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Selective activation of light alkanes is an essential reaction in the petrochemical / \, \ 1o\
industry for producing commodity chemicals, such as light olefins and aromatics. Because of the \ ™~ ¢ »7 N [\ )

much higher intrinsic activities of noble metals in comparison to non-noble metals, it is desirable Z~ 1~ A — g
to employ solid catalysts with low noble metal loadings to reduce the cost of catalysts. Herein, we ﬁ%
report the introduction of a tiny amount of Pt (at levels of hundreds of ppm) as a promoter of the M_L-~™\ —~ k\,’l 2=

Ga,0; clusters encapsulated in ZSM-S zeolite, which leads to ~20-fold improvement in the )C' 5 \ \ | [ \
activity for ethane dehydrogenation reaction. A combination of experimental and theoretical (- 773 S =3 9~
studies shows that the isolated Pt atoms stabilized by small Ga,Oj; clusters are the active sites for _';_ _ > ,,-;. 4
activating the inert C—H bonds in ethane. The synergy of atomically dispersed Pt and Ga,0O; (j_ \ { \ I ¥ -
clusters confined in the 10MR channels of ZSM-5 can serve as a bifunctional catalyst for the direct L—C\‘?\ '-": ) -
s

ethane—benzene coupling reaction for the production of ethylbenzene, surpassing the * \
performances of the counterpart catalysts made with PtGa nanoclusters and nanoparticles.

platinum, single atoms, gallium oxide, ZSM-S, ethane dehydrogenation, ethane—benzene coupling

with atomically dispersed metal species, as demonstrated with
single-atom alloy catalysts and atomically dispersed species on
oxides.""'> However, if the noble metal active sites are
supported on open-surface carriers (e.g, SiO, and Al,O;, as
illustrated in Figure 1b), then avoiding the sintering issues is
challenging under harsh reaction conditions.'®™" To improve
the stability of highly dispersed noble metal species, an
effective approach is to encapsulate the tiny metal species into
the micropores of zeolites, whose rigid framework will impose
confinement effects on the metal species to limit their mobility
under harsh reaction conditions.””~>® This strategy has been
practiced with zeolite-encapsulated subnanometer metal
clusters (Figure 1c), which exhibit remarkably high stability
for the dehydrogenation of light alkanes.”*~>” When translating
this concept to stabilizing atomically dispersed noble metal
species, the mismatch between the pore dimension and the size
of the atomically dispersed metal species leads to the gradual
sintering of metal atoms into small clusters and catalyst
deactivation.”®

The abundant supply of light alkanes from the shale gas can
serve as a substitute for petroleum in the chemical industry for
the production of commodity chemicals such as light olefins
(e.g, ethylene and propylene) and aromatics (e.g, benzene,
toluene, xylenes, and styrene).l’2 In particular, the selective
conversion of ethane into olefins and aromatics is of great
interest to the chemical industry because of their enormous
global demands.” Currently, the principal utilization strategy
for ethane is the steam cracking process for ethylene
production.” Considering the high reaction temperature
(>800 °C) required for the steam cracking process, it is
desirable to develop efficient catalytic processes for converting
ethane into ethylene or aromatics with low carbon emissions.

Because of the inert nature of the C—H bonds in ethane, it
usually requires the use of noble metals as the catalyst’s
functional component (e.g, Pt) and high reaction temper-
atures (e.g, > 600 °C) to achieve sufficient reaction rates
under nonoxidative conditions.”” Indeed, various types of Pt-

In this work, we have attempted to tackle the above-
based supported metal catalysts have been developed to . T . .
, ; . L ) mentioned stability issue by preparing a zeolite-encapsulated
activate ethane, among which the Pt species primarily exist as

PtGa catalyst in which isolated Pt at tabilized by GaO
bimetallic or multimetallic nanoparticles (Figure 1a).*”"? A catalyst in which ISolate aroms ate Stablizea by 18

However, for catalytic processes aiming at nonoxidative ethane
conversion into light olefins and aromatics, the high cost of the
noble metal catalysts and their poor stability under high-
temperature conditions and during consecutive reaction—
regeneration cycles hinder their commercialization.

One practical strategy to promote the utilization efficiency of
noble metals is to substitute conventional metal nanoparticles
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Figure 1. Illustration of the structural features of typical Pt-based catalysts for dehydrogenation of light alkanes. In this figure, we take the
combination of Pt and Ga as the main active component as an exemplary description. (a) Bimetallic and trimetallic Pt-based nanoparticles. The Pt
atoms are segregated by the Ga or a third metal, resulting in the formation of single-atom sites in the bimetallic and trimetallic nanoparticles. (b)
Combination of subnanometer Pt sites (single Pt atoms or clusters) and Ga,0O; nanoparticles supported on ALOs. (c) Zeolite-confined
subnanometer PtGa clusters made with metallic Pt species and reduced GaO, or metallic Ga species. (d) Pt-GaO, sites made with a single Pt atom
and a GaO, cluster. The Pt-GaO, clusters are confined in the microporous channels of the zeolite.

clusters confined in the 10MR channels of ZSM-5 zeolite
(Figure 1d). The ensemble of a single Pt atom and a GaO,
cluster matches well with the micropores of the ZSM-S zeolite,
resulting in a strong confinement effect between the Pt-GaO,
cluster and the zeolite framework. Furthermore, we have
revealed that the GaO, nanoclusters with an average particle
size of ~1 nm promoted with single Pt atoms can deliver better
specific activity for activating C—H bonds in ethane than other
reported supported Pt catalysts.

Ga-modified ZSM-$ zeolites have been reported as non-noble
metal catalysts for activating light alkanes.” To achieve a good
dispersion of Ga species within the ZSM-5 zeolite crystallites,
we have prepared a series of Ga-ZSMS samples with good
crystallinity via a one-pot synthesis approach (see XRD
patterns in Figure S1). The Si/Al of the final Ga-ZSMS
materials is fixed to ~SS$ for all the Ga-ZSMS samples, and the
Ga loading is tuned by modifying the amount of the Ga
precursor in the synthesis mixture (see synthesis details and
composition analysis results in Tables S1 and S2). Figure S2
shows that the 3Ga-ZSMS sample with a Ga loading of ~3.0
wt % gives the highest normalized activity for EDH among the
Ga-ZSMS samples. Electron microscopy characterization
results show that the particle size of the GaO, species in the
ZSM-S zeolite is dependent on the Ga loading (Figures S3—
S6). When the Ga loading increases from 0.5 to 4.8 wt %, the
average particle size of GaO, species gradually increases from
<1 to ~2 nm (Figure S7). Some literature works propose that
atomically dispersed Ga species or binuclear Ga species formed
at the Bronsted acid sites of ZSM-S are responsible for alkane
dehydrogenation reaction.””~>* One major difference between
the reported works and our system is that the Ga-ZSMS$
samples prepared in our work contain alkali metal (ie., K*),
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which compensates for the Bronsted acid sites, resulting in the
formation of GaO, clusters/nanoparticles encapsulated inside
the ZSM-5 crystallites instead of the atomically dispersed Ga
species anchored at the Bronsted acid sites. We have prepared
a series of K-free Ga-ZSMS samples by one-pot synthesis for
comparison. As indicated by the HAADF-STEM images
(Figures S8—S11), the dispersion of the Ga species within
the ZSM-S zeolite crystallites is indeed improved in the
absence of K*. However, the catalytic results of the K-free Ga-
ZSMS samples show that the absence of K* will not promote
the activity of the Ga species (Figure S12), inferring that the K-
promoted Ga-ZSMS catalyst derived from a one-pot synthesis
can also be an active catalyst for EDH.

However, from a practical point of view, the Ga-ZSMS
catalysts give limited space-time yields of ethylene due to the
relatively low intrinsic activities of Ga species for C—H
activation. Recent studies show that, by the introduction of a
small number of noble metals (e.g,, Ir and Pt) in the oxide-
supported GaO, catalysts, considerable improvements in
activities for propane dehydrogenation reaction can be
achieved, suggesting the remarkable synergy of noble metals
and GaO, particles.””* In light of the prior works, we
hypothesize that if the Pt and GaO, species are both
encapsulated in a zeolite matrix, the resultant Pt-GaO, species
could be stabilized by the rigid zeolite framework, resulting in
highly active bimetallic sites for the selective transformation of
light alkanes with long-term stability.

To ensure the encapsulation of subnanometer Pt species in the
ZSM-S structure, the Pt-containing zeolite materials are also
synthesized by the one-pot method (Figure S13). The Ga
loading is fixed at ~3.0 wt % because of the good catalytic
performance of 3Ga-ZSMS for EDH, while the Pt loading is
tuned in the range of 0.004—0.4 wt %, giving the formation of a
series of yPt-3Ga-ZSMS samples (y refers to the loading of Pt).
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Figure 2. HAADF-STEM images of metal-zeolite materials with different compositions. (a) 3Ga-ZSMS, (b) 0.04Pt-ZSMS, (c) 0.011Pt-3Ga-ZSMS,
(d) 0.04Pt-3Ga-ZSMS, (e) 0.15Pt-3Ga-ZSMS, and (f) 0.43Pt-3Ga-ZSMS samples. In the 3Ga-ZSMS sample, we can observe the presence of GaO,
clusters within the ZSM-S crystallites. In the 0.04Pt-ZSMS sample, small Pt nanoparticles are observed. Regarding the 0.011Pt-3Ga-ZSMS and
0.04Pt-3Ga-ZSMS samples, they show a morphology similar to that of the 3Ga-ZSMS sample because the Pt species predominantly exist as
atomically dispersed species, which are not visible in these low-magnitude HAADF-STEM images. In the 0.15Pt-3Ga-ZSMS and 0.43Pt-3Ga-ZSMS5
samples, some Pt clusters and nanoparticles with high contrast (brightness in the HAADF-STEM images) are observed due to the high Pt loadings.
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Figure 3. Characterization of the 0.04Pt-3Ga-ZSMS sample by high-resolution electron microscopy. (a,b) Low-magnitude HAADF-STEM images
of the 0.04Pt-3Ga-ZSMS sample, showing the presence of GaO, clusters. Due to the low magnitude, the single Pt atoms are not visible in these
images. (c,e) High-resolution HAADF-STEM images of Pt-GaO, clusters and (d,f) corresponding intensity profiles of the Pt-GaO, clusters. The
baselines of the contrast profiles are influenced by the thickness of the zeolite support. Nevertheless, based on the working principle of the HAADF-
STEM imaging technique, the positions of the single Pt atoms can be determined due to their much higher contrasts than the neighboring atoms
(Ga or O atoms). (g—j) Representative HAADF-STEM and the paired iDPC-STEM images of the Pt-GaO, clusters in the 0.04Pt-3Ga-ZSMS
sample, which indicate their locations in the sinusoidal 10MR channels of the ZSM-5 zeolite. The sinusoidal and straight I0MR channels are
marked in the iDPC-STEM images.
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Figure 4. Characterization of PtGa-ZSMS materials by X-ray absorption spectroscopy. Pt Li;-edge XANES (a) and EXAFS (b) spectra and
references (Pt foil and PtO,). Ga K-edge XANES (c) and EXAFS (d) spectra and references (Ga foil and Ga,03).

Table 1. Fit Results of the Pt L3-Edge and Ga K-Edge EXAFS Spectra

sample edge scattering pair CN
0.04Pt-3Ga-ZSMS Pt Pt—0O 3.79 £ 0.51
Ga Ga-0 4.07 + 0.35
0.43Pt-3Ga-ZSMS Pt Pt—Ga 6.59 + 0.50
Pt—Pt 0.61 + 0.23
Ga Ga—-0 4.85 £ 0.53

In the Ga-ZSMS sample, we observed the formation of GaO,,
nanoclusters within the ZSM-S crystallites (Figure 2a).
Regarding the Pt-ZSMS sample, small Pt nanoparticles with
particle sizes of 1—2 nm are observed (Figure 2b), and the
formation of Pt nanoparticles instead of subnanometer Pt
clusters should be related to the absence of reducible oxides as
anchoring sites for subnanometer Pt species.’

When the Pt loading is <0.04 wt %, the PtGa-ZSMS5 samples
exhibit almost the same morphology as the Pt-free Ga-ZSMS$
sample, and we can barely observe Pt clusters/nanoparticles in
the HAADF-STEM images (Figure 2c,d and Figures S14—
S17), implying that the Pt species are probably atomically
dispersed within the zeolite support. High-resolution HAADEF-
STEM images confirm the presence of atomically dispersed Pt
species in the 0.04Pt-3Ga-ZSMS sample, as indicated by the
profiles of the HAADF-STEM images (Figure 3a—f).
According to the paired HAADF-STEM and integrated
differential phase contrast (iDPC-STEM) images shown in
Figure 3g—j and Figure S18, a considerable amount of the Pt-
modified GaO, nanoclusters is located in the sinusoidal
channels of MFI zeolite.”® A further increase in the Pt loading
to 0.15 wt % will cause the formation of subnanometer Pt
clusters and a few Pt nanoparticles (Figure 2e and Figure S19),
as indicated by the bright particles in the HAADF-STEM
images. When the Pt loading is further elevated to 0.4 wt %, a
considerable number of PtGa bimetallic nanoparticles are
formed (Figure 2f and Figure S20), according to the energy-
dispersive spectroscopy (EDS) analysis (Figure S21). The

3550

R (A) o (A?) AE, (eV) R factor
1.99 + 0.01 0.001 + 0.0025 8.90 + 0.69 0.0065
1.78 + 0.01 0.0044 + 0.0011 1.50 + 1.25 0.0047
2.62 + 0.03 0.0063 + 0.002 228 + 1.21 0.013
2.78 + 0.02 0.007 + 0.003 2.28 + 1.21 0.013
1.81 + 0.01 0.0052 + 0.0013 1.67 + 0.22 0.0043

formation of PtGa bimetallic nanoparticles is likely caused by
the reduction of GaO, species promoted by Pt nano-
particles.””*® These results clearly show that the size
distributions of the Pt species are closely related to the Pt
loadings, which should be maintained at <0.15 wt % to ensure
the formation of subnanometer Pt species in Ga-ZSMS.

We further employed spectroscopic characterization techni-
ques to probe the dispersion of Pt species within the PtGa-
ZSMS samples. As displayed in Figure 4a, the in situ X-ray
absorption near-edge spectroscopy (XANES) results show that
the electronic properties of the Pt species are dependent on the
Pt loading. In the 0.43Pt-3Ga-ZSMS sample reduced by H, at
600 °C, Pt species mainly exist as metallic Pt species, while in
the case of the reduced 0.04Pt-3Ga-ZSMS sample, the Pt
species exist as positively charged Pt>" species, probably in the
form of Pt** species, according to the analysis of the white-line
intensity of the XANES spectra.””™*' In the 0.43Pt-3Ga-ZSMS$
sample, both Pt—Pt and Pt—Ga bonding is observed in the Pt
L;-edge EXAFS spectra, corresponding to the presence of PtGa
alloyed nanoparticles (Figure 4b, Figures $22—524, and Table
1). In the case of the 0.04Pt-3Ga-ZSMS sample, only the first-
shell Pt—O bonding is observed instead of Pt—Pt or Pt—Ga
bonding, implying the presence of isolated Pt’* species, which
is consistent with the electron microscopy images.

According to the in situ XANES spectra, the Ga species in
the two PtGa-ZSMS samples should predominantly exist in the
form of Ga®* species because the XANES spectra almost
resemble that of the Ga,O; standard sample (Figure 4c). The

https://doi.org/10.1021/jacsau.4c00480
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Figure S. Catalytic tests of metal-zeolite catalysts for EDH. (a) Catalytic performances of Pt-ZSMS, Ga-ZSMS, and PtGa-ZSMS catalysts with
different Pt contents for EDH. (b) Catalytic performances of 0.04Pt-xGa-ZSMS catalysts with different Ga loadings. Reaction conditions: 600 °C,
200 mg of the catalyst, C,H¢/N, with a ratio of 1/9 and a total flow of 50 mL/min as the feed gas. (c) Initial specific activities of Pt-ZSMS, Ga-
ZSMS, and PtGa-ZSMS catalysts for EDH. These results were obtained under the kinetic regime and normalized to the total number of Pt atoms in
the sample. The conversion of C,Hg is controlled to be in the kinetic regime (ethane conversions below 15%) by varying the weight hourly space
velocity. It should be noted that, under our reaction conditions, the thermodynamic equilibrium conversion of ethane is 44.2% by assuring that
ethylene is the only product. (d) Specific forward reaction rate k; and productivity of 0.04Pt-3Ga-ZSMS and other catalysts reported in the
literature for EDH at 600—660 °C. The specific forward reaction rates of different catalysts were calculated based on the catalytic results presented
in the literature works. Detailed information about the catalysts is summarized in Table S3.

presence of Ga®* species in the PtGa-ZSMS samples is further
confirmed by the quasi in situ XPS characterization (Figure
S25), in which the sample is transferred to the analysis
chamber without exposure to air after reduction treatment by
H,. Only the first-shell Ga—O bonding is observed in the
EXAFS spectra, while the Ga—O—Ga bonding is barely
observed, which should be associated with the low sensitivity
of EXAFS for detecting the long-range bonding the Ga,0O;
clusters with particle sizes below 1.5 nm (Figure 4d and Table
1).*~* Though we have observed the formation of bimetallic
PtGa nanoparticles in the 0.43Pt-3Ga-ZSMS sample, a vast
majority of the Ga species are not in contact with Pt species,
resulting in the absence of Ga—Pt bonding in the Ga K-edge
EXAFS spectra. The predominant contribution of Ga,Oj; in the
PtGa-ZSMS samples is supported by the absence of reduction
peaks in the temperature-programmed reduction (TPR)
profiles due to the negligible reducibility of Ga,O; nano-
particles (Figure S26).

We employed EDH as the probe reaction to study the catalytic
performances of the PtGa-ZSMS catalysts with different
compositions and structural features. Initially, we tested a
series of 3Ga-ZSMS catalysts promoted with different Pt
loadings. As shown in Figure Sa, when testing under the same
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conditions (feed composition, reaction temperature, weight
hourly space velocity, etc.), the ethane conversion greatly
depends on the composition of the solid catalyst. For
monometallic Pt-ZSMS and Ga-ZSMS samples, low activities
are obtained. Interestingly, even after the addition of ~80 ppm
Pt, the initial ethane conversion can be promoted by nearly
four times, increasing from ~5 to ~20%. When the Pt loading
is further elevated to ~400 ppm (i.e., the 0.04Pt-3Ga-ZSMS$
sample), a high initial conversion and good stability can be
achieved. Interestingly, a further increase in the Pt loading to
0.15 wt % will lead to a catalyst with similar initial ethane
conversion but a faster deactivation rate. This tendency is more
marked in the 0.43Pt-3Ga-ZSMS sample, indicating that the
stability of the PtGa-ZSMS catalysts against deactivation under
the EDH conditions also depends on the Pt loading. The
kinetic measurements on the reaction order of ethane in the
EDH are also in line with the activity results, in which we have
observed different reaction orders of ethane in three metal-
zeolite catalysts, implying that the nature of the active sites
may vary with the Pt loading (Figure $27).*%*

As shown in Figure $28, at the initial stage, the relatively low
selectivity to ethylene is caused by the coke deposition on the
acid sites, which accounts for the production of side products
(mainly in the form of aromatics). With the increase in the
coke content, the selectivity to ethylene increases substantially.
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It should be noted that after ~6 h, the catalyst reaches a
relatively stable state for the ethane dehydrogenation reaction,
which could be caused by the blocking of the acid sites by
coke, as probed by Raman spectra of the spent catalysts
(Figure S29).

We calculated the normalized mass activity of various PtGa-
ZSMS catalysts to figure out the intrinsic activity of different
types of Pt species in various catalysts. As displayed in Figure
Sc, a plateau of specific activity is observed when the Pt loading
is <0.011 wt %, and the normalized activity gradually decreases
with the Pt loadings above 0.011 wt %. By correlating the
catalytic results and the structural characterizations of the
PtGa-ZSMS samples, we tentatively think that atomically
dispersed Pt species formed in Ga-ZSMS are the most efficient
species for EDH, while monometallic Pt clusters, bimetallic
PtGa clusters, or PtGa nanoparticles are less active. The
comparison of the 0.04Pt-3Ga-ZSMS sample with the reported
catalysts made with Pt-based clusters/nanoparticles further
confirms the superior performances of the atomically dispersed
Pt species on Ga,O; clusters in terms of the specific activity
normalized to Pt mass and the specific forward reaction rates
derived from thermodynamic calculations (see the calculation
method in Supplementary Note 1 and the performance
summary in Figure 5d and Table S3).*” We would like to
emphasize that the high specific activity obtained with the Pt—
Ga, 05 sites is achieved under the condition of H,-free in the
EDH reaction feed, which is different from the catalytic
behavior of the Pt-GaO, sites formed on Al,O;, in which the
cofeeding of H, is necessary for achieving high activity in the
propane dehydrogenation reaction.'®**

The above results demonstrate the sensitivity of the
dispersion of Pt species in the Ga-ZSMS catalyst for EDH.
Considering that the size of Ga,0j; particles in the Ga-ZSMS
samples can be modulated by the Ga loading, we further study
a series of PtGa-ZSMS catalysts with the same Pt loading (0.04
wt %) but varied Ga loadings (0.5 to 4.8 wt %). As presented
in Figures S30 and S31, morphological characterizations by the
HAADEF-STEM imaging technique show that, in the case of
PtGa-ZSMS samples with low Ga loadings (0.5 and 1.4 wt %),
small Ga,O; clusters are well-dispersed within ZSM-§
crystallites. Consequently, it is speculated that the probability
of forming sufficient bimetallic Pt—Ga,O; sites will be low due
to the low densities of Pt and Ga sites across the ZSM-$
crystallites. In the case of the PtGa-ZSMS sample with a Ga
loading of 4.8 wt %, Ga,O; nanoparticles of >1.5 nm are
formed, which may exhibit different catalytic properties from
the single Pt atoms supported on Ga,O; nanoclusters, because
the electronic properties of Ga,O; particles can vary
substantially with the particle size (Figure $32).***

As presented in Figure Sb and Figure S33, only the PtGa-
ZSMS catalyst with a Ga loading of 3.0 wt % shows high
activity for EDH, while catalysts with lower or higher Ga
loadings give poor performances. In addition, we have
prepared several PtGa-ZSMS catalysts with fixed Pt and Ga
loadings but with varied Si/Al ratios (see compositions in
Table S2). As shown in Figure $34, 0.04Pt-3Ga-ZSMS with a
Si/Al ratio of 56 (the characterizations of the PtGa-ZSMS
catalysts with different Si/Al ratios are shown in Figures S35—
S39) exhibits the best performance. Though the 0.04Pt-3Ga-
ZSMS with a Si/Al ratio of 56 shows a relatively low selectivity
to ethylene due to the side reactions on acid sites in ZSM-S$, its
selectivity can be promoted by increasing the prereduction
temperature to 650 °C before the EDH test. In the long-term
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stability test shown in Figure S40, after the induction period
(~10 h) for blocking the undesired acid sites by coking, a high
selectivity to ethylene can be obtained, accompanied by a slow
deactivation rate at 600 °C. The electron microscopy
characterizations suggest that the domain size of the Ga,0O;
particles is also dependent on the Si/Al ratio. Considering the
structural complexity of PtGa-ZSMS catalysts with different Si/
Al ratios (crystallinity of ZSM-S, spatial distribution of Ga,04
and Pt species, and the particle size of Ga,0;), the structure—
reactivity relationship for ethane dehydrogenation reaction is
established on the PtGa-ZSMS5 samples with a fixed Si/Al ratio,
as will be shown later in this manuscript on studying the
impact of the domain size of Ga,O; species.

The high-temperature stability is a critical issue with
supported single-atom catalysts, especially during consecutive
oxidation—reduction treatments. As shown in Figure S41, the
Al,O;-supported PtGa catalyst with similar Pt and Ga loadings
to the 0.04Pt-3Ga-ZSMS sample suffers severe sintering of Pt
species into large nanoparticles after three consecutive
oxidation—reduction treatments at 600 °C. By confining the
Pt species inside the ZSM-S crystallites, the high dispersion
state of Pt species can be maintained after harsh treatments
after the same aging treatment (Figure S42). We have also
tested the stability of the 0.04Pt-3Ga-ZSMS catalyst for
consecutive reaction—regeneration cycles at 600 °C. As
shown in Figures S43 and S44, both its catalytic performance
and morphology are maintained after the cyclic tests. The
above catalytic results demonstrate that by confining the
bimetallic Pt—Ga,O; sites made by single Pt atoms dispersed
on Ga,0; nanoclusters in ZSM-5 zeolite, both high activity
and stability for the ethane dehydrogenation reaction can be
achieved, demonstrating a new concept of designing atomically
dispersed noble metal catalysts for reactions under harsh
conditions.

To gain further insight into the distinct catalytic properties of
various PtGa-ZSMS catalysts, we have constructed several
computational models to study the performances of the
representative active sites by DFT calculations (Figure S45).
We first study the activation of ethane on a bimetallic
PtGa(111) surface, in which two types of exposed Pt sites are
modeled.*® As shown in Figure 6a,b, on the Pt-rich PtGa(111)
surface with a continuous Pt; ensemble (denoted as the
PtGa(111)-Pt; site), low energy barriers for activation of
ethane are obtained, but the consecutive dehydrogenation of
ethylene is very likely to occur as implied by the low energy
barrier of the activation of C—H bonds in ethylene. As a result,
the overdehydrogenation of ethylene will induce the coke
formation on PtGa(111)-Pt; sites and rapid catalyst
deactivation. In the case of the PtGa-terminated PtGa(111)
surface with an isolated Pt atom (denoted as the PtGa(111)-
Pt, site), high activity and stability against coke deposition can
be obtained. The catalytic results show that the 0.43Pt-3Ga-
ZSMS sample exhibits low normalized Pt mass activity in the
EDH test, which could be caused by the low abundance of the
PtGa(111)-Pt, site in the realistic catalyst.

In addition, several models made by gallium oxide clusters
and a single Pt atom are constructed in MFI-type zeolite to
understand the catalytic behavior of PtGa-ZSMS catalysts
(Figures S46—S51 and Tables S4—S9). The extra framework
species are located in the sinusoidal channels according to the
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Figure 6. Theoretical studies on ethane dehydrogenation over PtGa-
based catalysts. (a) Reaction mechanism for ethane dehydrogenation.
(b) Activation energy for the elementary reaction steps during ethane
dehydrogenation over different catalytic models. (c) Schematic
diagram of the catalytic mechanism for ethane dehydrogenation
over PtGa-ZSMS catalysts. (d) Trend diagrams of the reaction activity
and durability over different catalytic models.

HAADF-STEM and iDCP-STEM images (Figure 3). As
shown in Figure 6b and Figure 6d, without the Pt promoter,
the Ga,Oy cluster gives high energy barriers for activating C—
H bonds in ethane, which is consistent with the low catalytic
activities observed with the Ga-ZSMS samples. After
introduction of an isolated Pt(II) atom onto the Ga,Oq
cluster, the PtGa,O, structure (combination of PtO and
Ga,O) shows much lower energy barriers for cleavage of the
C—H bonds in ethane. Furthermore, if the single-atom Pt
promoter is located on a Ga,Oj cluster, the energy barrier for
activating the C—H bonds will be considerably elevated,
resulting in low catalytic activity. The insights derived from
theoretical calculations are in line with our catalytic testing
results, in which we have observed that the PtGa-ZSMS5 sample
with very small Ga,O; nanoclusters gives low activities, while
the PtGa-ZSMS sample with Ga,O; nanoclusters of ~1 nm
shows high activity for EDH. Nevertheless, the low activity of
the 0.04Pt-4.8Ga-ZSMS sample comprising Ga,O; nano-
particles of >1.5 nm can be explained by the high energy
barriers for the recombination of H, on the Pt-modified
Ga,0,(100) surface (the PtO@Ga,0; model). This result can
also explain the lower dependence of the 0.04Pt-3Ga-ZSMS
catalyst on H, partial pressure in EDH than the Pt-GaO, sites
on the Pt—Ga,0;/Al, 05 catalyst, which relies on the cofeeding
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of H, in the reaction feed for propane dehydrogenation
reaction.”

We further conducted experiments to validate the
conclusions drawn from theoretical calculations. The high
capability of the Pt-promoted Ga,O; cluster for ethane
activation is confirmed by the temperature-programmed
surface reaction (TPSR) profiles, in which the 0.04Pt-3Ga-
ZSMS sample starts to produce ethylene at 326 °C, while other
catalysts require much higher temperatures to initiate the EDH
process (Figure $52). The TPSR results match well with those
from the isotopic study, in which we can observe higher
exchange rates of C—H with D, on Pt-promoted Ga,0O;
nanoclusters than on PtGa alloy nanoparticles (Figure SS53).

With information obtained from theoretical and exper-
imental approaches, we can now propose the reaction
mechanism of EDH on the PtGa-ZSMS catalyst (Figure 6¢).
The cleavage of the first C—H bond on PtGa,O, clusters
results in forming *C,H; intermediate adsorbed on the Pt site
and the Ga—OH species. After the cleavage of the second C—
H bond, the C,H, product will desorb from the active site, and
the recombination of the *H species proceeds via the H-
transfer from Ga—OH to the Pt site. Compared to the EDH on
the Ga,Og cluster and the Pt-modified Ga,O; surface, the H,
recombination step on the PtGa,O, cluster can proceed with a
lower energy barrier. The above-mentioned reaction mecha-
nism has been verified by in situ IR experiments. As shown in
Figure SS54, an increase in the amount of Ga—OH species is
observed after the adsorption of C,Hy on the 0.04Pt-3Ga-
ZSMS sample accompanied by the formation of C,H, species
on the catalyst surface, which is consistent with the occurrence
of EDH and the formation of Ga—OH species suggested by the
theoretical calculations. During the purging treatment with
argon, the adsorbed hydrocarbon species are removed from the
catalyst surface together with the desorption of H,, resulting in
the decrease in Ga—OH species.

The coke deposition caused by the overdehydrogenation of
C,H, on the active sites is another critical issue associated with
the catalyst’s stability in the reaction stream. As displayed in
Figure 6b,d, the theoretical calculations show that the energy
barrier for the cleavage of the C—H bond in C,H, is lower on
the Pt-modified Ga,0,(100) surface (the Pt@Ga,O; model
with a barrier of 1.05 eV) than on the PtGa,O, cluster (2.1
€V). Our control experiment with a reference Pt—Ga,0;/
Al,O; sample indeed shows a faster deactivation rate than the
0.04Pt-3Ga-ZSMS5 sample for EDH under the same condition
(Figure SSS).

The simultaneous presence of acid sites and metal sites in the
PtGa-ZSMS catalyst enables the possibility of a direct coupling
reaction of ethane and benzene via the tandem ethane
dehydrogenation and ethylene alkylation reaction on Pt—
Ga,0; sites and the Bronsted acid sites from the ZSM-5
zeolite, respectively (Figure 7a). As shown in Figure 7b—e, the
3Ga-ZSMS sample gives very low ethane conversion and
negligible benzene conversion, which could be associated with
its low capability for the ethane dehydrogenation reaction. The
0.04Pt-3Ga-ZSMS5 sample exhibits both good activity and good
selectivity to ethylbenzene (close to 80%) in the direct
ethane—benzene coupling reaction. Further increases in the Pt
loading will not cause a further increase in yields of aromatics,
which could be ascribed to the lower alkylation activity of the
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Figure 7. Catalytic performances for the ethane—benzene coupling reaction. (a) Schematic diagram of the reaction of ethane and benzene to
ethylbenzene. (b) Conversion rates of ethane and benzene on different metal-zeolite catalysts. (c) Stability test of the 0.04Pt-3Ga-ZSMS catalyst for
the ethane—benzene coupling reaction. The reaction rates of ethane and benzene as well as the selectivity to ethylbenzene are displayed. (d)
Product distribution of different metal-zeolite catalysts calculated based on ethane. (e) Product distribution of different metal-zeolite catalysts
calculated based on benzene. Reaction conditions: 400 °C, a mixture of ethane and benzene (ethane/benzene molar ratio of 9) as the reaction feed,
and weight hourly space velocity at 0.71 h™' based on ethane. The other products shown in panels (e—d) are mainly made by trimethylbenzene and

other heavy aromatics.

0.43Pt-3Ga-ZSMS sample, as implied by its lower activity for
benzene conversion (Figure 7b). Previous work shows that the
extra framework Pt species may prefer to be located around the
Bronsted acid sites, which may partly neutralize the acidity.*'
In comparison with the reported materials for this reaction, the
0.04Pt-3Ga-ZSMS sample gives the highest normalized activity
to date, suggesting the high catalytic efficiency of atomically
dispersed Pt sites on Ga,O; nanoparticles for activation of light
alkanes and the synergy of metal active sites and Brensted acid
sites confined in a zeolite matrix as a bifunctional catalyst
(Table S10). The stability test with the 0.04Pt-3Ga-ZSMS
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sample confirms its good stability for >45 h with a minor
decrease in activity but a slight increase in selectivity to
ethylbenzene.

At the current stage, the ethane—benzene coupling reaction
catalyzed by the PtGa-ZSMS catalyst cannot directly compete
with the industrial ethylene—benzene alkylation process in
terms of efficiency and techno-economy.”">> From a practical
point of view, the PtGa-ZSMS catalyst may have some
advantages in the synthesis of long-chain alkylbenzene by the
direct coupling of long-chain alkanes and benzene through a
tandem dehydrogenation—alkylation process. For that purpose,
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the porosity of the ZSM-S zeolite needs to be adjusted for
accommodation of the reactants and products, which are larger
than those in the ethane—benzene coupling reaction.

In this work, we have shown the generation of subnanometer
bimetallic Pt-GaO,, sites confined in ZSM-S zeolite as active
and stable sites for the activation of ethane. The bimetallic Pt-
GaO, clusters follow different reaction mechanisms compared
to the conventional bimetallic PtGa clusters, providing new
insights into understanding the nature of the atomically
dispersed metal catalysts supported on metal oxides or metal-
zeolite supports for activation of light alkanes.'®*® In
particular, the particle size of the oxide support for hosting
single metal atoms should also be carefully considered when
designing the active sites based on bimetallic metal oxide
clusters.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00480.
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