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ABSTRACT: Conventional supported metal catalysts in propane dehydrogen-
ation (PDH) face critical challenges due to sintering-induced deactivation at high
reaction temperatures. Herein, we develop a series of highly stable atomically
dispersed metal-Beta catalysts by embedding single metal atoms (such as V, Cr,
Fe, Zn, and Ga) into the dealuminated H-Beta zeolite framework. Unlike the
pristine H-Beta zeolite with Brensted acid sites, the embedded metals possess a
distorted tetrahedral structure and typical Lewis acidic properties, which exhibit
good C—H bond activation rather than C—C bond activation observed on
Bronsted acid sites. Among these metal-Beta zeolites, the Cr-Beta zeolite with an
ultralow density of ~128 framework atoms per Cr atom exhibits notable
performance in PDH. Through HAADF-STEM, X-ray absorption spectroscopy
(XAS), and isotope labeling FTIR, the local coordination environment of
framework-embedded Cr species is unambiguously identified as a distorted
tetrahedral geometry {(=SiO);Cr---(HO—Si=)} with three Cr—O—Si bonds and one Cr:--OH—Si linkage. Kinetic investigations
and deuterium-labeling results demonstrate that propane activation occurs on isolated Cr Lewis sites with adjacent O atoms that
facilitate the reception and release of hydrogen species. These findings provide valuable strategies for the rational design of
supported metal catalysts for alkane activation and offer great insights into recognizing the local coordination structures of
heteroatoms in zeolites.
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B INTRODUCTION

Zeolites are an important class of crystalline materials with
unique channel/cavity structures, tunable acidity, and good
thermal stability, which have been widely applied in a wide
variety of commercial processes, such as adsorptive separation/
purification, fluid catalytic cracking (FCC), and methanol-to-
olefins (MTO).'® With well-defined framework structures
and high surface area, zeolites have proven to be fantastic
scaffolds for metal species confined in their matrix spatially and
elect‘rostatlca-l ly, léadmg to multiple pres of c‘atal4y;c1c S{tes with these sites in various C—H bond activation processes.26’27
specific locations in these metal-zeolite materials,”” which have

. . ; R Chromium-based catalysts demonstrate high propane
achieved great success in heterogeneous catalytic applications, . 4 . . g1 prop
such as dehydrogenation 6,7 hydrogenation 89" 21d oxidation.'° conversion and propene selectivity, which are important

) ) .

It is known that the local electric field within zeolite channels commercial catalysts for propane dehydrogenation (PDH)

. and have been extensively studied for decades.”* " The
or cages not only changes the electronic structures of metal

These metal-zeolite materials exhibit remarkable -catalytic
performance toward alkane activation and maximize the
atomic utilization efficiency of metals. They also bridge the
gap between heterogeneous and homogeneous catalysis,
revealing many parallels to enzyme catalysis with coordinated
unsaturated active centers, which differ from subnanoscale and
microscale conventional catalysis.””'"'> Unraveling the
isolated metal active sites at the atomic-scale level will
illuminate pathways for examining the structure-activity/
selectivity relationships, as well as the mechanisms governing

active sites but also acts on the guest molecules in specific
reactions, in which the active centers and the surrounding
microenvironment can work together in the process of
adsorption and catalysis, generating unique properties.”>"'~"?

Recently, metal-zeolites with isolated metal active sites
located in framework T sites”'*"® (Co-MFI*' and Zn-MFI'")
or at extraframework positions'®"? (Fe-BEA**™** and Cu-
CHA™™*°) exhibit great performance for alkane activation.
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structure of the active centers of Cr-based catalysts has sparked
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Figure 1. PDH reaction performance over M-Beta catalysts. (a) C;Hg conversion and CyHj selectivity of M-Beta at 600 °C, and dotted line is the
corresponding propylene yield contour curve created by the Origin software. (b) PDH reaction activity over different Cr-based catalysts. (c)
Diagram illustrating the dispersion of Cr species through various introduction methods. (d) Initial C;H4 formation rates over Cr-Beta with different
Cr loadings. Reaction conditions for (a, b, d): 0.3 g of catalyst, 600 °C, WHSV = 1.18 h™!, 10% C;Hj in Ar. (e) PDH performance over the Cr-Beta
catalyst during six reaction-regeneration cycles. Regeneration conditions: 600 °C, air (30 mL/min), 20 min.

heated debate owing to the variable valence state, aggre ation
degree, and the position of Cr species on the support.' > > It
is widely accepted that highly dispersed Cr species are
beneficial in the PDH process as the catalgitic activity drops
when Cr,0; nanoparticles start forming.”**" Early discussions
on the chromium species’ active center focused on CrO,/SiO,
catalysts for the important commercial use in propane
dehydrogenation.”® This kind of catalyst, prepared by the
traditional impregnation method, mainly forms isolated
hexavalent chromates or mono-oxo CrOs species.”* When
chromium-based catalysts are used for dehydrogenation
reactions, Cr"! species are easily converted to the reduced
state of Cr'" or Cr'™.'" Copéret et al. developed Cr''!/SiO,
catalysts via metal-organic surface grafting, demonstrating that
isolated Cr'" sites are covalently bonded to two or three O—Si
groups from the silica surface.” However, the surface of silica
is relatively complex, and its heterogeneity may increase the
difficulty in characterizing the active center structure. In recent
years, isolated Cr species incorporated into the zeolite
framework have exhibited high activity in propane activation,
as seen in systems such as Cr-MCM-41,** Cr-Beta,***” and Cr-
MFI'%"®, A well-defined catalyst that utilizes the unique
framework of zeolites to anchor metal sites combines the
advantages of the precise structural control and the high
catalytic efficiency to heterogeneous catalysis.””**** Numerous
studies on the structural analysis of Cr isolated sites in single-
atom catalysts (SACs)*” have been reported, with Cr species
anchored on metal-organic framework (MOF)*" and graphitic
carbon nitride,*” while only a limited number of studies have
focused on elucidating the detailed structure of isolated Cr
active sites within metal-zeolite systems.

In early reports, Wachs et al.*> combined Raman spectros-
copy and DFT calculations and proposed that isolated Cr"!
dioxo and Cr'™ mono-oxo structures on framework Al
anchoring sites were the dominant species under most
conditions. Dzwigaj et al.***° and Wang et al.*® further

provided spectroscopic insights into M—O and M=O
vibrations of Cr species incorporated into the Beta zeolite
framework. Nevertheless, direct evidence for the precise
structure of isolated Cr sites in metal-zeolite systems, as well
as molecular-level insights into the PDH mechanism, remains
scarce.

Over the past few decades, the synchrotron-based X-ray
absorption spectroscopy (XAS) technique has been considered
one of the most powerful and advanced characterization
techniques by providing atomic-level information on the
structure, coordination environments, and electronic proper-
ties of zeolite-confined metal species.””**™** Besides, operando
IR spectroscopy is another ubiquitous, informative, and
versatile characterization method in the field of heterogeneous
catalysis, which can be used to probe functional groups of
metal-containing zeolites and determine the nature, location,
and accessibility of active sites through probe molecules and
isotope labeling technology.”**”** In addition, the combina-
tion of other multiple technologies, e.g., high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM), X-ray diffraction (XRD), and UV—visible
spectroscopy, allows us to achieve an in-depth understanding
of metal-zeolite catalysts more comprehensively.

Based on the above considerations, a series of M-Beta
zeolites with framework-isolated metal atoms were synthesized
via a postsynthesis method, with Cr-Beta catalysts demonstrat-
ing the best PDH performance. The structure of Cr sites was
identified by combining XAS, HAADF-STEM, XRD, UV—vis,
CD;CN-FTIR, and H-D exchanged FT-IR techniques,
revealing that the isolated Cr active center possesses a
pseudotetrahedral structure of {(=Si0O);Cr--(HO-Si=)}.
The unique coordination structure of the Cr active center and
the local microenvironment formed within the zeolite account
for the exceptional PDH performance of Cr-Beta.

https://doi.org/10.1021/acscatal.5c04181
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Figure 2. Identification of the local coordination structure of the framework Cr site over Cr-Beta. (a, b) HAADF-STEM and (c) EDS elemental
mapping images of the Cr-Beta zeolite. (d) Cr K-edge XANES spectra (Cr-Beta was pretreated with 10% H,/Ar at 600 °C), (e) corresponding FT
k*-weighted EXAFS spectra, and (f) wavelet-transformed (WT) EXAFS oscillation spectra of Cr foil, Cr,05, and Cr-Beta. (g) H,/D, switching
experiment of FT-IR over Cr-Beta at 400 °C (10% D,/Ar 20 mL/min) and the local structure of the framework Cr sites over Cr-Beta.

B RESULTS AND DISCUSSION

Construction of M-Beta Zeolites. In this work, we
synthesize a series of M-Beta (M =V, Cr, Fe, Zn, Ga) zeolites
via metal-atom incorporation into dealuminated Beta zeolite
(Si-Beta) and demonstrate the successful embedding of metal
atoms into the BEA zeolite framework. Typically, Beta zeolite
(H-Beta) was dealuminated by using concentrated HNO,,
followed by centrifugation and drying to remove Al atoms from
the zeolite framework. Subsequently, an equivalent metal atom
loading (Si/M = 40, ~128 framework atoms per metal atom)
was incorporated into the Beta zeolite framework via the
incipient wetness impregnation method with dealuminated
Beta zeolite (Si-Beta) and various metal nitrates to obtain M-
Beta (Details are provided in the Supporting Information, and
all samples were calcined before characterization). N,-sorption
results show that the dealumination process has minimal
impact on the pore structures of Beta zeolites (Table S1 and
Figure S1), while *’Al NMR (Figure S2) and NH;-TPD
(Figure S3) confirm the almost complete removal of Al atoms,
resulting in a Si/Al ratio of 3800 (Table S1) and a marked
reduction in acidic sites.

The changes in silanol groups during the dealumination and
metal atom introduction processes were characterized by

16541

DRIFT spectroscopy (Figure S4). A prominent absorption
band at 3730 cm™' is attributed to isolated silanol groups
associated with minor structural defects, while the band at
3590 cm™' corresponds to bridging hydroxyl groups (Si—
O(H)—Al).””*" After dealumination, the Bronsted acid sites
are eliminated, and a new broad band appears at approximately
3540 cm™, indicating the formation of silanol nests, which
correspond to the vacant T atom sites in Si-Beta.””” The
subsequent reduction of the band at 3540 cm™' upon
introduction of metal species into the Beta zeolite reveals
that the internal silanol nests serve as anchoring sites,
interacting with metal ions to facilitate the integration of
metal atoms into the Beta zeolite framework. X-ray
fluorescence (XRF) analysis (Table S2) confirms that the
molar loading of metal atoms (Si/M = 40) is consistent across
all M-Beta samples. Additionally, the UV—vis spectroscopy
(Figure SS) of most M-Beta samples reveals no detectable
metal oxide nanoparticles or clusters, supporting the
conclusion that the postsynthesis treatment effectively embeds
metal atoms into the zeolite framework, resulting in dispersed
and isolated active centers (Figure S6). Furthermore, the slight
shift observed in the XRD diffraction peak (Figure S7) at 260 =
22.48° (d;, spacing), caused by the cell contraction/expansion
of Beta zeolite framework, suggests successful dealumination
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. . . . 36,44
and metal incorporation according to previous reports,

which also confirm that metal atoms are successfully anchored
into the zeolite framework.

PDH Performance of M-Beta Zeolites. The obtained M-
Beta (M =V, Cr, Fe, Zn, Ga) catalysts were utilized for PDH,
with Cr-Beta exhibiting the highest C;Hy yield of ~50%
(Figure la and Table S3) and the lowest PDH reaction
activation energy (~92.0 kJ/mol) barrier (Figure S8) among
the M-Beta catalysts. Furthermore, Cr-Beta outperforms other
Cr/SiO,-based catalysts (Figure 1b) by achieving significantly
higher initial C;Hg conversion (~58%) and C;Hy selectivity
(~84%). Tables S4—S7 show the PDH performance for the
previously reported Cr-based, Pt-based, and other metal-based
catalysts. Notably, Cr-Beta displays a high TOF of 124.2 h™",
which is significantly higher than that of previously reported
Cr-based and other metal-based catalysts, demonstrating the
superior PDH performance of Cr-Beta. In contrast, Cr/SiO,
prepared via wet impregnation and Cr,O;/Si-Beta synthesized
through mechanical mixing (with identical Cr loading) exhibit
lower catalytic performance (Figure 1c) due to the formation
of Cr,0; nanoparticles confirmed by XRD (Figure S9) and
UV—vis spectra (Figure S10), which suggests the embedded
Cr sites in the Beta zeolite framework offer superior efficiency
and selectivity in the PDH reaction. Figure 1d depicts the
variation in initial C;H formation rates with Cr content in Cr-
Beta, which follows a volcano-type trend. When the Cr content
exceeds 2 wt %, CrO, clusters or nanoparticles are generated
(Figures S11 and S12), leading to diminished conversion rates.
This further substantiates that highly dispersed framework Cr
sites exhibit greater reactivity in alkane activation compared to
CrO, clusters or nanoparticles, aligning with prior studies.”"
The cycle stability test (Figure le) revealed that Cr-Beta with
framework Cr species maintains a C;Hy formation rate of 10.7
mmol g, ' h™" and ~85% C;Hj selectivity over six cycles. The
deactivation rate constant kg values for Cr-Beta propane
conversion rate (rC;Hg) obtained by fitting the first-order
GPLE model is 0.17 h™" (Figure S13). Compared with the
deactivation rate of previously reported Cr-, Pt-based, and
other metal-based catalysts (Table S8), the incorporation of Cr
atoms into the Beta zeolite framework can effectively slow
down deactivation, even though Cr sites still deactivate by
carbon deposits (Figure S14) as a result of their high activity
with deep dehydrogenation. In summary, the comparative
analysis of Cr species introduction methods and Cr loading in
Cr-Beta highlights that generating isolated Cr species within
the Beta framework is crucial for achieving high PDH
efficiency.

Identification of the Local Coordination Structure of
the Framework Cr Site. The previous subsection demon-
strates that incorporating isolated Cr sites into the zeolite
framework significantly enhances propane conversion, which is
crucial for improving PDH performance. Consequently,
identifying the coordination structure of the framework Cr
sites and recognizing the surrounding microenvironment of
active sites confined in the zeolite are essential for elucidating
the structure-property relationship of heteroatomic zeolites in
alkane activation. Herein, we employ a range of character-
ization techniques to ascertain the precise structure of the
framework Cr sites.

The uniform distribution of Cr species in Cr-Beta was first
examined through high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and
energy-dispersive X-ray spectroscopy (EDS) mapping (Figure

2c). The microporous channel system of the *BEA structure
stacked by polymorph A and polymorph B (Figures 2b and
S15) is clearly observed, which also demonstrates that Cr-Beta
exhibits high crystallinity without CrO, clusters or nano-
particles. The HAADF-STEM results of spent Cr-Beta (Figure
S16) also demonstrate no aggregation of Cr species after the
reaction, which indicates that the framework Cr site is
relatively stable during PDH reaction. The coordination
environment of the framework Cr sites was then investigated
by UV—vis spectroscopy (Figure $12). Two prominent bands,
centered at 270 and 360 nm, appear as the dominant
absorption bands, corresponding to the ligand-to-metal charge
transfer transitions 1T, < 1A, (1t; = 7t, and 6t, — 2e) and
1T, «<1A, (I1t; — 2e), respectively.”*** Additionally, a
distinct absorption band at 470 nm, characteristic of distorted
tetrahedral Cr species, indicates the presence of isolated
tetrahedral Cr species embedded within the BEA framework.
In contrast, Cr,0; nanoparticles with octahedral symmetry
were detected in Cr/SiO,, Cr,0;/Si-Beta, and Cr-Beta with
elevated Cr loading (>4 wt %), as evidenced by a broad
absorption band centered at 600 nm in the UV—vis spectra.
In addition, the detailed structure and local environment of
Cr species in Cr-Beta were identified by Cr K-edge XAS
(Figures 2d—f and S17). Cr foil and Cr,O; are compared as
references to distinguish Cr—Cr and Cr—O-Cr bonding
environments. The X-ray absorption near-edge structure
(XANES) spectrum of prereduced Cr-Beta by H, exhibits
three peaks at energies of 5990.5, 5993.5, and 6008.7 eV
(Figure 2d), which are typical of Cr (III) species. Two small
peaks observed in the pre-edge region (see inset in Figure 2d)
are attributed to the Cr d- and pz states, respectively.' >
The corresponding Fourier transform (FT) k*-weighted
extended X-ray absorption fine structure (EXAFS) spectrum
(Figure 2e) and the wavelet-transformed (WT) EXAFS
oscillations (Figure 2f) of Cr-Beta, compared with Cr foil
and Cr,0;, display a dominant peak at 1.56 A, characteristic of
the first shell scattering of O atoms, and a small peak at 2.5 A,
which is attributed to the second shell scattering of Si atoms
(nonphase-corrected). The absence of a significant signal
above 2.5 A indicates no obvious polynuclear Cr species.
Analysis of Cr K-edge EXAFS of Cr-Beta (Figure S17 and
Table 1) reveals a first coordination sphere consisting of three
O atoms at 1.96 A and one O atom at 2.49 A, with a second
shell comprising three Si atoms at 2.8 A and one Si atom at 3.2
A, which indicates that Cr-Beta with Cr species incorporated
possesses a pseudotetrahedral structure with three Cr—O-Si

Table 1. Structural Parameters” of the Cr-Beta Extracted
Quantitative EXAFS Curve Fitting

Sample Path N R (A)° & (A»)7 R-factor
Cr-Beta Cr-01 3.0 1.96 0.0008 0.0117
Cr—02 1.2 2.49 0.0005
Cr-Sil 2.9 3.16 0.0090
Cr—Si2 1.0 4.20 0.0030

48,2 was fixed at 0.95. /A\E, was refined as a global fit parameter,
returning a value of (=5.7 + 1.9) eV. Data ranges: 3 <k <10 AL 1.0
< R <4 A The number of variable parameters is 10, out of a total of
13.2 independent data points. R-factor for this fit is 1.17%. All the
distances of Cr—O and Cr—Si are derived from the calculated model
of Cr-BEA. ®Coordination number. “Distance between adsorber and
backscatter atoms. dDebye—Waller factor.
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Figure 3. PDH reaction behaviors and kinetics over Cr-Beta. (a) TPSR profiles of the PDH reaction over Cr-Beta. (b) H,/D, switching experiment
of FT-IR over Cr-Beta at 300 °C (10% D,/Ar 20 mL/min). (c) FT-IR spectra of C;H, desorption over Cr-Beta at 100 °C (with Ar at 30 mL/min).
(d) Dependence of C;H formation rates on propane partial pressure over Cr-Beta at different temperatures. (e) Reaction order of propane for the
PDH reaction with or without H, cofeeding under low propane conversion (<4%). (f) Dependence of C;H, formation rates on H, partial pressure

over Cr-Beta with H, cofeeding.

bonds and one Cr--OH-Si linkage {(=SiO);Cr--(HO—
Si=)} (Figure 2g).

To further confirm the structure of the framework Cr sites,
H,/D, switching and CD;CN-absorbed FT-IR experiments are
performed. The Cr-Beta was initially treated with H, and
subsequently exposed to D, at 400 °C for 30 min (Figure 2g).
After purging D,, the O—H stretching region (3200—3750
cm™") decreases in intensity, while the O—D region from 2400
to 2800 cm™" increases. The OD bands at 2750 and 2640 cm™!
that appeared upon D atom labeling can be correlated with the
consumption of the OH band at 3720 (isolated Si—OH) and
3540 cm™ (Si—OH silanol nest), respectively.’>*® The band at
2715 cm™" could be ascribed to Si—OD adjacent to Cr Lewis
acid sites, which aligns with the identified structure of {(=
$i0);Cr-«(DO-Si=)}. (Detailed assignments of O—H and
O-D bands in Beta zeolite are shown in Table S9 and Figure
S18.) Additionally, FTIR experiments of CD;CN adsorption
(Figure S19) on Cr-Beta revealed two bands at 2314 and 2274
cm™!, corresponding to CD;CN coordinated to Lewis acid Cr
sites {(=Si0),Cr--(HO-Si=)} (2314 cm™) and silanol
sites (Si—OH, 2274 cm™),%"” respectively. This indicates that
the Cr atoms were successfully incorporated into the BEA
framework during the postsynthesis process.

The acidity measurement of Cr-beta by pyridine adsorption/
desorption FT-IR spectroscopy (Figure S20) reveals that
pyridine adsorbs on Lewis acid sites with dominant bands at
1608, 1490, and 1449 cm™" and interacts with Si—OH at 1446
and 1595 cm™! (which was also found in Si-Beta;***’ Figure
S20). The absence of discernible vibrations of protonated
pyridine near 1550 and 1440 cm™' suggests that the residual
Bronsted acid sites after postdealumination are minimal,*®'
and the silanol adjacent to Cr Lewis sites from Cr---OH—Si
linkage exhibits no Brensted acidity. DFT calculations of
pyridine adsorbed on Cr-Beta at the Cr atom or adjacent
silanol were simulated (Figure S21 and Table S10). It is shown
that pyridine adsorbed on the Cr atom possesses a AG of
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—0.36 eV, which is much lower than that adsorbed on the
adjacent silanol, suggesting the well-defined Lewis acid site of
Cr species. Based on the above characterization results, the
local structure of framework Cr sites in Cr-Beta is fully
identified as a distorted tetrahedral structure {(=SiO),Cr:-
(HO-Si=)} with three Cr—O—Si bonds and one Cr---OH—
Si linkage (Figure 2g).

PDH Reaction Behaviors and Kinetics Investigation
over Cr-Beta. To comprehensively understand the superior
PDH performance of the Cr-Beta zeolite, temperature-
programmed surface reaction (TPSR) studies were performed
on Cr-Beta under a controlled C;H; flow (Figure 3a). The
signals corresponding to C3Hg consumption and the formation
of C;Hg and H, emerge simultaneously at a relatively low
temperature of 430 °C, demonstrating that Cr-Beta exhibits
remarkable C—H bond activation capabilities. Additionally, no
obvious CH, and C,H, were detected before the temperature
of 520 °C, indicating high C;Hg selectivity in the PDH
reaction on Cr-Beta. Within the PDH process, the activation of
the C—H bond conventionally marks the initiation of the
reaction, succeeded by the cleavage of the second C—H bond
and the subsequent desorption of C;H and H,, in which the
dissociation of the C—H bond and combination of hydrogen
species play a pivotal role in driving the reaction pathway.

H, dissociation over Cr-Beta was examined by in situ FT-IR
spectroscopy at a comparatively low temperature (300 °C,
Figure 3b). It was observed that H atoms in silanol groups
adjacent to Cr Lewis sites {(=Si0);Cr:--(HO—Si=)} were
first swapped, with a broad increasing band appearing at 2715
cm™'. In contrast, the O—H vibrational intensity of isolated
silanol (3720 cm™') remained nearly unchanged, showing no
evident H-D exchange at 2750 cm™" (isolated Si—OD) even
after 30 min, which markedly differs from the results of D,
treatment at 400 and S00 °C (Figure S22). The higher
temperature required for isolated Si—OH to interact with D,
indicates a slower D, dissociation rate compared to silanol
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PDH reaction: 10% C;Hg/Ar, 20 mL/min, 600 °C).

groups adjacent to Cr Lewis sites, underscoring the difficulty of
D—D bond dissociation over isolated Si—OH due to its weak
acidity. Conversely, silanol groups adjacent to the framework
Cr sites could be labeled by D atoms even at 300 °C,
suggesting that Cr sites directly dissociate D,, forming new
adjacent silanol Si—OD (2715 cm™) through combination of
adjacent Si—OH and Cr—D, releasing HD (Figure S23). This
mechanism explains the efficient hydrogen dissociation ability
observed at Cr active centers. Furthermore, C;Hy desorption
was evaluated by FT-IR (Figure 3c), revealing a weak
interaction between C;Hg and Cr sites, which avoids extensive
secondary reactions. In summary, the framework Cr Lewis sites
demonstrate remarkable C—H bond activation capabilities,
efficient hydrogen dissociation processes, and weak interaction
with the product C;Hg which collectively underpin the
superior PDH activity and selectivity.

As for the kinetics of the PDH reaction over Cr-Beta
catalysts, Figure 3d illustrates the dependence of the C;Hg
formation rate on the partial pressure at various temperatures
over Cr-Beta. All kinetic data were collected under mild
conditions, where propane conversion ranged from 1% to 4%
at high space velocities to minimize the influence of secondary
reactions and the partial pressure of products. The propylene
formation rate curve increases linearly with rising propane
partial pressure but begins to deviate as Cr active centers
increasingly become occupied. The reaction order for propane
and hydrogen at low propane partial pressure was derived from
the slopes of the In rcyy6 versus In P plots (Figure 3e,f). The
propane reaction order was determined to be 0.63 for the PDH
process, while it increased to 0.81 with H, cofeeding,
indicating a higher dependence of C;Hj partial pressure on
C;H4 formation rate when H, competes with C;Hg for
adsorption on Cr Lewis acid sites due to their excellent
hydrogen dissociation capacity, as mentioned before. Addi-
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tionally, the hydrogen reaction order was —0.16, which
demonstrates a negative effect on C;H4 formation, as the
presence of hydrogen not only occupies Cr active sites but also
promotes the reverse dehydrogenation reaction, ultimately
decreasing the rate of C;H, production.

The kinetic experimental results demonstrate that the
isolated Cr sites present a lower initiation temperature for
H, dissociation (~300 °C) than C—H bond activation in
propane (~430 °C), indicating that the former is significantly
easier and thus a rapid step. Meanwhile, the desorption of
C;Hy at Cr sites is also fast, as illustrated by the C;Hg
desorption FT-IR spectra and the high C;Hy selectivity of
the PDH reaction. These findings indicate that the activation
of the C—H bond is the possible rate-determining step (RDS)
in the entire dehydrogenation process. In addition to this
assumption, our estimated rate equations (Supplementary
note) closely match the actual reaction orders, indicating that
the first C—H bond activation is the most likely RDS.
According to the derived equations and reaction orders, the
reaction order for propane in the PDH process depends on the
proportion of unoccupied framework Cr sites, whereas the
reaction order for hydrogen is determined by the proportion of
Cr sites occupied with hydrogen species.

Mechanism Investigation of the PDH Reaction over
Cr-Beta. To investigate the intrinsic mechanism of the PDH
reaction over isolated framework Cr sites, in situ FT-IR
measurements were conducted in conjunction with isotope
labeling techniques to examine the activation of the H—H
bond and the C—H bond during the PDH process. Initially, in
situ FT-IR experiments were performed over Cr-Beta at 600
°C by sequentially purging H, and D,. Upon introducing H, to
the Cr-Beta catalysts following Ar pretreatment, the O—H
vibration of isolated silanol increased (3733—3720 cm™), and
the band of O—H band at 3677 cm™' emerged within 20 min
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(Figure S24), possibly indicating H, dissociated over frame-
work Cr Lewis sites, leading to an increase in adjacent silanol.
The Cr-Beta catalysts were subsequently treated with 10% D,/
Ar after purging H,, and the in situ IR spectra of O—H and O—
D regions in 30 min are shown in Figure 4a. In the partially
enlarged diagram (Figure 4b), the peak intensity of the O—H
bond at 3677 cm™' which is also observed during H,
dissociation, declines, while a broad vibration of the O—D
bond at 2715 cm™ grows, indicating that H atoms in the
adjacent silanol groups are substituted by D atoms.

As we demonstrated earlier, the isolated framework Cr sites
exhibit a pseudotetrahedral structure {(=SiO);Cr--(HO—
Si=)} and the peak at 2715 cm™ is attributed to the O—D
bond of the adjacent silanol groups to the Cr sites substituted
by the D atom {(=SiO);Cr--(DO—-Si=)}. Specifically, D,
dissociates heterolytically on Cr sites, where the Cr atom
accepts one D atom and the neighboring oxygen atom (Cr—
O—Si) accepts another one, which may weaken the bond
between Cr and the nearby oxygen atom (Cr—O bond),
forming a new D-labeled adjacent silanol group {(=SiO);Cr---
(DO-Si=)} followed by the rapid elimination of HD. After
continued exposure to D,, an intermediate forms with two
adjacent silanol groups over Cr sites {(=Si0),Cr—D(DO—
Si=),}, resulting in a further increase of the O—D band at
2715 ecm™" (Figure 4b).

Additionally, in situ FT-IR spectra of the PDH process were
obtained over D-labeled Cr-Beta (Figure 4c). With the
introduction of propane, the infrared difference spectra show
a significant increase in the C—H bond region, accompanied by
an elevation of the adjacent silanol at 3677 cm™', which is
produced by the first dissociation of the C—H bond of
propane. This suggests that C;Hg decomposes into Cr—C;H,,
and transfers the first H* to the adjacent oxygen, forming the
Cr---HO-Si species (3677 cm™"). The reduced band at 2715
cm™! indicates that the D atoms of D-labeled adjacent silanol
(Cr--DO=Si) are consumed during the PDH reaction.
Simultaneously, surface propylene (C;Hg*) species are
generated by the second C—H bond cleavage of propane, as
C=C vibrational modes®* at 1650 cm™' characteristic of
molecular propene, were observed (Figure 4c,d).

Considering the electronegative properties exhibited by
different H atoms® during the PDH process (e.g., the H atom
bonded to oxygen atoms is positively charged, whereas the H
atom attached to the Cr atom (Cr—H) exhibits more
electronegative properties), the combination between H’*
and H* in {(=Si0),CrH’~(H*0—-Si=),} leads to the
release of H, molecule. Therefore, the D atom from D-labeled

silanol (Si—OD%") and Cr—H®" species combines, resulting in
the decline of the vibration band at 2715 cm™ (Figure 4d),
which completes the entire catalytic cycle of the PDH process
over the framework Cr sites and restores the initially distorted
tetrahedral structure {(=Si0),Cr--(HO-Si=)}.

Based on the mechanistic investigation conducted via in situ
FT-IR and kinetic analysis, the catalytic cycle of PDH over Cr-
Beta was proposed (Figure S). The PDH reaction is initiated
over the framework Cr Lewis sites, which were identified in
Section Identification of the Local Coordination Structure of
the Framework Cr Site with the distorted tetrahedral structure
{(=Si0),Cr---(HO—Si=)}. First, propane is adsorbed on the
Cr atom, followed by a heterolytic C—H bond activation step
of the first C—H bond on the Cr—O-Si site, forming a Cr—
C;H, intermediate and Cr---HO-Si species, which suggests
that the neighboring oxygen accepts hydrogen while weakening
the Cr—O bond. Then, C;Hg is formed through f—H transfer
from the alkyl group to the Cr atom, resulting in Cr—H species
with a second C—H bond cleavage. After the quick departure
of C;Hy, the desorption of hydrogen is facilitated by the
coupling of two hydrogen atoms of the Si—O—H’" and Cr—
H’" species. Throughout the catalytic cycle, the neighboring
oxygen atoms of Cr sites accept hydrogen from C;Hg, while
oxygen atoms from adjacent silanol continuously release
hydrogen, acting as hydrogen species transfer stations, thereby
sustaining the dehydrogenation cycle. As highlighted in our
previous report,® similarly in this work, the coordinated oxygen
atom of the isolated Cr Lewis acid site confined in the zeolite is
possibly polarized by the Cr site owing to the hybridization of
3d (Cr) and 2p (O) orbitals, making it a bridge for electron
transfer.

B CONCLUSIONS

In this study, we constructed a series of metal-zeolite catalysts
via a postsynthesis method, incorporating metal atoms into the
Beta zeolite framework, and employed these catalysts for the
PDH reaction. Among the M-Beta catalysts, Cr-Beta
demonstrated the highest C;Hg yield (~50%) at 600 °C
with a propane space velocity of 1.18 h™" and the lowest PDH
reaction activation energy (~92.0 kJ/mol). The precise
coordination structure of framework Cr sites was evaluated
by XRD, HAADF-STEM, UV—vis, XAS, Py-IR, CD;CN-IR
spectroscopy, and H,/D, switching experiments, revealing that
Cr atoms were uniformly incorporated into the Beta zeolite
framework with a pseudotetrahedral structure of {(=
Si0),Cr---(HO—Si=)}, which functions as Lewis acid sites.
The exceptional dehydrogenation activity and selectivity of the
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framework Cr sites are attributed to the high C—H bond
activation efficiency, rapid hydrogen dissociation capability,
and minimal interaction with the product C;H, as
demonstrated by TPSR and H—D exchange experiments.
Kinetic studies revealed that the activation of C—H bonds is
likely the rate-determining step for the PDH reaction on Cr-
Beta, with the dependence on propane partial pressure
determined by the proportion of unoccupied framework Cr
sites. Furthermore, the PDH reaction mechanism at the unique
framework Cr sites was demonstrated by in situ FT-IR
experiments aided by isotope labeling techniques. The results
indicate that C;Hg undergoes initial activation at the Cr site,
dissociating the first C—H bond to form Cr—C;H, and Cr--
HO-Si species, while the second C—H bond dissociates into
Cr—H species, releasing C;Hy. The catalytic cycle is completed
through a combination of surface hydrogen species (Cr—H
and Cr-~-HO=Si) to restore the initial state of {(=Si0);Cr--
(HO—-Si=)}. Crucially, the isolated Cr centers in the Beta
zeolite framework facilitate sequential hydrogen abstraction
from C;Hg, and the adjacent O atoms function as hydrogen
transfer mediators, ensuring efficient C;Hy production. These
findings enhance our understanding of Cr-based catalysis in
PDH reactions and provide valuable guidance for developing
high-performance alkane dehydrogenation catalysts and
processes. Isolated Cr species in the Beta zeolite framework,
as well-defined active sites together with the unique zeolite
microenvironment, contribute to highly efficient PDH
performance, which outperforms other metals embedded into
Beta zeolite. Besides the electronic properties and coordination
structure of metal sites, a profound and systematic study
considering the differences in Lewis acid strength of framework
metal sites, both experimentally and theoretically, would
further explain the superior PDH performance of Cr-Beta
catalyst and shed light on the structure-activity relationship of
heteroatom zeolite systems in alkane activation reactions.

B MATERIALS AND METHODS

Materials. All chemicals were obtained as received, without
further purification. The following materials were used: Beta
zeolite (Si0,/Al,0; = 2S5, Nankai University Catalyst Co.,
Ltd.), SiO, (99%, Tianjin Shenneng Technology Co., Ltd.),
Chromium(III) nitrate (Cr(NO;);-9H,0, 99%, Sinopharm
Chemical Reagent Co., Ltd.). Other nitrate raw materials used
in the experiment were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd., including H,NO,V,
Mn(NO,),-4H,0, Fe(NO,);9H,0, Cu(NO,),’3H,0, Zn-
(N03)2'6H201 Ga(NO3)3-xHZO, Y(NO3)3'6H20; Zf(N03)4'
5H,0, MoNa,0,, In(NO;);-xH,0, SnCl,-SH,0, La(NO;);-
6H,0, Na,WO,2H,0.

Methods. The preparation of Si-Beta: The dealuminated
Beta zeolite (Si-Beta) was obtained by treating the raw Beta
zeolite with concentrated nitric acid at 90 °C for 24 h. After
being washed with distilled water, the sample was dried at 120
°C overnight, resulting in the final product, Si-Beta. The Si/Al
ratio of Si-Beta was determined to be 3800.

The preparation of M-Beta: Metal-containing -Beta catalysts
(M-Beta) were prepared by the liquid-phase incorporation
(LPI) method. Specifically, the calculated M(NO;),-yH,O
(the metal salt required to synthesize 2 g of M-Beta (Si/M =
40) was dissolved in 20 mL of deionized water. Then, the
desired amount of Si-Beta was added to the nitrate solution,
and the mixture was stirred at room temperature for 3 h. The
mixture was evaporated at 80 °C under stirring and
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subsequently dried overnight at 120 °C. Finally, all materials
were calcined at 550 °C for 6 h at a heating rate of 2 °C/min.

The preparations of xCr-Beta, xCr/SiO,, and Cr,0,/Si-
Beta: Cr-Beta and Cr/SiO, with different Cr loadings were
prepared by a wet-impregnation method, which was similar to
the preparation of M-Beta by choosing Si-Beta and SiO, as
supports. The Cr,0;/Si-Beta sample was prepared by
physically mixing Cr,O; and Si-Beta.

Characterization and Catalytic Evaluation. The phys-
icochemical properties of the catalyst and the structures of the
active centers were investigated by combining various
characterization techniques. The PDH reaction was carried
out in a quartz tubular fixed-bed reactor at 600 °C under
atmospheric pressure. C;Hg conversion and product selectivity
were calculated using carbon balance. The Supporting
Information provides details of the characterizations and
catalytic assessments.
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