that ultralow-loading
(0.001-0.05 wt%) Pt and Zn functionalized HZSM-5 catalysts, prepared through simple ion-exchange
and impregnation, is highly active and stable for light alkanes dehydroaromatization (DHA). The
specific activity of BTX is up to 8.2 mol/ge/min (or 1592 min-') over the 0.001 wt% Pt-Zn,/HZSM-5
catalyst during ethane DHA at 550°C under atmospheric pressure. Additionally, such bimetallic Ptx-
Zn,/HZSM-5 catalysts are highly stable in contrast to the monometallic PtYHZSM-5 catalysts. The
rate constant of deactivation (kgeactiv), according to the first-order generalized power-law equation
model, for the bimetallic catalysts is up to 120 times lower than the monometallic counterparts
depending on the Pt loading. This breakthrough is achieved owing to the formation of [Pt1-Zn,]®*
hybrid cluster, instead of Pt° clusters-proton adducts, in the micropores of ZSM-5 zeolite.
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Introduction

The production of BTX (benzene, toluene, and xylene) and light olefins — both are critical building
blocks of the chemical industry — currently rely heavily on steam cracking with naphtha (from the
petroleum) as the feedstock. Such a process is carbon- and energy-intensive as it requires a high
reaction temperature of up to 900 °C due to the absence of a catalyst. Therefore, the “on-purpose”
production of BTX and light olefins selectively from the cheaper and abundant light alkanes (from the
shale gas) through the catalytic dehydroaromatization (DHA) and dehydrogenation (DH) could be very
important complements for the noncatalytic steam cracking process.

The transformation of light alkanes through DHA/DH has been extensively studied recently due to the
urgent need for upgrading the low-cost natural gas liquids (NGLs)."!" The production of NGLs in the
US is up to 5.91 million barrels/day, among which more than 90% is ethane and propane.'> While the
DHA of propane has been demonstrated in the industry by UOP/BP (known as Cyclar™ process) using
Ga/HZSM-5 as the catalyst,'® the state-of-the-art DHA catalyst still faces challenges of insufficient
activity and stability for ethane DHA. Based on the catalytic pathways,'* an efficient DHA catalyst
should show balanced activities for dehydrogenation, oligomerization, and cyclization, respectively,
which requires optimized metal/acid functionalities. Specifically, the metal sites in/on zeolites, such as
metal’/metal oxide clusters, metal®" cations (Lewis acids), and metal carbides or oxycarbides, are

critical to the initial C-H bond activation,* '* and could facilitate the release of Hz through hydrogen
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back-spillover.''® Whereas, the Bronsted acid sites of the zeolite are essential for oligomerization and
cyclization,> ' and the MFI zeolite with 3D micropore framework structure is preferred to suppress
the formation of polycondensed aromatic molecules (the pore diameters of MFI zeolite are similar
to the kinetic diameters of BTX molecules: ~ 6A).%

The different metals, such as Pt,*?! Zn,?>* Ga,’*?* and Mo,?*?’ modified HZSM-5 catalysts have
been widely studied in ethane DHA. The Pt/HZSM-5 catalysts have been frequently patented**-? due
to the higher activity. The Pt® nanoparticle and the electron deficiency [Ptm-Ha]™" metal-proton adducts
(in zeolite) have a high affinity with the paraffinic C-H bond,*** which renders its exceptional
performance in the hydrocarbons conversions. However, the high cost and scarcity of Pt strongly
restricted the application of the Pt/HZSM-5 catalyst: most of the recent works employ up to 0.1-1 wt%
of Pt in their DHA catalysts,” 3¢ which are 100-1000 time more expensive than the Cyclar catalyst.
To the best of our knowledge, Pt loading as low as 0.04 wt% was only reported in previous Shell
patents,?®? and it remains a formidable challenge to design an efficient DHA catalyst with ultralow-
loading (<0.01 wt%) Pt. As the Pt loading decreases, the dispersion and the electron deficiency of the
Pt species will increase due to the formation of [Ptm-H,]"" metal-proton adducts, which could stabilize
the platinum-ethylene complex and lead to the formation of heavier oligomers (coke precursor) due to
the scaling relationship.’” Therefore, decreasing the Pt loading will not only decrease the activity but
also stability due to the increased rate of coke deposition.

According to the literature, the second metal promoter could modify the surface electronic
structure/state of Pt, which will influence the availability and energies of the valence electrons to form
chemical bonds with adsorbates.*® Miller and Greeley suggested that Zn modified the energy of the Pt
5d electrons, which directly relates to the enhanced activity and selectivity during ethane
dehydrogenation.** Here we show that the activity and stability of the ultralow-loading (0.001-0.01
wt%) Pt/HZSM-5 catalyst in ethane DHA can be significantly increased through “hybridizing” Pt with
Zn (1) cations inside the micropore of HZSM-5. Such “Pt/Zn hybrid clusters” in HZSM-5 zeolite are
different from the intermetallic or single atom alloys reported in the literature since the majority of the
Zn species in the HZSM-5 remain as Zn (II) cation Lewis acids. Because the proton (H") was
exchanged by the Zn (II) cation, the highly dispersed Pt in such catalyst could “hybridize” with the Zn
(I1), forming [Pt;-Zn,]>" cluster, which shows weaker Pt-ethylene interaction than the electron
deficiency [Ptm-Hn]™ metal-proton adducts in the monometallic Pt/HZSM-5 catalyst.

Results and discussion

Catalyst activity and deactivation: The catalysts consisting of [Pt;-Zn,]>" hybrid clusters were
prepared through ion exchange of Zn (II) cation followed by wet-impregnation of Pt. The obtained
samples were activated in 10% H, at 650 °C to facilitate the formation of [Pt;-Zn,]°" adducts. The Zn
loading in HZSM-5 was adjusted by the time of ion exchange. The catalysts were designated as Pt,-
Zn,/HZSM-5 (or simply Pt,Zn,), where x wt% is the nominal loading of Pt and y wt% is the Zn loading
according to ICP-MS. The catalytic performance of the bimetallic Pt.-Zn,/HZSM-5 and the
corresponding monometallic catalysts during ethane DHA will be mainly discussed based on the space-
time yield (STY) of BTX and ethylene, ethane conversion, and BTX selectivity as a function of time
on stream (TOS). The influence of Zn and Pt loading on the activity, selectivity, and stability are shown
in Fig. 1. Further catalytic data can be found in Table S1 and Fig. S1-S4.

2



The most intriguing observation from the catalytic data is the high stability of the bimetallic Pt.-
Zn,/HZSM-5 catalysts with ultralow Pt loading (0.001-0.05 wt%). Noteworthily, the monometallic
Pt/HZSM-5 catalysts with such ultralow Pt loading are not efficient for ethane DHA. As shown in Fig.
S1, although the monometallic ultralow loading Pt/HZSM-5 catalysts are also active for ethane DHA,
the activity, selectivity, and especially stability decrease significantly with decreasing Pt loading. For
example, the monometallic Pto.oos/HZSM-5 catalyst shows an initial STY of BTX and ethylene of 45
and 180 pumol/g/min (Fig. S1 b-c), respectively, and the catalyst totally deactivated after TOS only
around 1 h. The corresponding initial ethane conversion is 7% (Fig. S1a) and the initial BTX selectivity
is only 26% (Fig. S1d). With the increase of Pt loading to 0.01 wt%, the initial STY of BTX and
ethylene increased to 150 and 280 umol/g/min, respectively, and the lifespan of the catalyst increased
to 4 h. The activity and durability further increased with increasing Pt loading to 0.05 wt% (the lowest
Pt loading reported in the literature for ethane DHA), however, the catalyst was still totally deactivated
within 16 h TOS. The lower activity and short durability are most likely the reason for the absence of
literature on the DHA with ultralow loading Pt-based catalysts.
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Fig. 1 Catalytic data in terms of STY of BTX and ethylene, conversion, and BTX selectivity during ethane DHA. (a-
d) influence of Zn loading, (e-h) influence of Pt loading. The reactions were performed over 100 mg of catalyst at
550°C under atmospheric pressure of pure ethane (20 mL/min), GHSV=6000 h™'.

In contrast to the monometallic Pt/HZSM-5, the bimetallic Pt.-Zn,/HZSM-5 catalysts demonstrated
significantly higher stability and BTX selectivity. Fig. 1 (a-d) shows the influence of Zn loading
(keeping the Pt loading constant at 0.01 wt%) on the activity, selectivity, and stability. It is seen that,
over the Pto.01-Zny/HZSM-5 catalyst, the initial STY of BTX is up to 175 pmol/g/min (1.75 mol/gp/min
or 341 min™') and it remains > 50% of the initial STY after 17 h TOS. It takes > 65 h for the total
deactivation towards the formation of BTX (see Fig. S2), which is more than 18 times longer than the
monometallic Pto.oi/HZSM-5. Meanwhile, the initial STY of ethylene is 240 umol/g/min, which even
increases slightly with TOS and reaches the maximum after 25-30 h then slightly decreased. No
significant deactivation towards ethylene formation was observed even up to 65 h TOS (see Fig. S2).



The corresponding initial ethane conversion is 12% and the initial BTX selectivity is 63%. Additionally,
the selectivity of CHs and C3-Cs hydrocarbons is only 10% (see Figs. S3-S4).

The influence of Pt loading (varied between 0.001 and 0.05 wt%) on the catalytic performance was
evaluated at a constant Zn loading of 2 wt%. As shown in Fig. 1 (e-h), without Pt, the monometallic
Zny/HZSM-5 catalyst shows very low activity for ethane DHA under the investigated conditions.
Ethane conversion is below 1.3% and the initial STY of BTX is only 12 pmol/g/min. Nonetheless, with
the presence of ultralow amounts of Pt (0.001 wt%), the STY of BTX and ethylene, ethane conversion,
and BTX selectivity all increased significantly. The initial STY of BTX is up to 100 umol/g/min, more
than 8 times the Zny/HZSM-5. The activity of the catalysts further increased with increasing the Pt
loading from 0.001 to 0.05 wt%. However, the specific activity per gram of Pt (see Fig. S5)
significantly decreased with increasing Pt loading. Noteworthily, the STY of ethylene slightly
decreased with TOS for the Ptoo01Zn/HZSM-5 (Fig. 1f), but it is more stable and even slightly
increased for the catalysts with a higher Pt loading. To the best of our knowledge, the present Pt-
Zn/HZSM-5 is the most active and stable catalyst for ethane DHA for BTX and ethylene (see Table
S1), especially considering that the Pt loading in our catalyst is 50-1000 times lower than that reported
in the literature.
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Fig. 2 Deactivation kinetics of BTX during ethane DHA over the Pt,-Zn,/HZSM-5 and Pt,/HZSM-5 catalysts at
550°C. The deactivation rate constants (kueqciiv) Were calculated based on the first order GPLE model by fitting the
linear relationships between In (a) and time (In(a) = —kgeqcriv. X t, Where “a” is the reactivity coefficient).

As we have already seen, the bimetallic Pt,-Zn,/HZSM-5 catalysts demonstrated outstanding stability
during ethane DHA, although their monometallic Pt./HZSM-5 counterparts deactivate extremely fast
due to the ultralow Pt loading. Further information about the stability can be found from the
deactivation kinetics analysis based on the generalized power-law equation (GPLE) model.**° As
shown in Fig. 2, the deactivation of BTX on the bimetallic Pt,-Zn,/HZSM-5 catalysts follows strictly
the first order GPLE model (In(a) = —Kkgeqcriv. X t, Where “a” is the reactivity coefficient). The
deactivation rate constant (Kdeacriv) is only 0.029 h! for the Pto0s-Zno/HZSM-5, although the kueqcriv
slightly increased to 0.034 and 0.042 h™' with increasing Pt loading to 0.01 and 0.05 wt%, respectively.
Unlike the bimetallic catalysts, which show decreased deactivation with decreasing Pt loading, the



monometallic Pt/HZSM-5 catalysts show decreased deactivation with increasing Pt loading. The
kdeaciiv for the monometallic Pt/HZSM-5 obtained by fitting the first order GPLE model is 3.5, 0.99,
and 0.26 h! for the catalysts with Pt loading of 0.005, 0.01, 0.05 wt%, respectively, although the
deactivation kinetics deviate significantly from the first order (and the second-order) GPLE models.
We suggested that different deactivation mechanisms might be involved in the monometallic
Pt,/HZSM-5. Noteworthily, the kzeuciv Of the Ptooos-Zn2/HZSM-5 is very similar to the Zn,/HZSM-5
(see Fig. S6), and it is 120 times lower than the monometallic Pto.0os/HZSM-5.

While the present Pt,-Zn,/HZSM-5 catalyst demonstrated outstanding activity and stability, it must be
admitted that the regenerability of the present catalyst needs to be further optimized. As shown in Fig.
S7, the initial ethane conversion decreased by about 10% after regeneration in 20% O; at 550 °C for 2
h. Nonetheless, the regenerability of the bimetallic catalyst is improved in contrast to the monometallic
Pto.01i/HZSM-5 counterpart (the latter deactivates significantly faster after regeneration), indicating that
the presence of Zn enhanced the stability of the Pt species. We advocate that the high mobility of both
Pt and Zn species be responsible for the irreversible deactivation during the reaction and regeneration.
Noteworthily, zinc evaporation has been identified as the key reason for the irreversible catalyst
deactivation during dehydrogenation.*! Additionally, the structural transformation of the Pt species in
zeolite under both reductive and oxidative conditions has been identified by the Corma group and his
collaborators at ExxonMobil.**
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Fig. 3. Characterization of Pt 0s-Zn,/HZSM-5 catalyst. (a-b) HRTEM and STEM-EDS images; (c-d) Pt Liy-edge
XANES and EXAFS spectra; and (e-f) Zn K-edge XANES and EXAFS spectra.



Structural characterization. The representative electron microscopy images of the Pty 0s-Zn2/HZSM-
5 catalyst are shown in Fig. 3 a-b. The absence of nanosized particles from the HRTEM image
suggested that larger ZnO and Pt” particles were not formed on the external surface of the zeolite.
Nonetheless, the STEM-EDS elements mapping demonstrated the homogeneous distribution of Zn and
Pt species throughout the zeolite, which is a strong indication of the presence of Zn and Pt species, in
proximity, inside the micropore of the HZSM-5 zeolite.

The chemical properties of the Pt and Zn species in the bimetallic Pto.os-Zn2/HZSM-5 catalyst were
further characterized by X-ray absorption spectroscopy. Fig. 3¢ shows the X-ray absorption near-edge
structure (XANES) spectra at Pt Lii-edge for the bimetallic PtoosZn> sample (before and after
activation) and the monometallic Ptoos/HZSM-5 and Pt foil references. The white line (see Fig. 3¢c) of
the Pty 0sZn, sample before activation is high, indicating that the Pt was in the oxidative form or as Pt>"
cation exchanged to framework AlO4 of the HZSM-5 before activation (in 10% H>). The white line
intensity decreased significantly for both PtoosZn, and monometallic Ptoos/HZSM-5 after activation,
suggesting that the Pt species was being reduced during the activation. Nonetheless, the Pt species are
not fully reduced to Pt® because the white line intensities are still higher than the Pt foil. The Pt Li-
edge k3-weighted Fourier transform of the extended X-ray absorption fine structure (EXAFS) spectra
are shown in Fig. 3d. The spectra of the Pto.0sZn, sample before activation exhibit a pronounced peak
at 1.55 A originating from the nearest Pt-O scattering corresponding to PtO> or single-atom Pt®* Lewis
acids, which is consistent with the high white line intensity in the XANES spectrum. The Pt-Pt nearest
neighbors at R-distance between 2-3 A, as well as the Pt-Pt next nearest neighbors in Pt oxide at R-
distance of 3.5 A in the Pt sZn, sample before activation, were small, indicating that the Pt>" Lewis
acids are the dominant species. After activation, the intensity of the nearest Pt-O scattering decreased,
meanwhile a new pronounced peak at 2.33 A was observed. The peak at 2.33 A originated from the
nearest Pt-Pt scattering for the monometallic Pto.os/HZSM-5 catalyst, while must be assigned to the Pt-
Zn coordination for the bimetallic Pt 0sZn2 sample because the critical peak at 2.95 A for the Pt-Pt was
absent.*** Additionally, the next nearest Pt-Pt scattering in Pt nanoclusters at R-distance above 3 A is
absent, indicating the presence of isolated Pt atoms. Therefore, we suggested that the Pt species in the
bimetallic catalysts (after activation) form the “Pt;-Zn,” hybrid cluster.

The coordination structures of the Pt species in the monometallic Pto.os/HZSM-5 and bimetallic Pto os-
Zny/HZSM-5 catalysts were obtained by fitting the EXAFS spectra. The coordination number (CN),
interatomic distance (R), Debye-Waller factor (62), and inner potential correction (AE) are summarized
in Table S2. For the monometallic Pto.os/HZSM-5 catalyst after activation, the CNs of Pt-O and Pt-Pt
are 1 and 6, respectively, and the average absorber-back-scatter distance of Pt-O and Pt-Pt are 2 and
2.64 A, respectively. These results suggested the formation of [Ptn-Ha]™" cluster anchored to the
framework Al{O4 in the monometallic Pt/HZSM-5 catalyst. For the bimetallic Pto.0s-Zn2/HZSM-5
catalyst, the Pt-Pt coordination was absent and the CNs of Pt-O and Pt-Zn are around 1 and 5,
respectively, which again suggested the formation of Pt;-Zn, (n=4-6) clusters. The average absorber-
back-scatter distance of Pt-Zn is 2.6 A, which is slightly lower than the Pt-Pt scattering.

The XANES spectra at Zn K-edge are shown in Fig. 3e. From a comparison with Zn foil, the adsorption
edge of the bimetallic Pto.0sZn> (before and after activation) and monometallic Zn,/HZSM-5 shifted to
higher energy due to the absence of the pre-edge — originated from 1s—3d transition — in the K-edge



since the 3d-subshell in the Zn (II) system is completely filled.*® Additionally, the bimetallic PtoosZn>
catalysts and Zn,/HZSM-5 show very similar white line intensity, significantly higher than that for Zn
foil, also indicating the presence of Zn (II) rather than Zn’. The presence of Pt (ultralow loading) and
activation in H, seem not to affect the overall oxidation state of the Zn species. Noteworthily, our
previous in-situ XANES shows that the white line split into two peaks after reduction and reaction,’
which according to Dokania et al.,* might suggest the formation of ZnsOs disordered clusters in the
monometallic Zn/HZSM-5 catalyst.

The structure of the Zn (II) species can be further discussed from the Fourier transform of the EXAFS
spectra. As shown in Fig. 3f, all the Pto0sZn, and Zn,/HZSM-5 samples show a pronounced peak at
1.55 A for the nearest Zn-O scattering, which is consistent with the presence of Zn (II) species
according to the XANES. The spectra do not contain a peak at 2.9 A, which corresponds to the next
nearest Zn-Zn neighbors in ZnO, indicating the absence of ZnO crystallites or the presence of ZnO
clusters with the substantial disorder.*’ Considering that Zn species was introduced into the zeolite
(with a high Si/Al ratio) through ion-exchange, we suggested the formation of isolated Zn (II) cations
exchanged to the framework AlOs of the HZSM-5 zeolite rather than the disordered clusters.
According to Biscardi et al.,*® such Zn species are hydrated during the ex-situ experiments and
forming ...Al-O-Zn(OH) species, which could dehydrate to form “...Al-O-Zn-O-Zn-O-Al...” and
“...Al-O-Zn-0O-Al...” species during the reaction. Although we can not exclude the formation of
single-site or binuclear ZnOx species anchored to the Si-OH groups as suggested by Zhao et al. with
silicalite-1 as the support,*! such species should not dominate the present catalysts since the
concentration of the Si-OH groups in the HZSM-5 is significantly lower than the Bronsted acid Si-
OH-AI (vide infra).

By fitting the EXAFS spectra, the CN of Zn-O is identified to be ~6 (see Table S2), which suggested
the octahedral structured Zn sites when the catalysts were hydrated. Additionally, the Zn,/HZSM-5
and Pty 0sZn, (before activation) samples do not contain a peak at R-distance of 2.34 A, corresponding
to Zn-Zn nearest neighbors in Zn foil. Nonetheless, for the PtoosZn, catalyst after activation, a small
peak at 2.2 A — shifted to a low-R compared to that of the Zn foil — can be identified. This small peak
must be originated from the Zn-Pt scattering®* as already discussed based on the Pt Li-edge EXAFS
spectrum. Therefore, the Pt;-Zn, hybrid cluster must be positively charged, namely [Pt;-Zn,]>* cluster
anchored through the Zn"-O™ bond inside the HZSM-5.

Acidity and metal/acid proximity. The influence of Zn and Pt species on the acidity of the HZSM-5
zeolite was characterized by in-situ NH3-DRIFT (diffuse reflectance infrared Fourier transform)
spectroscopy in combination with NH3-TPD (temperature-programmed desorption). The NH3-DRIFT
spectra (with clean surface fresh catalyst as the background) show negative bands at wavenumbers
between 3500-3800 cm™ (see Fig. 4a, upper panel) after NH; adsorption at 350°C, indicating that the
O-H stretching vibrations in the fresh catalyst are disappeared after NH3 adsorption. Specifically, the
band at 3600 cm™ corresponds to the Brensted acid Si-OH-Al, and the bands at 3655 and 3743 cm’!
correspond to the extraframework Al-OH groups and the Si-OH groups at defect sites, respectively.*’
After flushing the NH3 pre-adsorbed samples with Ar at the same temperature for 20 min, the negative
bands at 3655 and 3743 cm™! almost disappeared (Fig. 4a, lower panel), consistent with the NH3-TPD
profiles that NH3; was desorbed from the weak acid sites at temperatures below 350 'C (see Fig. S8). In



terms of the relative intensity of the band at 3600 cm™, it is seen that the Pt os/HZSM-5 and HZSM-5
show almost identical intensity, indicating the presence of Pt (0.05 wt%) does not decrease the
Brensted acid density. Whereas the band intensity significantly decreased for the samples containing
Zn, which confirms that the Zn (II) cations were primarily exchanged at the Bronsted acid sites.
Noteworthily, the Pto.01Zn> sample shows high band intensity than the Zn,/HZSM-5. Therefore, the
presence of Pt, due to the formation of [Pt;-Zn,]*>" clusters, regenerates part of the Bronsted acids that
were originally occupied by the Zn (II) cations through ion-exchange.
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Fig. 4. In-situ DRIFT characterizations. (a) NH3-DRIFT spectra: under NH; for 20 min (upper panel) and after
flushing by Ar for 30 min (lower panel); (b) NH3-DRIFT spectra after H/D isotopic exchange at room temperature
in pure D, for 10 min. All of the spectra were collected at 350 °C.

The proximity between the metal and Brensted acid sites was investigated based on the NH3-DRIFT
spectroscopy of the H/D exchanged (at room temperature, RT) samples. The H/D isotopic exchange
between proton (H") and D, can be realized at RT only when the metal and acid sites are in close
proximity, forming [Ptm-Ha]"": Pt® clusters-proton adducts.® The extent of isotopic exchange was
characterized by the same NH3-DRIFT method discussed above. As shown in Fig. 4b, isotopic
exchange with D; at RT does not change the NH3-DRIFT spectrum for the HZSM-5. Therefore, it
confirms the absence of proton (H") and D, exchange at RT without the metal sites. Nonetheless, for
the monometallic Ptoos/HZSM-5 catalyst, the intensity of the original band for Brensted acid sites (Si-
OH-ALl) at 3600 cm™' significantly decreased after the isotopic exchange at RT. Meanwhile, new bands
at wavenumber between 2600 and 2800 cm™ were identified. Such bands can be assigned to the
Brensted acid Si-OD-Al vibration possibly at different locations. The intensity of the bands at 2600-
2800 cm! significantly decreased with decreasing Pt loading from 0.05 to 0.01 wt%, suggesting the
critical role of the Pt sites on the isotopic exchange. In contrast to the monometallic Pt/HZSM-5, the
Zny/HZSM-5 catalyst also shows the absence of the proton (H") and D, exchange at RT, which is not
a surprise since the Zn (II) cations are replacing the proton rather than forming metal-proton adduct
during ion-exchange. More importantly, the bimetallic Pto.osZn> shows significantly lower band
intensity at 2600-2800 cm™' than the monometallic Ptoos/HZSM-5. Therefore, only a small amount of
Pt in the bimetallic catalysts forms the Pt’ clusters-proton adducts; most of the Pt species are forming
[Pt;-Zn,]*" clusters as aforementioned. Specifically, the Ptyo1Zn, catalyst shows the absence of the
isotopic exchange, indicating the formation of [Pt;-Zna]°* clusters exclusively at ultralow Pt loading
(<0.01 wt%). The isotopic exchange between proton (H") and D; discussed above is also supported by
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the in-situ mass spectrometry (MS). The signals of m/z=3 for HD during the isotopic exchange at RT
for different samples are shown in Fig. S9. Consistent with the NH3-DRIFT results, significant HD
formation was only identified for the monometallic Pto.os/HZSM-5 catalyst.

Discussion. Through correlating the catalytic data with the structural/acidity characterizations, we
suggested that the formation of [Pt;-Zn,]°" clusters, instead of the Pt° clusters-proton adducts, be
responsible for the outstanding catalytic performance. The Pt cluster has a high affinity for the
paraffinic C-H bond, which renders its exceptional activity in catalyzing hydrocarbons
dehydrogenation. As shown in Fig. S10, the monometallic Ptoos/HZSM-5 catalysts show very high
activity during CoHe/D> exchange at 300 °C. The specific activities for the formation of CoHsD, C2HsDs,
and C,H;D; are up to 1044, 310, and 77 umol/gcat/min, respectively. Nonetheless, the Pt’ cluster also
demonstrates strong interaction with the olefinic intermediates, which might be the key reason for the
fast deactivation with the monometallic Pt/HZSM-5 catalysts. The ethylene-TPD (temperature-
programmed desorption) profiles for different catalysts are shown in Fig. S11. During ethylene-TPD,
ethylene is actually absent from the desorption profiles, instead, various products, including Cs.s olefins,
Cz+ alkanes, and BTX, were desorbed, indicating the strong interaction and fast oligomerization of the
ethylene intermediate. We suggested that the rate of catalyst deactivation increases with decreasing Pt
loading (see Fig. 2) because the adsorption of olefinic intermediates further increases with decreasing
Pt® cluster size (increasing the electron deficiency of the Pt” clusters). Additionally, the Pt ensembles
in the Pt” clusters are active for C-C cleavage through cracking/hydrogenolysis, which resulted in the
formation of either CHs (by-product) or coke deposition after deep dehydrogenation. Consequently,
the Pt catalysts during hydrocarbon processing were frequently modified by Cu,*' Zn,* Sn,>? etc. to
form either a single atom alloy or intermetallic alloy to optimize the functionalities of the Pt species.

In the bimetallic Pt,-Zn,/HZSM-5 catalysts, the Pt species forming [Pt;-Zn,]®" cluster with the Zn
species. Such a cluster is still quite active for the C-H bond activation according to the CoHe/D>
exchange (see Fig. S10), although the activity is significantly lower than the Pt’ clusters. Note that the
Lewis acid Zn (II) cation is inactive for the CoHe/D> exchange under the investigated conditions.
Therefore, the activity identified for the [Pt;-Zn,]°" cluster must originate from the Pt sites. The
formation of [Pt;-Zn,]®" cluster could change the electronic properties of the Pt species in Pt” cluster.
For example, the isolated Pt in (=Si0Zn)4.¢ cluster (in the dealuminated beta zeolite) has been identified
as a highly efficient catalyst for light alkanes dehydrogenation by Bell and coworkers.**>* According
to Gong and coworkers,* isolated Pt in [PtZn4] ensembles can only contact C3Hs through a single bond
instead of more stable three Pt-C interactions in [Pt3] ensembles, which is quietly similar to the present
[Pt;-Zn,]*" cluster. Additionally, the electron-rich Pt in the [Pt;-Zn,]>" cluster (in contrast to Pt’
clusters-proton adducts) further promotes the desorption of olefinic intermediates. It is seen from the
ethylene-TPD profiles that the bimetallic Pto1Zn2/HZSM-5 catalyst shows very similar desorption
behavior to the Zn,/HZSM-5, but the peak temperature of BTX decreased. In contrast to the HZSM-5
and Pty 01/HZSM-5, desorption of olefins at low temperatures (~200°C) was enhanced. Therefore, the
bimetallic catalysts demonstrated outstanding stability in ethane DHA. The rate of catalyst deactivation
for the bimetallic catalysts decreases with decreasing Pt loading (see Fig. 2) because the Pt species
form [Pt;-Zna]>" clusters exclusively at ultralow Pt loading (<0.01 wt%). At a higher Pt loading, a



portion of the Pt species could still form Pt’ cluster-proton adducts with the excess Brensted acid sites,
which is responsible for the slightly enhanced rate of deactivation.
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Fig. 5. Proposed bifunctional reaction mechanism for ethane DHA on the [Pt;-Zn,]*" and Brensted acid sites.

Turning to the catalytic mechanism, we propose that aromatics were produced through the bifunctional
pathways, involving dehydrogenation over the [Pt;-Zn,]>" clusters, oligomerization/cyclization over
the Bronsted acid sites, and dehydrogenation or hydride transfer over both metal and acid sites (see
Fig. 5). According to Bell and coworkers,* we suggest that the DHA reaction was initiated with ethane
dissociative adsorption on the [Pt;-Zn,]>" (step I) leads to an ethyl group and an H atom bonded to the
Pt atom. Then the second hydrogen dissociation took place on the same Pt atom (steps II and III),
which followed the desorption of ethylene and H> (step IV). Ethylene desorbed from the Pt atom can
be easily re-adsorbed on the Brensted acid site — protonated with H™ — forming CoHs™AlO4
carbocation species (step V), which was followed by oligomerization/cracking to form higher olefins
(steps VI-IX). In-situ ethylene-TPD-DRIFT analysis (see Fig. S12) suggested the formation of
CnHon+17-AlO4~ when exposing the catalyst to ethylene at 100 °C, which was evidenced by the presence
of IR bands at 2800-3000 cm™', corresponding to the C-H stretching of CH, and CH3. These bands
gradually decreased with increasing temperature above 250 °C and almost disappeared above 450 °C.
The mixed olefins, subsequently, involve trans-alkylation, dealkylation, isomerization, cyclization,
dehydrogenation, hydride transfer, etc., forming a “hydrocarbon pool” inside the zeolite (step X).">*
The composition of the “hydrocarbon pool” was analyzed by GC-MS (see Fig. S13) with a sample
obtained by CH>Cl, extraction of the used Pto01-Zno/HZSM-5 (dissolved in HF). The hydrocarbons
confined in the catalyst are mainly composed of higher n-/iso-/cyclo-alkanes and alkenes and alkyl
aromatics. Therefore, we suggest that the “hydrocarbon pool” mechanism could be involved after
ethane dehydrogenation to ethylene on the [Pt;-Zn,]*" clusters. While the conventional “hydrocarbon
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pool” mechanism involves the gas phase reaction, the presence of metal sites (Lewis acid Zn (II) cation
and [Pt;-Zn,]*" clusters) could favor dehydrogenation rather than hydride transfer. The relatively low
selectivity of Cs+ alkanes (see Fig. S4) is strong evidence for this conclusion.

Conclusions

We show that isolated Pt atoms in the [Pt;-Zn,]®" clusters@HZSM-5 — single Pt anchored to the Zn (II)
cations exchanged to the framework Al{O4 tetrahedral of the ZSM-5 zeolite — are highly efficient for
the DHA of ethane (and other light alkanes: results are not shown). Such bimetallic Pt,-Zn,/HZSM-5
catalysts contain ultralow Pt loading (0.001-0.05 wt%), whereas show unprecedented high activity and
stability. The specific activity of BTX is up to 8.2 mol/gp/min (or 1592 min™) over the Ptooo1-
Zny/HZSM-5 catalyst during ethane DHA at 550°C and the rate of catalyst deactivation are up to 120
times lower than the monometallic Pt/HZSM-5 catalysts depend on the Pt loading. We demonstrated
that the monometallic Pt/HZSM-5 catalysts are unstable for the DHA reaction due to the formation of
Pt® cluster-proton adducts. Such species have strong interaction with olefinic intermediates owing to
the electron deficiency of the Pt ensembles, therefore the active sites deactivate quickly due to coke
deposition. Unlike the Pt° clusters, the [Pt;-Zna]®" clusters eliminate the Pt ensembles and behavior
similar to the Zn (II) cations during the ethylene-TPD. Therefore, the bimetallic Pt.-Zn,/HZSM-5
catalysts show significantly enhanced stability (similar to the Zny/HZSM-5) during the DHA. Over the
Pto.01-Zn2/HZSM-5 catalyst, the formation of BTX remains > 50% of the initial activity after 17 h TOS,
and it takes > 65 h for the total deactivation. We anticipate that the concept of fabricating bimetallic
clusters (with isolated noble metals) in the zeolites can be extended to other catalytic systems.

Experimental section

Catalyst preparation. Monometallic Zn/HZSM-5 catalysts were synthesized through ion exchange
(IE). Typically, 10 g of NH4-ZSM-5 zeolite (purchased from VWR International with Si0./Al,O3 = 30
and surface area 400 m?/g) was exchanged with 200 mL of 0.05 M zinc nitrate aqueous solution at
80 °C under stirring. The Zno,/HZSM-5 catalyst (Zn loading according to ICP is around 2 wt%) was
obtained through IE for 3 days, and the Zn;/HZSM-5 catalyst (Zn loading around 1 wt%) was obtained
through IE for 10 min. The sample was centrifuged and washed with DI water three times then dried
at 120 °C for 12 h and calcined in a tube furnace under flowing of air at 550 °C (ramp 5 °C/min) for 6
h.

Bimetallic Pt-Zn/HZSM-5 catalysts were prepared through wet impregnation with the as-prepared
Zn/HZSM-5 samples. Specifically, 1 g of Zn/HZSM-5 powder was impregnated with 10 mL of
Pt(NH3)4(NO3)2 aqueous solution. The concentration of the solution was adjusted to obtain Pt nominal
loading of 0.001, 0.005, 0.01, and 0.05 wt%, respectively. The impregnation was performed at room
temperature for 2 h before being transferred to a rotary evaporator to remove water at 65 °C under 150
mbar. The obtained sample was dried at 120 °C for 12 h and calcined in a tube furnace under flowing
of dry air at 550 °C (ramp 5 °C/min) for 6 h.
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Monometallic Pt/HZSM-5 catalysts were prepared according to the same procedures as described for
the bimetallic catalysts except using HZSM-5 instead of Zn/HZSM-5. The HZSM-5 was obtained
through the calcination of NH4-ZSM-5 at 560 °C for 6 h in a muffle furnace.

Catalytic testing. The catalytic performance of ethane DHA was evaluated in the Micromeritics
Autochem 2910 setup. For each test, 0.1 g catalyst (25-40 mesh) was mixed with 0.4 g silica sand
(pretreated with 70% HNOs overnight and calcined at 650 °C for 5 h) and then loaded into the U-shape
quartz reactor. Before catalytic testing, the catalyst was pretreated in 10% Hz/Ar (20 ml/min) at 650°C
(ramp: 10 °C/min) for 20 min. Before catalytic testing, the spectra of pure Ar and C2Hs were collected
for the MS calibration. The reaction was performed at 550 °C and atmospheric pressure with 20
mL/min of pure ethane (gas hourly space velocity (GHSV) 6000 h™'). The reactor effluent was
measured by the online Agilent 5973 MS (equipped with MS Sensor 2.0 software, Diablo Analytical,
Inc.). The detailed method of MS quantification can be found in our previous paper.’

Catalyst characterization. The X-ray absorption spectroscopy in terms of X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine structure (EXAFS) measurements were
recorded at beamline 12-BM in Advanced Photon Source at Argonne National Laboratory. Data were
acquired in fluorescence mode using a 13-element germanium detector set at 90° angle from the
incoming beam; the sample was set at a 45° angle to the incoming beam and detector. The samples
were pressed to a disk and sealed in Kapton® tape then attached to the sample stage. Spectra were
recorded at Pt Ly and Zn K edges. The XAS data were normalized and analyzed by Athena software.

Transmission electron microscopy (TEM) images and STEM-EDS chemical mapping were obtained
using JEOL 2100TEM (accelerating voltage of 200 kV) equipped with a Gatan camera.

In situ Diffuse Reflectance Infrared Fourier Transform spectroscopy with NH3z as probe molecule
(NH3-DRIFT) was performed on a Thermo Scientific Nicolet i20 FTIR spectrometer equipped with a
liquid-nitrogen cooled Mercury-Cadmium-Telluride (MCT) detector and Praying Mantis™ high-
temperature operando reaction chamber (Harrick Scientific Products Inc.) with CaF, windows. The
spectra were recorded at a resolution of 4 cm™ with accumulations of 32 scans/min. An appropriate
amount of the pre-activated powder sample was loaded into the reaction cell, the sample was further
activated in-situ at 600 °C under 20 ml/min of 5% H/N> for 1 h. Then the temperature of the cell was
decreased to 350 °C and the cell influent was switched to Ar to collect the background spectrum. After
that, the reaction cell inlet was switched from Ar to NH3 at the same temperature and the spectra were
recorded after 20 min. Finally, the reaction cell inlet was switched back from NH3 to Ar, and the spectra
were recorded after 30 min. For the In-situ proton (H") and D, exchange/DRIFT, the sample after
activation was decreased to room temperature (30 °C) for the isotopic exchange. The reaction cell inlet
was first switched from 5% H2/N> to Ar and purged for 1 h, then switched to pure D> (10 ml/min) and
kept for 20 min for isotopic exchange. Then the cell inlet was switched back to Ar and the temperature
of the cell was increased to 350 °C. Finally, the NH3-DRIFT spectra were recorded according to the
same procedures as aforementioned.
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