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ABSTRACT: Atomically dispersed noble metal catalysts have drawn
wide attention as candidates to replace supported metal clusters and metal
nanoparticles. Atomic dispersion can offer unique chemical properties as /s
well as maximum utilization of the expensive metals. Addition of a second Si
metal has been found to help reduce the size of Pt ensembles in bimetallic
clusters; however, the stabilization of isolated Pt atoms in small nests of
nonprecious metal atoms remains challenging. We now report a novel o™
strategy for the design, synthesis, and characterization of a zeolite- ; I ) ’?i'gﬁz;>l";z“'8§i< Y
supported propane dehydrogenation catalyst that incorporates predom- M Y d
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inantly isolated Pt atoms stably bonded within nests of Zn atoms located TN /S{\

within the nanoscale pores of dealuminated zeolite Beta. The catalyst is

Nested Pt single atom (=Si-O-Zn), (Pt

stable in long-term operation and exhibits high activity and high selectivity
to propene. Atomic resolution images, bolstered by X-ray absorption spectra, demonstrate predominantly atomic dispersion of the Pt
in the nests and, with complementary infrared and nuclear magnetic resonance spectra, determine a structural model of the nested

Pt.

Bl INTRODUCTION

Thermal dehydrogenation of propane (PDH), derived from
shale gas, is an attractive source of propene for manufacturing
polypropene, propene oxide, acrylic acid, and acrylonitrile.'
Current world demand for propene is rising at 6% per annum.”
Pt is the metal of choice as an industrial PDH catalyst because it
exhibits high activity for C—H bond activation and relatively low
activity for the undesired C—C bond cleavage.”*~"” However,
supported monometallic Pt clusters undergo rapid deactivation
caused by coke formation and sintering at the hiégh temperatures
(>773 K) required for this endergonic reaction.”**’ Cluster size
affects all aspects of the performance of Pt for PDH.'>'7'#20723
As Pt dispersion increases from 2 nm clusters to single atoms, the
turnover frequency (TOF) for propane consumption increases,
as does the propene selectivity, and catalyst stability parallels
propene selectivity.”' Incorporation of other elements (e.g,,
Cu,* Zn,*'%1% Fe,”S Ga,2° In,”” Sn,"?* Mn,”® Co,”® and La")
reduces the size of Pt ensembles on the bimetallic Pt cluster
surfaces. Both the reduction in Pt cluster size and the addition of
a second metal reduce the activation barrier for propene
desorption relative to that for further dehydrogenation, which is
undesired because it leads ultimately to coke formation and
catalyst deactivation.'®*° This benefit is strongest for isolated Pt
atoms which exhibit a slight positive charge”' and for additive
metals that lower the d-band center of the metal of small Pt
clusters (e.g, Sn and In); however, in the latter case this
beneficial effect is offset by a loss in specific activity.'*** An
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alternative approach to achieving high activity, selectivity, and
stability is to produce isolated Pt atoms that are stabilized in
small nests of nonprecious metal atoms, such as Zn. Although
several attempts to do so have been reported,®' ' ~*? it remains
a challenge to isolate the Pt atoms entirely within nests and to
achieve performance characterized by high mass-specific
activity, propene selectivity, and strong resistance to sintering
and deactivation during PDH. We now report attainment of
these goals.

We grafted Zn—OH groups to the individual hydroxyl groups
located with the silanol nests of dealuminated zeolite beta
(DeAIBEA),** and the nests of Zn—OH groups that formed
were used to anchor Pt atoms. We designate our catalysts as xPt-
yZn-DeAIBEA (x and y are atomic ratios of an element with
respect to the original inventory of Al). These materials were
characterized with complementary spectroscopic and micro-
scopic methods to show that Pt is predominantly dispersed
atomically as cations with an apparent oxidation state of ~ +4.
Taken in aggregate, our characterization results suggest that the
atomically dispersed Pt is present in complexes anchored to the
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Figure 1. Comparison of hydroxyl stretching region (A) and pyridine-adsorbed FTIR (B) of DeAIBEA and Zn-DeAIBEA. (C) Integration of pyridine-
adsorbed FTIR peak signal at 1610 cm™. (D) UV—vis results characterizing DeAIBEA and Zn-DeAIBEA. (E) UV—vis Zn edge energy characterizing
Zn-DeAIBEA samples. (F) UV—vis signal intensity normalized by Zn molar amount. "H NMR spectra of (G) DeAIBEA, (H) 0.36Zn-DeAIBEA, and

(I) 0.1Pt-0.36Zn-DeAIBEA.

zeolite, which we refer to as (=Si—O—Zn),_¢Pt. These
structures exhibit an intrinsic PDH activity that is higher than
that reported for PtZn-based PDH catalysts and a selectivity and
stability that are among the best reported.

Bl RESULTS AND DISCUSSION

Creation of =S5iOZn—OH Nests in DeAIBEA. *’Al NMR
spectra of H-BEA and DeAIBEA indicate essentially complete
removal of framework and extra-framework Al upon deal-
umination (Figure S3A in the Supporting Information);*
consistent with this result, ICP analysis to determine the Al
content of H-BEA before dealumination gave a value of 2.54 wt
%, with the analysis of the zeolite after dealumination giving a
value of 0.01—0.02 wt %, indicating that more than 99.2% of the
Al had been removed. However, no changes in the zeolite lattice
structure were observed by XRD (Figure S1A). Further
indications of changes upon dealumination were obtained by
comparison of the IR spectra of the H-BEA and DeAIBEA.
Figure S2 in the Supporting Information shows that H-BEA has
characteristic bands at 3743 cm™ (isolated silanol), 3606 cm™
(Brensted acid O—H groups), 3660 cm ™", and 3780 cm ™" (Al—
OH groups).*® After dealumination, the bands characterizing all
Al-related —OH groups disappeared, and a large number of
internal silanol groups were created, characterized by bands at
3728 cm ™! and a broad, intense absorption characterizing silanol
nests, centered at 3500 cm™.**7*® These changes indicate that,
upon dealumination, internal silanol groups and silanol nests
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were created within the crystalline zeolite framework.>
Additional evidence for dealumination and the formation of
silanol nests was obtained from an IR spectrum of adsorbed
pyridine on DeAIBEA, presented in Figure S2B in the
Supporting Information. Almost all of the bands characterizing
pyridine interactions with Bronsted acid (1545 and 1637 cm™"),
Lewis acid (1620 and 1455 cm™), and the combination of
Bronsted and Lewis acid (1490 cm™) sites disappeared
following dealumination. Instead, two new bands appeared, at
1592 and 1445 cm™, that are assigned to the interaction of
pyridine with H atoms of the Si—OH groups in the silanol nests
in DeAIBEA.*

The method of Zn introduction into DeAIBEA to produce
Zn-DeAIBEA is summarized in Experimental Methods. FTIR
spectra of Zn-DeAIBEA show that the band characterizing
silanol nests at 3500 cm™' of DeAIBEA decreased in intensity
(Figure 1A), as did the bands for pyridine hydrogen-bonded
with silanol nests, at 1592 and 1445 cm™' (Figure 1B).
Concomitantly, two new signals appeared, at 1610 and 1450
cm™, assigned to pyridine interacting with Zn Lewis acid sites
(Figure 1B). The intensities of these peaks increased linearly
with the Zn/Al ratio in the range of 0.12—0.36 (Figure 1C).

UV—vis spectra of Zn-DeAIBEA samples (Figure 1D) show
that, after grafting of Zn, the broad absorption centered at ca.
200 nm and ascribed to =Si—OH groups lost intensity,””**
result of the reaction of these groups with Zn. A new absorption
signal appeared at ca. 190 nm that is similar to that reported at
195 nm for charge transfer transitions of grafted Zn species with

https://doi.org/10.1021/jacs.1c10261
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Table 1. Summary of EXAFS Fit Parameters at Zn K-Edge Characterizing 0.36Zn-DeAIBEA and 0.04Pt-0.36Zn-DeAIBEA after

Treatments under Various Conditions”

sample scattering path N R (A) Ac® X 10° (A?) AE, (eV) R-factor  reduced y*

pretreated 0.36Zn-DeAIBEA (Zn-containing zeolite) Zn—0, 20+ 1.0 1.88 + 0.08 9+35 32+36 0.02 558
Zn—7n 0.8 +0.8 2.66 + 0.10 7+2 —89 +2.6
Zn—(0)-Si 0.8 +0.6 3.12 +£0.11 S+5 32+36

as-synthesized 0.04Pt-0.36Zn-DeAIBEA Zn—0O, 43+03 1.95 £ 0.01 8+4 0.4 + 0.9 0.01 131
Zn—(0)=Si  0.6+02  3.15+0.08 422 0.4 %09

pretreated 0.04Pt-0.36Zn-DeAIBEA Zn—0O, 19+02 1.90 + 0.06 8§+4 21+19 0.02 256
Zn—7n 0.6 +0.1 2.70 + 0.04 7S =72+41
Zn—(0)=Si  0.5+01  3.17 + 0.06 4+2 21419

postcatalytic reaction 0.04Pt-0.36Zn-DeAIBEA Zn—0y 22+0.1 1.90 + 0.06 8+4 0.5+0.8 0.02 301
Zn—Zn 0.5+0.2 2.68 + 0.06 7+£S —4.5+2.9
Zn—(0)=Si 0.5+03 3.17 + 0.06 4+£2 0.5+0.8

“The range in k was 3.0—10.0 A™', and the fit range in distance r was 1.0—3.3 A. Notation: N, coordination number; R, scattering path length
between the absorber and the scattering atom; Ac¢?, mean square relative displacement; AE,, inner potential correction. O, denotes single-scattering
Zn—0Oy, Zn single-scattering Zn—Zn, and Si single-scattering Zn—(O)—Si.
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Figure 2. XAS results characterizing 0.36Zn-DeAIBEA after exposure to flowing He at 823 K for 30 min and cooling to 298 K. (A) XANES spectra and
(B) Zn K-edge EXAFS data (magnitude of the Fourier transform (FT) (k>-weighted)) and results of EXAFS modeling. Imaginary part (solid gray line)
and magnitude of the FT (k*-weighted) of data (solid black line) and calculated contribution (dashed red line). The range in k was 3.0—10.0 A™*, and

the fit range in radial distance was 1.0—3.3 A.

lattice O®~ in a zeolite framework.*”*” When the Zn/Al ratio
increased to 0.24 and then 0.36, the UV—vis absorption intensity
increased relative to that for 0.12Zn-DeAIBEA. For none of the
samples was an absorption band observed at 368 nm, consistent
with the absence of crystalline ZnO."" Further, in agreement
with this result, the photon absorption energy attributed to
ligand-to-metal charge transfer from O to isolated Zn(II) is
estimated to be 6.5 eV for all Zn-DeAIBEA samples (Figure 1E),
a value that is much greater than that for bulk ZnO (3.15 eV).*
Thus, the UV—vis edge energy data indicate that all the Zn
atoms introduced into DeAIBEA were grafted to the zeolite
framework and did not generate ZnO,, species, consistent with
the FTIR spectra characterizing adsorbed pyridine (Figure 1C).

Of further note, the UV—vis absorption intensity per Zn atom
increased linearly with the Zn/Al ratio (Figure 1F), suggesting
that, although the Zn atoms were grafted to the zeolite
framework, there were nonetheless weak interactions between
neighboring Zn sites when the Zn/Al ratio was >0.12. A possible
reason for these interactions is that, besides the charge transfer
from O atoms of the zeolite framework to Zn atoms (=Si—0 —
Zn), the O atoms of ZnOH groups also facilitate charge transfer
from O®” to neighboring Zn** ions (=SiOZn(HO) — Zn),
enhancing the intensity of the UV—vis signal. Therefore, the
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UV—vis spectra suggest that the =Si0Zn—OH species in the
=SiOZn—OH nests of 0.36Zn-DeAIBEA interact weakly.

The chemical changes occurring after H-BEA dealumination
and introduction of Zn were probed using NMR spectroscopy.
Creation of hydrogen-bonded =Si—OH groups in silanol nests
after H-BEA dealumination by nitric acid leaching was
confirmed by the '"H NMR signature (Figure 1G) at 3.6 ppm.
Introduction of Zn led to a loss of =Si—OH nest groups (peak at
3.6 ppm), consistent with the FTIR results. Moreover, the
relative intensities of the peaks at 2.4 and 2.7 ppm (2.8 ppm for
DeAIBEA) changed, with the 2.4 ppm signal showing much
higher intensity, indicating that the peak at 2.4 ppm is associated
with the newly introduced Zn—OH groups. Formation of
=SiOZn—OH species has been reported to be characterized by a
proton chemical shift of approximately 2.4 ppm (Figure 1H).*
The "H—*"Si cross-polarization (CP) NMR spectrum in Figure
S3B,C shows that, upon addition of Zn to the DeAIBEA
material, a peak appeared with an isotropic shift of —92.1 ppm
and a line width of 5.1 ppm for 0.36Zn-DeAIBEA, which is
attributed to the formation of =Si0Zn—OH (further details are
given in the Supporting Information). For reference, we note
that the chemical shifts characterizing =SiOZn—OH species in
various silicate frameworks exhibit a range of values from —88 to
—100 ppm.M_46

https://doi.org/10.1021/jacs.1c10261
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Figure 3. (A and B) HAADF-STEM images of as-prepared 0.04Pt0.36Zn-DeAIBEA. Panel C is an enlargement of the region in the yellow square in
panel B; the yellow circles show the position of Pt atoms; C1 and C2 are intensity profiles along the green arrows in C. Panels D—F are enlarged images
of the dotted blue areas (1—3) in panel C, in which the yellow dotted circles are drawn around individual Pt atoms.
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Figure 4. (A and B) HAADF-STEM images of 0.04Pt0.36Zn-DeAIBEA after He pretreatment at 823 K. Panel C is an enlargement image of the yellow
square in panel B, with the yellow circles showing the position of Pt atoms; C1 and C2 are intensity profiles along the green arrows in panel C. Panels
D—F are enlargements of the dotted blue areas (1—3) in panel C, in which the dotted yellow circles are drawn around individual Pt atoms.

Cs-corrected, high-angle annular dark-field scanning trans- high dispersion of the introduced Zn atoms. As the Zn/Al ratio
mission electron micrographs (HAADF-STEM) of Zn-DeAl- increased to 0.24 (Figure S4B) and then 0.36 (Figure S4C), very
BEA with Zn/Al ratios of 0.12—0.36 are presented in Figure
S4A—C in the Supporting Information. Individual Zn atoms
could not be distinguished in the images of 0.12Zn-DeAlIBEA
(Figure S4A), even with 2 nm resolution, and only the lattice number of Zn and the weak contrast with the atoms of the

image of the BEA zeolite is evident, indicating the extremely zeolite support.

small Zn clusters (1—2 nm in diameter) appeared; smaller Zn

clusters were challenging to image because of the low atomic
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Further detailed information about the =SiOZn—OH species
was obtained from X-ray absorption spectra recorded at the Zn
K-edge for 0.36Zn-DeAIBEA after a pretreatment in He at 823
K. The Zn K-edge EXAFS data show that the Zn nests were
characterized by a Zn—O coordination number of 2.0 + 1.0 at a
bonding distance of 1.88 + 0.08 A and a Zn—(O)-Si
coordination number of 0.8 + 0.6, consistent with the presence
of Zn in a mixture of species within the silanol nests and with the
UV—vis and STEM results. Because the data also showa Zn—Zn
coordination number of about 1 at a distance of 2.66 A (Table 1
and Figure 2), we infer that some of the Zn atoms were located
in close proximity to one another within the nests.

In summary, the IR, UV—vis, and NMR spectra demonstrate
that Zn Lewis acid sites introduced into the silanol nests of
DeAIBEA are stabilized by M—O—Si bonds. The STEM images
demonstrate the presence of =SiOZn—OH nests, and the UV—
vis spectra, STEM images, and XAS data suggest that these
groups interact weakly with each other. As discussed in the next
section, the 0.36Zn-DeAIBEA was chosen as the support for Pt
atoms.

Dispersion of Pt in =SiOZn—OH Nests. Pt was added to
Zn-DeAIBEA as described in Experimental Methods. HAADF-
STEM images of as-prepared 0.04Pt-0.36Zn-DeAlBEA at
various resolutions are presented in Figure 3A—F. The white
spots evident in panels A and B of Figure 3, taken with
resolutions of 5 and 2 nm, respectively, might at first be taken as
evidence of nanoparticles. However, when the resolution is
increased to 1 nm (Figure 3C), it is clear that these spots
comprise isolated Pt atoms. An enlargement of areas 1—3 in
Figure 3C is shown in Figure 3D—F; panels C1 and C2 in Figure
3 show line scans of the signal intensity for areas 1 and 2. The
bright spots in Figure 3C1,C2 have diameters of ~0.2 nm,
consistent with their assignment to individual Pt atoms. Figure
3D—F shows that the Pt atoms are spaced 3.6—11 A apart. We
emphasize that these distances are markedly longer than
bonding distances and specifically longer than those in PtZn
alloy nanoparticles, for which distances of 2.69—2.86 A have
been reported, consistent with the value of 2.84 A for bulk
crystalline PtZn alloy.”'”"* The dispersion of Pt in as-prepared
0.04Pt-0.36Zn-DeAIBEA as isolated atoms is a consequence of
the novel synthesis method, whereby Pt is introduced into nests
of =Si0Zn—OH groups grafted into DeAIBEA. In the absence
of such groups in the support, however, the introduction of Pt
produces Pt nanoparticles that are 5—20 nm in diameter and
clearly evident in the HAAD-STEM image shown in Figure S4D
in the Supporting Information.

XRD and BET measurements (Table SI in the Supporting
Information) confirm retention of the BEA zeolite framework
and the surface area of the support after the introduction of Pt.
"H NMR spectra show that the addition of Pt to the material
leads to consumption of =Si0Zn—OH species, bringing about a
lower intensity of the peak at about 2.4 ppm (Figure 11).*>*
"H—*°Si CP NMR spectra show an unchanged SiO, resonance
peak centered at an isotropic chemical shift of —111 ppm (the
same position observed for DeAIBEA and 0.36Zn-DeAlBEA,
Figure S3 in the Supporting Information), with a peak line width
of 4.4 ppm. The two =Si—OH peaks are centered at an isotropic
shift of —103 ppm with a line width of 4.6 ppm, along with a
broad peak at —99.6 ppm having a line width of 6.1 ppm. The
signal ascribed to =SiOZn—OH shows a significant shift to
—90.0 ppm and a line width of 6.4 ppm. Previous work has
shown that the isotropic chemical shift of *°Si in silicate
materials is highly sensitive to the Si—O—X bond angle (where X

= Si or Zn) and distance.**~*° The addition of Pt to the 0.36Zn-
DeAIBEA causes a wider distribution of Si—O—X bond angles,
which is reflected by a broadening and change in the *Si
isotropic chemical shift of the =Si—OH peak at —99.6 ppm and
the presence of =SiOZn—OH species at —90.0 ppm.

Additional information about the Zn and Pt environments in
as-prepared 0.04Pt-0.36Zn-DeAIBEA was obtained from X-ray
absorption spectra recorded at the Zn K and Pt Ly; edges. The
XANES spectra at these edges indicate that the formal oxidation
state of Zn continued to be 2+ and that of Pt 4+ after
incorporation of Pt. Further, the Zn K-edge EXAFS data show
that the =SiOZn—OH nests continued to have a Zn—Zn CN of
about 1 (Figures 2 and 6, Table 1; Figures S24 and S2S in the
Supporting Information), similar to that of the =$i0Zn—OH
nests prior to incorporation of Pt. Modeling of the Pt Ly-edge
EXAFS data is consistent with the presence of single, isolated Pt
atoms.

Fitting of the Pt Lj;-edge EXAFS data also indicates that each
Pt atom, on average, is coordinated to a number of Zn atoms,
with the number being in the range of about 4—6 (Figure 6B and
Table S1A and Figure S1S5 in the Supporting Information).
There is uncertainty associated with this coordination number.
We thus fitted the Pt Lj-edge EXAFS data using several models,
with this coordination number being a variable and,
alternatively, with the value being constrained to be 4, 5, or 6
(Table S1A in the Supporting Information). With the Pt—Zn
CN being a variable in the fitting, we found the value giving the
best fit according to the R-factor was 6 (Table SIA in the
Supporting Information). However, the A¢® parameter,
accounting for Debye—Waller-like distortion, is large for a
single scattering path at a bonding distance. This large Ac” value
implies variations in Zn coordination environments (a mixture).
This result can be attributed to the presence of multiple
scattering paths at similar distances that cannot be resolved in a
single structural model representing the sample. (We emphasize
that interference patterns in these similar scattering paths lead to
variations in the CN and Ac¢” values, because these two
parameters are highly correlated in the EXAFS fitting.) Thus,
proceeding with the values constrained as stated above, we
found satisfactory fits when the CN was fixed at 4, S, or 6 (Table
S1A in the Supporting Information). Significantly, the fitted Ac>
values decreased as the constrained CN value decreased from 6
to 4 (Table S1A in the Supporting Information) along with an
increase in the R-factor, a metric determining the goodness of fit.
Thus, we conclude that the data are consistent with the presence
of a mixture of species in the nests, represented as (=Si—O—
Zn),_¢Pt.

As discussed below, we found that for 0.04Pt-0.36Zn-
DeAIBEA to exhibit stable activity for PDH, it was necessary
to pretreat the as-prepared material in He at 823 K for 0.5 h. We
therefore characterized this material following this pretreatment
(Figure 6) in order to establish what changes occurred in both
the Zn and Pt environments.

As shown in Figures S6A and S7 in the Supporting
Information, the white line of the as-synthesized Pt Ly-edge
XANES spectrum decreased in intensity when the sample was
heated to 823 K in flowing He—to an intensity essentially
matching that of metallic Pt. These results also show three
isosbestic points in the spectra (Figure S) that are clearly evident
in the data characterizing changes occurring during the
pretreatment, demonstrating that stoichiometrically simple
changes took place in the ligand environment of Pt during the
treatment.** ™" This observation suggests that a smooth
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Figure S. Isosbestic points of Pt L;; XANES spectra during treatment.
Pt Ly; XANES spectra of 0.04Pt-0.36Zn-DeAIBEA recorded during
treatment in flowing He as temperature was ramped from 298 to 823 K.

transformation from the initial to the final set of structures
occurred during the pretreatment. This behavior is not what
would be expected if the initial isolated Pt atoms had been
transformed into Pt and/or PtZn alloy nanoparticles with a
range of compositions (and sizes). HAADF-STEM images
(Figure 4) of 0.04Pt-0.36Zn-DeAIBEA after the pretreatment
are very similar to those of the as-synthesized sample, further
indicating that the Pt atoms were very well isolated before and
after pretreatment.

Zn K-edge XANES data for 0.04Pt-0.36Zn-DeAIBEA show
that heating shifted the absorption edge to lower energy, from
that of Zn?" initially to that of Zn with an average oxidation state
of +1 (Figures S9—S11 in the Supporting Information),
indicating a mixture of species suggested to be Zn’ and Zn*".
Thus, both the Pt and Zn were reduced upon heating of the
sample in flowing He, implying some form of autoreduction.

Although we attempted to identify the gas-phase products of this
process using online mass spectrometry, the sensitivity of the
instrument was not sufficient to establish what products had
formed.

Heating to 823 K in flowing He led to a marked change in the
Pt Ly-edge EXAFS pattern of 0.04Pt-0.36Zn-DeAIBEA.
Modeling of these data revealed the presence of only a single
Pt—Zn scattering path, with a Pt—Zn distance of 2.54 + 0.10 A,
and, again, a coordination number between 4 and 6 (Figures 6C
and S17 and Tables 2 and S1A)."”"* We emphasize that, as for
the as-prepared sample, there is uncertainty in the coordination
number. Thus, the data, shown in Table 2 and Figures S18 and
S19 in the Supporting Information, with additional fitting done
with constrained values of the Pt—Zn coordination number as
shown in Table SI1A in the Supporting Information, do not
determine a single structure and are instead consistent with a
range of structures, leading to the conclusion that the average
number of Zn atoms coordinated to Pt is best described as being
in the range of 4—6. The data could not be fitted with a Pt—Pt
scattering path that would have indicated the presence of Pt
clusters (Figure S20 in the Supporting Information).

The data do not determine the fraction of the =SiOZn—OH
nests containing Pt; however, the HAADF-STEM images
(Figure 3C) suggest that it was less than 1. An important result
is that these findings are inconsistent with the formation of PtZn
clusters or PtZn alloy nanoparticles. It has been reported that in
PtZn clusters containing roughly three Pt atoms each,” the Pt—
Pt CN is ca. 2.1, whereas, to repeat, for PtZn alloy nanoparticles,
the Pt—Pt CN is in the range of 1.6—3.6.'"* In sharp contrast,
our results show that for 0.04Pt-0.36Zn-DeAIBEA pretreated in
He at 823 K the Pt—Pt CN is indistinguishable from 0 (in
agreement with the observations mentioned above for the as-
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Figure 6. XAS results characterizing 0.04Pt-0.36Zn-DeAIBEA. (A) Pt Lj;-edge EXAFS data (magnitude of the Fourier transform (FT) (k*-weighted)),
(B—D) Pt Ly;-edge EXAFS data and results of EXAFS modeling, (E) Zn K-edge EXAFS data (magnitude of the FT (k*-weighted)), and (F—H) Zn K-
edge EXAFS data and results of EXAFS modeling for 0.04Pt-0.36Zn-DeAIBEA after various treatments: (A and E) as-synthesized 0.04Pt-0.36Zn-
DeAIBEA (pressed into a pellet) at 298 K in air (black), 0.04Pt-0.36Zn-DeAIBEA exposed to flowing He at 823 K for 30 min (red), and 0.04Pt-0.36Zn-
DeAIBEA after reaction in flowing C;Hg/He mixture (C;Hg:He molar ratio = 1:3 at 723 K for 30 min (blue)). (B—D and F—H) imaginary part (solid
gray line) and magnitude of the FT (k*-weighted) of data (solid black line), and the calculated contribution (dashed red line). The range in k was 3.0—

10.0 A™', and the fitted range in radial distance was 1.0—3.3 A.
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Table 2. Summary of Fit Parameters Representing EXAFS Data at Pt L;;; Edge Characterizing 0.04Pt-0.36Zn-DeAIBEA as
Synthesized and after Treatments under Various Conditions”

pubs.acs.org/JACS

sample scattering path N R (A) Ao X 10° (A?) AE, (eV) R-factor  reduced y*

as-synthesized 0.04Pt-0.36Zn-DeAIBEA, model 1 Pt—O, 5.6 + 1.0 1.99 + 0.04 4+2 103 £2.0 0.02 431
as-synthesized 0.04Pt-0.36Zn-DeAIBEA, Pt—O 5.4+ 0.6 1.99 + 0.04 3+1 10.0 = 1.1 0.01 142
model 2 Pt—(0)-Si  21+08 331007 343 64+ 3.1

as-synthesized 0.04Pt-0.36Zn-DeAlIBEA, Pt—O, 5.0+ 1.6 2.00 + 0.05 3+4 10.8 + 6.4 0.05 2233
model 3 Pt—(0)-Pt  10+19 3174010 8+ 10 —9.6 + 42.0

pretreated 0.04Pt-0.36Zn-DeAlBEA, model 1 Pt—Zn 6.1 +0.4 2.54 +0.10 9+1 1.8 +0.5 0.02 215
pretreated 0.04Pt-0.36Zn-DeAlBEA, model 2 Pt—Zn 5¢ 2.55 +0.09 8+2 1.8+ 0.5 0.02 627
pretreated 0.04Pt-0.36Zn-DeAlBEA, model 3 Pt—Zn 4° 2.55 +0.09 6+1 1.8 £ 0.5 0.02 981
postcatalytic reaction 0.04Pt-0.36Zn-DeAIBEA Pt—Zn 6.0 +0.2 2.55 £ 0.09 9+1 1.7 +0.8 0.02 193

“The range in k was 3.0—10.0 A™", and the fit range in distance r was 1 0—3.3 A. For a more detailed fitting, with constrained values of the Pt—Zn
coordination number, see Table SIA in the Supporting Information. “Notation: N, coordination number; R, scattering path length between the
absorber and the backscatterer atom; Ac?, mean square relative displacement; AE,, inner potential correction. O; denotes single-scattering Pt—O,,
Zn single-scattering Pt—Zn, and Pt single-scattering Pt—Pt. The R-factor is a measure of how closely the fit resembles that data. The reduced y* is a
statistical fitting metric normalized by the degrees of freedom. “These values were fixed in the fitting. Model 1 of the pretreated sample indicates a
better reduced y* value than models 2 and 3.

Scheme 1. Simplified Illustration of the Formation of a Pt Single-Atom Catalyst
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Figure 7. Catalyst performance data. (A) Propane conversion and propene selectivity for PDH catalyzed by 0.04Pt-DeAIBEA and 0.36Zn-DeAIBEA;
(B) effects of Zn loading of 0.04Pt-xZn-DeAIBEA on the propane conversion and propene selectivity; (C) effects of Pt loading of xPt-0.36Zn-
DeAIBEA on the propane conversion and propene selectivity; (D) effects of WHSV on propane conversion and propene selectivity catalyzed by
0.04Pt-0.36Zn-DeAIBEA at 823 K; (E and F) effects of 1/WHSV on propane conversion and propene selectivity and the fraction of ethane in C,
products for PDH reaction catalyzed by 0.04Pt-0.36Zn-DeAIBEA at 773 K. Reaction conditions (A—C): 0.02 g of catalyst for 0.04Pt-xZn-DeAIBEA (x
=0.12,0.24, 0.36), 0.04Pt-DeAIBEA, and 0.36Zn-DeAIBEA; 0.011 and 0.007 g of catalyst for 0.06Pt-0.36Zn-DeAIBEA and 0.1Pt-0.36Zn-DeAIBEA,
respectively, each mixed with 0.04 g of SiO,; atmospheric pressure, C;Hg/He = 10/30 mL(NTP) min™", P 1, = 25.3 kPa. Reaction conditions (E—F):

0.01 g of catalyst, Pc y, = 20.3 kPa. Note: WHSV is defined as the ratio of the mass flow rate of propane to the mass of Pt in the catalyst.

synthesized sample), indicating the extremely high dispersion of that the Pt—Zn structure is stable under reaction conditions

the Pt and verifying the STEM images shown in Figure 4D—F,
which—we reemphasize—provide the best basis for quantifying
the Pt dispersion.

The EXAFS data taken after the use of pretreated 0.04Pt-
0.36Zn-DeAIBEA for PDH for 1 h gave the same parameters
(within error) as those for the He-pretreated catalyst, indicating

21370

(Figure 6D, Table 2, and Figure S21 in the Supporting
Information). HAADF-STEM images (Figure S8) also show
that after 3 h of reaction at 823 K with a weight hourly space
velocity (WHSV) of 7390 gc ,/gp/h (which we, by
convention, refer to below in dimensions of h™}, vide infra),
the Pt atoms remained very highly dispersed.
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Hoff plot characterizing propane adsorption equilibrium constant determined from fit of data to eq S9. (D) Proposed reaction mechanism for PDH on

isolated Pt atoms.

The Zn K-edge EXAFS data also provide evidence for the
formation of the catalytically active species. Heating in He
reduced the average Zn—O CN from 4 in the as-prepared sample
to 2, with a Zn—O distance of 1.90 = 0.06 A. The best-fit model
indicates the presence of the aforementioned Zn—Zn con-
tribution similar to that of metallic Zn, at 2.70 + 0.04 A (Figure
6G, Table 1, and Figure S26 in the Supporting Information), but
the data are not sufficient to fit the expected Zn—Pt scattering
path (see the Supporting Information for details). These results,
combined with the Pt Ly; edge data, point to small zinc nests
containing isolated Pt atoms. Consistent with the Pt XAS data, in
situ Zn XAS data show almost no change during catalysis (Figure
6E, Table 1, and Figures S9 and S30 in the Supporting
Information).

Scheme 1 summarizes the chemistry of formation and
activation of Pt sites deduced from an examination of all of
the characterization data presented above. The first step involves
dealumination of zeolite H-BEA and creation of silanol nests
(consisting of four =Si—OH groups per Al atom removed).
Introduction of Zn creates =SiOZn—OH groups. If the silanol
nests are created by removal of two proximate Al atoms in 4-, S-,
6-, or 12-membered rings, then a nest consisting of up to eight
=SiOZn—OH groups can be created.”> >* The existence of
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proximate Al sites is reported to be common for BEA zeolite, and
for BEA zeolite with a Si/Al of 14, their presence was verified by
Co®" ion exchange experiments showing that approximately half
of the Al sites are in pairs.”* More recently, Tabor et al. reported
that both Al pair and “close unpaired Al” atoms are common for
BEA zeolite and that the fraction of Alin NNN and NNNN pairs
can vary from 40 to 65% in BEA for Si/Al < 18.> Pt grafted into
such a =SiOZn—OH nest interacts on average with four to six O
atoms of the ZnOH groups. When the as-prepared structure is
heated in He, autoreduction occurs to produce Pt atoms
interacting with four to six nearest-neighbor Zn atoms but no O
atoms. Taken together, the evidence from multiple analytical
methods leads to the deduction that Pt is atomically dispersed
and bound in the form (=Si—O—Zn),_¢Pt complexes. Evidence
suggesting the plausibility of such structures is provided by a
comparison with structure data characterizing a pure compound,
[Pd(ZnCp*),(CNtBu),].>" The XRD-determined Pd—Zn
lengths reported for this complex range from 2.43 to 2.48 A,
and the Zn—Zn distances are all 2.6 A. The Pd—Zn distance is
only slightly shorter than that characterizing Pt—Zn, 2.54—2.55
A, determined for our catalyst by EXAFS spectroscopy, and the
Zn—7n distance matches that determined for our catalyst by
EXAFS spectroscopy, 2.7 A (Table 1).
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Figure 9. Long-term stability test. (A) Long-term stability test for PDH catalyzed by 0.04Pt-0.36Zn-DeAIBEA without co-fed H, (P g, = 25.3 kPa,
WHSV = 1477 h ™, 823 K). (B) Long-term stability test for PDH catalyzed by 0.04Pt-0.36Zn-DeAIBEA with and without H, in the feed (P¢ y, = 25.3
kPa, Py, = 7.6 kPa, WHSV = 7390 h™", 823 K). (C) PDH catalyzed by regenerated 0.04Pt-0.36Zn-DeAIBEA [after 160 h PDH test, (A)] (Pcy, =253

kPa, WHSV = 1477 h™, 823 K).

Catalyst Performance. The PDH activity and selectivity of
0.04Pt-DeAIBEA, 0.36Zn-DeAIBEA, and 0.04Pt-0.36Zn-DeAl-
BEA are presented in Figure 7 for one set of reaction conditions.
0.04Pt-DeAIBEA and 0.36Zn-DeAIBEA exhibited comparable
and very low propane conversions of 2.4% and 2.5%,
respectively, and propene selectivities of 94% and 91%,
respectively. However, the propene selectivity of 0.36Zn-
DeAIBEA is more stable than that of 0.04Pt-DeAIBEA, which
steadily declined with time on stream (TOS). By contrast,
0.04Pt-0.36Zn-DeAIBEA pretreated in He exhibited both high
activity (propane conversion ~32%), high propene selectivity
(>99%), and excellent stability over 12 h of continuous
operation (Figure 7B). Thermal gravimetric (TG) analysis
showed that ~2.7 wt % coke accumulated after 12 h of reaction
(Pegy, = 25.3 kPa, WHSV = 7390 h™", 823 K) (Figure S31A in

the Supporting Information), corresponding to about 1.3 X 10~*
Seoke/ 8c.1, on average. We also note that after 12 h of reaction,

ICP analysis showed that the catalyst Zn content decreased from
~2.4 to ~2.0 wt %, with no detectable loss of Pt, so that the
Zn:Pt ratio was 8.

The influence of Zn loading on performance was evaluated for
catalysts with a constant Pt:Al atomic ratio of 0.04. (Al
concentration in the original H-BEA is used as a proxy for the
concentration of silanol nests in DeAIBEA.) As the Zn:Al atomic
ratio increased from 0.12 to 0.36, the propene selectivity
remained >99% for all catalysts (Figure 7B). However, the
activity increased somewhat as the Zn/Al ratio increased from
0.12 to 0.24, becoming almost constant for Zn/Al > 0.24.
Increasing the Zn/Al ratio (at a constant Pt/Al ratio) improved
catalyst stability, as more neighboring Zn sites were available to
isolate and anchor Pt atoms. The influence of Pt loading was
investigated separately with 0.36Zn-DeAIBEA (chosen as the
near-optimal Zn:Al ratio for stabilizing Pt atoms) (Figure 7C).
When the Pt:Al ratio was increased from 0.04 to 0.06 and 0.10
(at a constant Zn:Al ratio of 0.36), the mass of catalyst used for
each test was decreased correspondingly to keep the space
velocity (now defined as the molar flow rate of propane per Pt
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atom) unchanged. Virtually the same activity, selectivity, and
stability were observed for reactions carried out for Pt:Al ratios
0f 0.04 and 0.06. For 0.1Pt-0.36Zn-DeAIBEA, for which Zn:Pt =
3.6, the activity and selectivity were similar to that observed for
higher Zn:Pt ratios, but the catalyst was less stable (the first-
order deactivation rate constant ky,,. increased from 0.004 to
0.014 h™!, Figure S31B in the Supporting Information),
indicating that the Zn:Pt ratio should be kept at values >4 in
order to maintain catalyst stability.

The reaction kinetics and time-on-stream stability of 0.04Pt-
0.36Zn-DeAIBEA were examined in detail. When the WHSV
increased from 7390 to 29500 h™! at 823 K, the conversion
decreased from 32 to 18.3% (Figure 7D); the propene selectivity
remained >99%; no deactivation occurred during 12 h of
reaction. For reaction at WHSV = 29500 h™', the propene
turnover frequency (TOF) was ~6.8 mol C;Hg (mol Pt)™' s7*
(corresponding to a productivity of ~125 mol C3H, (g Pt)™"
h™').

A more detailed investigation of the influence of WHSV was
performed at 773 K. Figure 7E shows the effects of 1/WHSV on
propane conversion to propene and the fraction of ethane in C,
products for the reaction of propane catalyzed by 0.04Pt-
0.36Zn-DeAIBEA at 773 K. As the space time (1/WHSV),
which is proportional to the residence time, increased, the
conversion of propane to propene increased but then
approached the equilibrium value at 773 K (28.9% at 773 K
and an initial propane partial pressure 20.3 kPa). The blue
curves show that, coincidentally, the propene selectivity slightly
decreased from near 100% to about 99.5% because of the
enhanced cracking of propane at higher space times. Moreover,
as is shown in Figure 7F, the proportion of ethane formed by
hydrogenation of ethene, produced from cracking a small
fraction of the propane to methane and ethene, underwent
hydrogenation to ethane as 1/WHSYV increased.

A mechanism for PDH on isolated Pt atoms is proposed in
Figure 8D. This scheme is based on our previous density
functional theory (DFT) studies of PDH on Pt, clusters® and
related studies of PtZn'® and PtGa” intermetallic alloy catalysts.
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Propane adsorption is followed directly by the hydrogen
abstraction from a methyl group, leading to a propyl group
and an H atom bonded to the Pt atom. The second hydrogen
abstraction also takes place on the Pt atom, followed by
desorption of propene and hydrogen. Desorption of propene
completes the catalytic cycle. Physisorption of propane is taken
to be quasi-equilibrated and the dissociation of the first C—H
bond to be rate-limiting. With these assumptions, the depend-
ence of the rate of PDH on propane partial pressure is given by
eq 1 (derived in section S4 of the Supporting Information,
Derivation of Rate Expression for Propane Dehydrogenation
Catalyzed by Isolated Pt Single Sites). In eq 1, the symbols r¢ s,

kqi, Kcpy and Py, represent propene formation rate, rate

constant for the first C—H bond cleavage as rate-limiting step,
adsorption equilibrium constant of propane, and propane partial
pressure, respectively.

kdlKC3H8PC3H8

1, =
ST Kepfon, (1

The kinetics of PDH were measured at high space velocities
(low conversions) to minimize the influence of propene
hydrogenation (Figure 8A—C). Figure 8A demonstrates that
eq 1 properly describes the reaction kinetics. The activation
energy determined from an Arrhenius plot for the dehydrogen-
ation rate coefficient (ky;) is 90 kJ/mol. This value is lower than
the activation energy for the first C—H cleavage reported for Pt
single atoms in PtGa-Pb/SiO, catalyst (ca. 111.7 kJ/mol).” The
enthalpy of adsorption for propane on Pt single sites,
determined from a van’t Hoff plot for the adsorption equilibrium
constants (Kc ), is 29.3 kJ/mol, close to that for Pt and Pt,—

ZnO (27 kJ/mol)*° and lower than that for Pt on a 4 X 2
Pt(111) surface (34 kJ/mol).””

To determine the long-term stability of the atomically
dispersed Pt catalyst, a 160 h stability test was done with
0.04Pt-0.36Zn-DeAIBEA (Figure 9A). Only 10% of the initial
steady-state activity was lost over this period—with no hydrogen
added to the feed. Three consecutive regenerations and
subsequent 24 h PDH tests were performed after the long-
term stability test (Figure 9C), and the data show that the fresh
activity can be fully reclaimed after each experiment,
demonstrating the excellent stability and regenerability of the
catalyst. Another long-term stability test was performed at a
much higher WHSV (7390 h™") (Figure 9B), with 7.6 kPa H,
co-fed with 25.3 kPa propane and other conditions kept the
same; the data show enhanced catalyst stability—with almost no
deactivation after 160 h on stream. The ICP test showed that the
detected Zn content after 160 h of continuous PDH reaction was
about 1.2 wt %, which is similar to the value observed after 32 h
of continuous PDH reaction, indicating that the Zn loss
essentially stopped at around this value. No Pt loss was detected
after 160 h of PDH reaction. The final Zn/Pt ratio was about 4.8,
which is still in the range of 4—6, consistent with what we
proposed for the (=Si—O—Zn),_¢Pt complex. Thus, we suggest
that the zinc that was lost was from structures other than the
catalytically active structures.

The observed high PDH stability is attributed to the
interaction of Pt atoms with multiple =SiOZn—OH groups
located within nests in the Zn-functionalized DeAIBEA—
consistent with the aforementioned results showing that, upon
heating in He, Pt—Zn bonds form via autoreduction, leading to
the appearance of the (=Si—O—Zn),_sPt complexes detected

by EXAFS spectroscopy and STEM. The formation of strong
Pt—Zn bonds is supported by calculations showing that the
bonding of Pt to Zn is stronger than that to Pt."” The metal—
metal bond energy is calculated to be Ep,_p, (—0.46 V) > Ep,_;,
(—0.49 eV), and on the basis of the nearest-neighbor
approximation and calculated cohesive energies, the energy
change associated with the formation of one Pt—Zn bond from
Pt—Ptand Zn—Zn bonds is calculated to be —0.17 eV, indicating
that the formation of Pt—Zn bonds is favorable energeti-
cally.lo’58 Furthermore, we note that the XANES data show that
the Pt atoms in the (=Si—O—Zn),_Pt complexes are slightly
positively charged. As noted earlier, previous studies have shown
that this charge is conducive to imparting a high propene
selectivity.”'

The comparison of the performance of our catalyst with those
reported in previous studies of PtZn catalysts requires that this
be done with data collected at the same temperature and with
proper accounting for the initial propane partial pressure and the
approach to equilibrium, because PDH is a reversible reaction.
As discussed in the Supporting Information, such a comparison
can be done by computing the apparent rate coeficient, k; [mol
C;H¢/(g Pt-h-bar)], for PDH at low propane conversions. This
can be done using eq 2. Here R, (mol/(g Pt X h)) is the net rate
of reaction; PS; (bar) is the inlet partial pressure of propane; K,

(bar) is the equilibrium constant for PDH; and X is the propane
conversion.

R

net

o P-X*
Pe(1 — X)( - Kie(fix))

kf=

)

Table S4 in the Supporting Information provides a
comparison of values of k; determined for 0.04Pt-0.36Zn-
DeAIBEA with those characterizing PtZn catalysts reported in
the literature, all tested at 823 K. The value of k; for 0.04Pt-
0.36Zn-DeAIBEA is 692 mol C;H/(g Pt-h-bar), which is
significantly greater than those reported for catalysts incorporat-
ing Pt and Zn, which range from 39 to 389 mol C;H¢/(g Pt-h-
bar). Table S4 also shows that although all of these catalysts
exhibit propene selectivities in excess of 96%, our catalyst
achieves a selectivity of 99.4%. Moreover, the stability of 0.04Pt-
0.36Zn-DeAIBEA, defined by ke, is 0.004 h™", which is among
the lowest values reported (0.072—0.003 h™").

B CONCLUSIONS

The results show that isolated Pt atoms are stabilized in nests of
=SiOZn—OH groups formed by introducing Zn into silanol
nests in dealuminated zeolite BEA. Once treated in He at 823 K,
the Pt is autoreduced to a nearly zerovalent state, with Zn in an
average oxidation state close to +1. Pt is coordinated to as many
as about 6 Zn atoms in the activated catalyst. The resulting
(=Si—0—2Zn),_¢Pt complex exhibits a PDH activity higher than
that of any reported PtZn alloy or cluster catalyst, with nearly
100% propene selectivity and very high stability. In the presence
of a low partial pressure of H,, the catalyst functions with
virtually no activity loss after 160 h on stream. We posit that the
technique used to prepare isolated Pt atoms described here can
be extended to other noble metals and that such stable
atomically dispersed catalysts may find application for reactions
beyond PDH.
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B EXPERIMENTAL METHODS

Catalyst Synthesis. Zn-DeAIBEA and Pt-DeAIBEA zeolites were
prepared in a two-step process, consisting of dealumination of zeolite
H-Beta and subsequent introduction of Zn and Pt species via aqueous
impregnation utilizing Zn(NO;),-6H,0 (Alfa Aesar, 99% metal basis)
and (NHj;),Pt(NO;), (Sigma-Aldrich, >50% Pt basis) as Zn and Pt
precursors, respectively. In a typical process, commercial zeolite H-Beta
(provided by BASF) with a Si/Al ratio of 13 (determined by ICP
analysis) was suspended in 13 M nitric acid at 373 K by stirring for 20 h
to obtain DeAlBEA. The resulting powder was filtered, washed with
MQ deionized water until a pH of 6—7 was reached, and then dried at
373 K under vacuum overnight. Afterward, the DeAIBEA was
impregnated with an aqueous metal nitrate solution. Specifically, the
molar concentrations of Zn** and Pt** solutions were about 0.044,
0.087, and 0.13 mol/L for M/Al ratios (mols of metal introduced per
mol of Al in zeolite H-Beta prior to dealumination) of 0.12, 0.24, and
0.36, respectively. Generally, 1.4 mL of solution was needed for 0.5 g of
DeAIBEA. The resulting slurry was dried at room temperature and then
further dried at 353 K under vacuum for 2 h. The powder mixture was
then ground for 20 min. Finally, the Zn-containing catalyst was calcined
at 823 K for 6 h, and the Pt-containing catalyst was calcined at 623 K for
2 h in static air. The final product is labeled as xM-DeAIBEA, where x
indicates the M/AI ratio (0.36Zn-DeAIBEA means the Zn/Al ratio is
0.36). Nearly all Al in zeolite H-BEA was removed by dealumination to
produce silanol nests, each containing four =Si—OH groups. Therefore,
M/Al represents the average number of metal atoms per silanol nest.

Pt-Zn-DeAIBEA zeolites were prepared using Zn-DeAIBEA as a
support with subsequent introduction of Pt species via an aqueous
impregnation method using (NH,),Pt(NO,), as the Pt precursor. The
molar concentrations of Pt** solutions were about 0.00146, 0.0292, and
0.044 mol/L for Pt/Al ratios (mols of Pt introduced per mol of Al in
zeolite H-Beta prior to dealumination) of 0.04, 0.06, and 0.1,
respectively. Generally, 1.4 mL of solution was needed for 0.5 g of
Zn-DeAIBEA. The resulting slurry was dried at room temperature and
then further dried at 353 K under vacuum for 2 h. The powder mixture
was then ground for 20 min. Finally, the catalyst was calcined at 623 K
for 2 h in static air. The final products are designated as xPt-yZn-
DeAIBEA.

Characterization Techniques. Cs-corrected high-angle annular
dark-field scanning transmission electron microscopy (HAADEF-
STEM) characterization was performed using a double Cs-corrected
microscope (FEI Titan Cubed Themis Z), operated at 300 kV. The
microscope was aligned prior to each experiment using a cross-grating
standard sample.

Fourier transform infrared (FTIR) spectra were acquired using a
Thermo Scientific Nicolet 6700 spectrometer equipped with a liquid-
nitrogen-cooled MCT detector. For spectra of the hydroxyl stretching
region, a spectrum of the empty cell was used as the background,
whereas for spectra of adsorbed pyridine, the spectrum of the sample
pellet taken prior to pyridine adsorption was used as the background.
For IR spectroscopy characterization, 0.036 g of catalyst was pressed
into a 20 mm diameter thin self-supporting wafer and then transferred
into a custom-built transmission cell fitted with CaF, windows. For IR
spectroscopy of adsorbed pyridine, each sample wafer was pretreated in
flowing He at 773 K for 1 h and then cooled to 393 K prior to
acquisition of spectra; 2 pL of pyridine was injected for each
experiment, and then the sample was purged with He for 20 min to
remove physically adsorbed pyridine.

Powder X-ray diffraction (PXRD) patterns were recorded on a
Rigaku X-ray diffractometer using Cu Ko radiation (4 = 0.15418 nm) at
40 kV and 20 mA. BET surface areas were calculated from nitrogen
adsorption isotherms obtained using a Micromeritics Gemini VII 2390
surface area analyzer. The Pt and Zn loadings were determined by
elemental analysis performed by Galbraith Laboratories, Inc.

For NMR experiments, each sample was packed in a 4 mm zirconia
rotor inside a glovebox under an Ar atmosphere. Once the sample had
been packed, the rotors were immediately placed inside a 4 mm Bruker
CPMAS probe operated with a 'H resonance frequency of 500 MHz
and spun at a rate of 10 kHz using dry N, gas. Quantitative 'H NMR

data were acquired using the DEPTH pulse sequence with a recycle
delay of 2 s and a radio frequency power of 80 kHz. Figure 1G—I shows
the '"H NMR spectra normalized by the maximum intensity of each
individual spectrum. The spectra were deconvoluted into individual
components with Dmfit software.>

"H-*Si cross-polarization spectra were acquired using a contact
pulse of 2000 ys and 80 kHz proton decoupling during *°Si detection,
and 1024 scans were acquired. This method uses the dipolar coupling
between the 'H and *Si spins in the material to transfer the
magnetization, and as such it is not quantitative; the resulting intensity
will be weighted toward the **Si species with neighboring proton spins.
Figure S3 shows the resulting 2Si spectra for each material normalized
to the peak intensity, and the resulting *°Si spectra were deconvoluted
into individual components using a Gaussian peak fitting in Dmfit
software.

XAS measurements were made at beamline 9-3 at the Stanford
Synchrotron Radiation Lightsource (SSRL). Beamline 9-3 is a side-
station of a 20 pole, 2 T, wiggler insertion device, with rhodium-coated
optics for collimation and harmonic rejection and focusing of the X-ray
beam. Photon energy selection was achieved with a double-crystal,
liquid-nitrogen-cooled Si(220), ® = 0, monochromator. Spectra were
collected in fluorescence detection mode using a PIPS detector. For Pt
Lj-edge measurements, platinum foil reference was scanned
simultaneously with the sample for energy calibration. For Zn K-edge
measurements, a zinc foil reference was scanned simultaneously with
the sample for energy calibration. Continuous extended X-ray
absorption fine structure (EXAFS) spectra were measured at 298 K
from 200 eV below the Pt Ljj-edge (11564 eV) to k= 15.3 A™! (kis the
wavenumber), and at 298 K from 200 eV below the Zn K-edge (9659
eV) to k= 15.3 A™" in a period of 4 min, with three scans collected and
averaged to improve the signal-to-noise ratio under all conditions.

Two separate XAS measurements were made per sample (at the Pt
Ly-edge and at the Zn K-edge) with the same procedure. EXAFS data
characterizing the as-synthesized 0.04Pt-0.36Zn-DeAIBEA were
collected at 298 K with the sample pressed into a pellet. For in situ
treatment of the sample, approximately 40 mg of sample was loaded
into an in situ XAS cell.”* Continuous EXAFS spectra were collected to
provide in situ XANES data during treatment of the catalyst in flowing
He as the temperature was ramped from 300 to 823 K at a rate of 10 K/
min followed by a dwell of 30 min at 823 K. The catalyst was then
cooled to 298 K to characterize the structure of the treated species by
EXAFS spectroscopy. In situ XANES data were collected during the
temperature ramp with the sample in a flowing mixture of C;Hg + He
(Pc 1, = 25.3 kPa), followed by a dwell for 30 min at 723 K. EXAFS data

were collected at 298 K with the sample in flowing He; these data were
intended to characterize local structure around the metal (platinum at
the Pt Lj-edge and zinc at the Zn K-edge).

Athena and Artemis software, parts of the Demeter package,®' were
used for analysis of the EXAFS data. Preprocessing of data included
alignment, edge calibration, deglitching, normalization, background
subtraction, and conversion of data into a chi file for data fitting; all this
was done with Athena. The energy at the Pt Lj;-edge was determined by
the first inflection point of the absorption edge data characterizing the
reference platinum foil, calibrated to the reported energy, 11564.0 eV.
The edge energy at the Zn K-edge was determined by calibration of the
samples by using a known glitch (at 9867.0S eV).

The scattering paths for the EXAFS analysis were extracted from
known structures from the ICSD database: Pt;Zn (CIF 1522607), PtO,
(CIF 1008935), and Pt silicide (CIF 2106969) were used to calculate
the phase shifts and backscattering amplitudes representing the Pt—Zn,
Pt—O, and Pt—Si single-scattering paths, respectively, at the Pt Ly;-
edge. Zn metal (CIF 9008522) and Zn on silica (CIF 1009030) were
used to calculate the phase shifts and backscattering amplitudes
representing the Zn—Zn, Zn—0, and Zn—Si single-scattering paths,
respectively, at the Zn K-edge.

Fitting was carried out considering k'-, k*-, and k*-weightings. The
fitting ranges in both k space and R space (R is the scattering path
distance from the absorbing Pt atom at the Pt L;j;-edge and the Zn atom
at Zn K-edge) in analysis of data characterizing the as-synthesized
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sample, pretreated sample, and postcatalytic reaction sample were
determined by the data quality; the range in k was (3.0—10.0) + 0.5
A~! and that in r was (1.0—3.3) + 0.3 A. These values were used with
the Nyquist theorem® to estimate the justified number of fitting
parameters, which was not exceeded in the fitting. Standard procedures
were used in the analysis of the XANES spectra.’

Larch® was used to perform the continuous Cauchy wavelet
transformation®* (CCWT) on EXAFS spectra characterizing steady-
state conditions of the PtZn/zeolite beta and Zn/zeolite beta samples;
k-ranges for the CCWT at the Pt Lj;-edge and the Zn K-edge were 0.0—
10.3 and 0.0—11.7 A", respectively. The r-range for the CCWT was
0.2—6.0 A for each edge.

Measurement of Catalyst Performance. Catalytic tests were
conducted using a quartz, packed-bed, downflow reactor (10 mm inner
diameter) operated at atmospheric pressure. Quartz wool was placed
below the catalyst bed to hold it in place. The reactor temperature was
maintained using a tube furnace equipped with a Watlow temperature
controller and a K-type thermocouple sensor. Prior to reaction, the
catalyst was heated at a rate of 10 K min~" to 823 K in flowing He
(Praxair, 99.999%) at a flow rate of 30 mL min~" and held for 30 min
before the temperature was adjusted to the reaction temperature. No
H, pretreatment was needed in any of the reaction experiments.

During the activity test at 823 K, a mixture of 10 mL min™" C;H,
(Matheson, Research purity) and 30 mL min™" He (Praxair, 99.999%)
was fed through a bed containing 0.02 g of catalyst with a feeding C;Hg
partial pressure of 25.3 kPa. The WHSV (Note: WHSV is defined as the
ratio of the mass flow rate of propane to the mass of Pt in the catalyst) of
propane was approximately 7390 h™". For experiments carried out with
higher values of WHSV (14800 and 29500 h™"), 0.01g of catalyst was
loaded; the C;Hj feed partial pressure was kept at 25.3 kPa, and the flow
rates of the C;Hg and He in the feed mixture were 40 and 80 mL min ™,
respectively. To investigate the effect of space time on catalytic
performance at 773 K, C;Hj at a partial pressure of 20.3 kPa was fed
through a bed containing 0.01 g of catalyst, and the total flow rate of the
C;H; + He mixture was increased from 10 to 320 mL min™". For
experiments to determine reaction kinetics, the temperature was
lowered to 703—773 K, and the total flow rate was increased to 200 mL
min~" to reduce the C;Hg conversion to <20% for the lowest partial
pressure investigated and <10% for the highest partial pressure
investigated.

The catalyst stability tests were performed at 823 K, whereby a
mixture of C;Hg + He (25:75 vol %) was fed at a rate of § mL min™" to a
reactor bed containing 0.02 g of catalyst. The WHSV of propane was
approximately 1477 h™'. After the long-term test, the catalyst was
regenerated overnight by feeding 20 mL/min of 10% H, balanced with
He at 723 K. For the catalyst following 24 h of operation in a PDH
experiment, 6 h was enough for the second and third regenerations,
each carried out by feeding 20 mL/min of 10% H, balanced with He at
723 K.

Product streams were analyzed by gas chromatography using an
Agilent 6890A GC fitted with a Plot-Q capillary column (30 m X 0.32
mm X 025 pm) and a flame ionization detector. The propane
conversion and selectivity to propene were calculated from egs 3 and 4,
respectively. The propene productivity is defined as the number of mol
of C3H formed per gram of Pt per hour as presented in eq S. Here
[Fc,,) and [F ] designate molar flow rates of propane and propene,

respectively. N, is the mass of Pt in the catalyst.

[FCSHS]inlet - [FC3H8]outlet

Conv (%) = X 100
[FC3H8]inIet (3)
[F ]ou e
Sel (%) = Cofly outet X 100
[FC3H8]inlet - [FCst]autlet (4)
ducti ty [FC3H6]outlet
propene productivity = ————
Ny, (5)

The deactivation constant, kg, was calculated on the basis of a
simple empirical first-order deactivation model>'* used to evaluate the
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catalyst stability in eq 6, where Conv,,;,, and Convy,, represent the
conversions measured at the initial and final stages of a chosen
experimental period, respectively, t is time on stream, and the
conversion refers to propane.

n(155m) - o

t
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