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Propane dehydrogenation (PDH) is currently an approach for the
production of propylene with high industrial importance, especially in the context of
the shale gas revolution and the growing global demands for propylene and
downstream commodity chemicals. In this Perspective article, we comprehensively
summarize the recent advances in the design of advanced catalysts for PDH and the
new understanding of the structure—performance relationship in supported metal
catalysts. Furthermore, we discuss the gaps between fundamental research and
practical industrial applications in the catalyst developments for the PDH process. In
particular, we overview some critical issues regarding catalyst regeneration and the
compatibility of the catalyst and reactor design. Finally, we make perspectives on the
future directions of PDH research, including the efforts toward achieving a unified
understanding of the structure—performance relationship, innovation in reactor
engineering, and translation of the knowledge accumulated on PDH studies to other
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Propylene, a pivotal commodity chemical for producing high-
value chemicals such as polypropylene, epichlorohydrin,
acrylonitrile, and acetone, is witnessing a ~5% growth rate of
annual global demand.'™* Among the diverse technologies for
propylene production, propane dehydrogenation (PDH) stands
out for its conversion efficiency, atomic utilization, and high
selectivity compared to traditional processes such as steam
cracking (SC) and fluid catalytic cracking (FCC).”~” Moreover,
the discovery of abundant shale gas resources in North America
has led to a significant drop in propane prices, while oil prices
have surged during the last two decades, resulting in sharply
increased interest in PDH from industry and academia.”
However, due to thermodynamic limitations, direct non-
oxidative propane dehydrogenation (DPDH) reactions typically
require elevated temperatures (>550 °C), resulting in coke-
induced catalyst deactivation.” Although oxidative propane
dehydrogenation (OPDH) can mitigate carbon formation, it
suffers from a declined selectivity to propylene and complex gas
constituents that elevate the separation costs.”'”'" Therefore,
adopting DPDH processes is crucial for effective propylene
production, as demonstrated in commercial applications such as
the Catofin process based on CrO,/Al,O; catalysts and the
Oleflex process based on PtSn/Al,O; catalysts.” Despite their
applications in numerous plants, these commercial techniques
encounter several operational challenges. For instance, the
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frequent oxidative regenerations of PtSn/Al,Oj are required to
remove the carbon deposition, which may cause the sintering of
Pt active sites and restrict the catalyst’s reusability. Moreover,
despite the lower fabrication costs of CrO,/Al,Oj; catalysts, they
exhibit intrinsically lower activity and inferior propylene
selectivity than Pt-based catalysts, while containing toxic Cr
components with potential health and environmental issues."”

As illustrated in Figure 1, researchers are addressing these
challenges through two major methods: 1) optimizing the
catalyst supports, such as Al,O;, SiO,, TiO,, CeO,, carbon
materials, mesoporous materials, and zeolites; and 2) incorpo-
rating metal functional components such as Pt, Pd, Rh, Ni, Fe,
Co, Zn, Cr, V, and Ga.'*™* Although these catalysts
demonstrate excellent performance at the laboratory scale in
comparison to the conventional Al,Oj;-supported metal
catalysts, the durability of the sophisticatedly designed active
sites under rigorous industrial conditions requires further
validation, and the catalyst deactivation after multiple
oxidative—reductive regenerations remains a challenge. Though
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Figure 1. Schematic illustrations of supported metal catalysts for PDH. The supported metal catalysts consist of two major components: the metal
active sites and the solid carriers. In this figure, we have listed the typical materials for the construction of PDH catalysts. Reproduced with permission

from ref 2. Copyright 2021 Royal Society of Chemistry.

some of the bulk oxide catalysts are reported as active catalysts
for PDH, the space-time yields of propylene are still
considerably lower than the conventional supported Pt, CrO,
and GaO, catalysts.”**’

Herein, we review the contemporary strategies to enhance the
conversion efliciency and stability of PDH catalysts and discuss
the latest progress in the design of advanced PDH catalysts
based on active sites with novel structural features. In particular,
we will emphasize the atomic insights into the active sites and
their structure-performance relationship. Furthermore, we will
highlight the emerging concepts of the PDH process, such as
membrane reactors and electric field-assisted dehydrogenation
that hold promise for overcoming current limitations and further
advancing the field of propylene production.

Pt-based catalysts are considered most effective for PDH
reactions due to their high preference for C—H bond activation
over the C—C bond cleavage. While monometallic Pt catalysts
exhibit strong C—H bond activation, this particular strength
leads to rapid deactivation through extensive dehydrogenation
and subsequent carbon accumulation.” Introducing a secondary
metal is one of the most eflicient strategies for optimizing the
properties of the active sites and mitigating catalyst deactivation.

As illustrated in Figure 2a—b, the beneficial effects of the
secondary metal are derived from two aspects: electronic effect
and geometric effect.>*573* Specifically, the introduction of a
secondary metal enhances the electron density of Pt atoms
through interatomic electron transfer, which in turn broadens
the d-band and consequently lowers the d-band center at Pt
active sites. This modification facilitates the desorption of C;Hg
and the transfer of coke from the Pt sites to the support.
Simultaneously, the incorporation of the secondary metal, acting
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through a dilution effect, breaks down larger Pt nanoparticles
into smaller clusters, effectively eliminating the active sites that
are prone to coke formation.

Various metals, including Sn, Ga, In, Zn, Fe, Cy, and Co, have
been utilized as promoters in Pt-based alkane dehydrogenation
catalysts, with Sn being the most commonly used additive. While
the PtSn catalyst has been commercially applied for decades in
the Oleflex process for PDH, research efforts are continuously
dedicated to enhancing its stability and specific activity of the Pt
sites. For instance, by premixing H,PtCls and SnCl, solutions
before impregnation to create a Pt—Sn bimetallic coordination
complex, the obtained PtSn/SiO, catalyst can sustain PDH
reactions at conversion levels near thermodynamic equilibrium
with a 99% C;Hg selectivity. The key to the exceptional
performance lies in maintaining a close proximation between Pt
and Sn species in the intermetallic PtSn nanoparticles confirmed
by various electron microscopy and spectroscopy character-
izations (Figure 2c—e).35

Similar to Pt-based catalysts, Rh-based catalysts also
demonstrate notable C—H bond activation capabilities, though
they are less explored due to the high prices of Rh. Additionally,
their capability to activate C—C bonds often promotes
undesired C—C cracking and coke deposition.”"**~** Similar
as the Pt-based catalysts, a secondary metal is also introduced
into Rh to form bimetallic active sites to suppress the undesired
side reactions. For example, a RhIn@MFI catalyst derived from
one-pot synthesis exhibits exceptional stability for up to 5500 h
when using pure C;Hj as the feed. The stability is attributed to
the formation of bimetallic Rhin particles within the pure-silica
MFI zeolite matrix (Figure 2f—i).** The Rh atoms in the Rhin
bimetallic particles are separated by the In atoms, leading to the
formation of single-atom sites, which greatly suppress the coke
deposition on Rh.

Notably, based on reported large-scale catalyst preparation
methods, an excessive amount of the secondary metal is typically

https://doi.org/10.1021/jacsau.4c00730
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Figure 2. Illustrations of secondary metal species promoting effects on Pt-based catalysts. (a) Modifying the electronic structures of Pt active sites by
forming bimetallic PtM particles. (b) Modifying the geometric structures of Pt active sites by controlling the ensemble size of Pt atoms. (c) A STEM
image of PtSn alloy nanoparticles supported on silica. (d) UV—vis absorption spectra of Pt—Sn bimetallic precursor solutions. Changes in the
absorption peaks and color of the liquid suggest the formation of Pt—Sn complexes. (e) X-ray diffraction pattern of PtSn/SiO,, indicating the formation
of PtSn and Pt;Sn alloys. Reproduced with permission from ref 35. Copyright 2021 American Association for the Advancement of Science. The
HADDE-STEM images of (f) In/Rh@S-1-fresh and (g) In/Rh@S$-1 -used. k*-weighted EXAFS spectra at the (h) In K-edge and (i) Rh K-edge for In/
Rh@S-1 and reference samples. The HADDE-STEM images show the metal migration process in the reducing atmosphere, and the EXAFS results
show the formation of Rh—In bonds, proving that Rh and In species are approximately close. Reproduced with permission from ref 39. Copyright 2024

American Association for the Advancement of Science.

required to ensure sufficient contact with Pt or Rh. This may
lead to the formation of large particles of secondary metal oxides
(MO,), triggering side reactions such as cracking and carbon
formation. Furthermore, after multiple cycles of oxidation to
remove carbon and subsequent reduction, the secondary metal
in the Pt/Rh-based bimetallic particles segregates and aggregates
into MO, particles, leading to irreversible deformation of the
optimal active sites.””*" As highlighted in the above discussions,
the formation of bimetallic active sites with high uniformity and
structural robustness remains a challenge in the preparation of
supported metal catalysts for PDH. Recently, it has been
proposed that high-entropy Pt-based alloys exhibit higher
stability against segregation than conventional bimetallic
systems during reduction—oxidation treatments, which could
be ascribed to the interaction between Pt and the surrounding
atoms.*! For instance, the reported high-entropy intermetallic
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compound (PtCoCu)(GeGaSn)/Ca-SiO, catalyst demon-
strates significantly enhanced catalytic stability and selectivity
compared to the PtGe catalyst and exhibits a very long catalyst
lifetime up to 4146 h. The advanced characterizations and model
calculations reveal that site-isolation and entropy effects
significantly improve the desorption and thermal stability of
C;Hg on the high-entropy alloyed catalyst, enabling superior
performance even in high-temperature reaction environments. "’
The advantage of high-entropy alloys is also reflected in CO,-
assisted PDH.*> However, a fundamental issue related to Pt-
based high-entropy alloy catalysts is identifying the optimal
active site for PDH because the propane molecule can only
interact with a few atoms (probably less than S) during the
catalytic cycle.

In recent years, Pt single-atom alloy catalysts constructed by
introducing a second metal as the host have also demonstrated
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Figure 3. Schematic illustrations of synthesis methods for specific catalyst structures. (a) The (=Si—O0—Zn),_¢Pt structure stabilized by Si—O—Zn—
OH sites in dealuminated Beta zeolite. Reproduced with permission from ref 59. Copyright 2021 American Chemical Society. (b) The mononuclear
and binuclear surface Ga species formed by grafting Ga(i-Bu); onto ALO; and SiO,. Reproduced with permission from ref 62. Copyright 2018
American Chemical Society. (c) The preparation of PtSn species through the grafting of Pt(COD)Me, and Ph;SnH onto dehydroxylated AL O;. (d)
Schematic illustration of the Ni@TiO,, structures for PDH. Reproduced with permission from ref 63. Copyright 2019 Elsevier. (e) CO-IR spectra of
the Ni-Ti0,/Al,O; catalysts obtained after different reduction treatments, highlighting the absence of CO adsorption bands on Ni particles, which
suggests encapsulation by oxide overlayers. (f, g) Atomic structures of the Ni@TiO, structures arising from strong metal—support interactions.
Reproduced with permission from ref 64. Copyright 2024 American Association for the Advancement of Science.

excellent catalytic performance in PDH processes.”* For only with a single Pt atom, resulting in a higher deep

instance, a Pt/Cu single-atom alloy supported on Al O;
prepared through coimpregnation and atomic dilution strategies
showed catalytic effects markedly different from traditional alloy
catalysts.** In both Pt/Cu single-atom alloy and traditional alloy
surfaces, the activation mode of the C—H bond in propane just
involves a single adsorption configuration at the Pt—Cu sites,
leading to similar dehydrogenation activities. However, in
traditional alloys catalysts, a propene molecule can interact
simultaneously with three Pt atoms and stabilize at a triple-
vacancy site, exhibiting a lower deep dehydrogenation barrier
(<1 eV). In contrast, on the surface of the Pt/Cu single-atom
alloy, C;H; (a precursor model for carbon formation) interacts
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dehydrogenation barrier (>2 eV), thereby achieving high
selectivity and activity in PDH reactions. However, with copper
as the host in the single-atom alloy, its lower Tamman
temperature (about 405 °C) makes it prone to sintering and
aggregation at high temperatures (above 550 °C), leading to
rapid deactivation of the catalyst. To address this issue, the
authors optimized the support and loading methods by using a
steam-ammonia hydrothermal process to first combine copper
with silica, creating a copper silicate precursor support.
Subsequently, by impregnating trace amounts of Pt, a stable
PtCu single-atom alloy catalyst precursor was successfully
prepared.” This step effectively suppressed the growth of

https://doi.org/10.1021/jacsau.4c00730
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alloy particles with rising temperature, thus enhancing the
catalyst’s stability.

Besides the catalysts based on noble metals, researchers are also
interested in supported metal oxide catalysts because of their low
prices, such as CoQ,, ZnO,, VO,, and CrO,.**” Unlike the
mechanism of Pt/Rh-based catalysts that directly activate the
C—H bond on the metallic sites, metal oxide catalysts rely on
their highly dispersed M-O sites for C—H bond activation.
Introducing metal oxide additives into the oxide-based catalysts
can alter their coordination environment and/or electronic
states, thereby enhancing the activity and stability of the
catalysts. For example, by incorporating CrO, into ZrO,/SiO,,
the CrZrO,/SiO, catalyst demonstrates excellent catalytic
stability after S0 dehydrogenation and regeneration cycles
without a significant decrease in activity."® In comparison to the
catalysts based on noble metals, the oxide catalysts exhibit much
higher stability during reaction-regeneration cycles due to the
strong M-O bonding with the support. In particular, by
incorporating the non-noble metal sites into the zeolite
structure, their specific activity and stability will be further
promoted in comparison to those supported on alumina or
silica. For instance, a variety of non-noble metal species (e.g., Zn,
Ga, In, Co, Mo, etc.) are introduced to MFI-, *BEA- and CHA-
type zeolites as extra-framework active sites for PDH.*” Though
these materials have been extensively studied by numerous
techniques and many different research groups, there are still
some arguments on the structural features of the active sites, as
reflected in the zeolite-supported Ga catalysts.”"~>* According
to recent studies, it is confirmed that the catalytic properties of
non-noble metal active sites can be greatly affected by the
ensemble size (atomicity of the non-noble metal species),
chemical states and the zeolite scaffold surrounding the metal
species.s‘}”54

However, it should be noted that the specific activities of
supported metal oxide-based catalysts are much lower than the
Pt/Rh-based catalysts, which require the use of a higher number
of solid catalysts for achieving similar productivity as the noble
metal catalysts. One strategy to improve the activity of oxide
catalysts is to introduce trace amounts of noble metals, resulting
in metal-oxide bimetallic catalysts for PDH. In the example of
Ga0,/Al,0;, adding 1000 ppm of Pt can significantly enhance
the catalytic activity, which is attributed to the promoted
formation of Ga®*—H species on GaO, particles, which are
proposed as the active sites for C—H activation.”>*® From a
fundamental point of view, it is interesting to study the
appropriate ensemble size of the Pt on the GaO,, particles.

The selection of solid carriers for the active sites is vital for
achieving high activity in PDH, as the metal—support
interaction can effectively tune the activity and stability of the
metal species.””*® Normally, oxides are selected as the solid
carriers because of the strong interaction between the metal
active sites and the oxide carriers. Moreover, oxide carriers have
much higher stability in consecutive exposure to oxidative and
reduction atmospheres during the reaction-regeneration cycles
than other materials such as porous carbon, nitride/sulfide.
Moreover, oxide supports with microporous features are more
desired over open-structure carriers because the metal active
sites can be accommodated in the micropores for improvement
in thermal stability. For example, impregnating Zn onto
dealuminated Beta zeolite can effectively stabilize Pt with the
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Si—O—Zn—OH sites, and the resulting bimetallic PtZn sites
exhibit superior stability and PDH activity (Figure 3a). With
cofeeding H,, the catalyst maintains the activity after four
reaction-regeneration cycles.”” This method is also applicable in
the synthesis of bimetallic PtZn sites supported on self-pillared
zeolite pentasil nanosheets for PDH and butane dehydrogen-
ation reactions.®” In a similar vein, a high-performance Zn,Co,—
N—C heteronuclear dual-atom catalyst has been developed,
where the N-bridged Zn;Co, dual atom pair serves as the
primary active center for the PDH reaction.”" Strong covalent
bonds between the N species and metal M stabilize the metalin a
specific valence state, enhancing its stability and effectively
suppressing the reduction and volatilization of Zn. Compared to
Zn,/NC, Co;/NC monatomic catalysts, and Zn,/NC diatomic
catalysts, the Zn,Co; catalyst exhibits higher activity and
selectivity. This is due to the electronic interactions between
Zn, and Co; coordinated by the N species, which promote the
activation of the C—H bonds in C;H,. During the reaction, the
generated H species covers the Zn, position, further promoting
the desorption of propylene from the Co, site, thereby
enhancing selectivity. The prepared catalyst performs com-
parably to industrial CrO,-based catalysts in terms of reactivity
and exhibits greater stability.

The metal—supports interaction can be significantly enhanced
by employing the surface organometallic chemistry (SOMC)
method, which involves the formation of strong covalent M—O
bonds between the organometallic precursor and the oxide
support. The presence of —OH groups on the high-surface-area
solid carriers serves as the anchoring sites for the organometallic
precursors. For instance, by grafting Ga(i-Bu); (where i-Bu =
CH,CH-(CH,;),) onto Al,O; or SiO, surfaces, mononuclear
[(-AlO)Ga(i-Bu),0] and binuclear [(-SiO),Ga,(i-Bu),] sites
are generated, respectively (Figure 3b). The mononuclear Ga
sites on Al,O; display significantly higher activity than the
binuclear sites on SiO,, possibly due to the higher C—H bond
activation ability.”*

Furthermore, the SOMC method can precisely adjust
bimetallic sites at the atomic level. As illustrated in Figure 3c,
by sequentially loading dimethyl(1,5-cyclooctadiene)platinum-
(I1) (Pt(COD)Me,) and triphenyltin hydride (Ph;SnH) onto
dehydroxylated ALO; [=AlO-Pt(COD)Me] and [=AlO-
SnPh,] sites are successfully immobilized on Al,O; surface. The
subsequent hydrogenolysis under mild conditions leads to the
formation of bimetallic Pt—Sn clusters (<0.75 nm). Notably, the
unique Pt—Sn/Al,O; catalysts exhibit significantly higher PDH
catalytic activity and stability than catalysts prepared by
traditional impregnation methods because the conventional
method cannot ensure intimate Pt—Sn contact.”’ Despite the
precise control of active sites through the SOMC method, the
high price of organometallic precursors restricts its practical
application in commercial process.

Current research on SMSI primarily focuses on optimizing the
performance of traditional PDH active metal elements (such as
Pt, Ga, Zn, Co, Nj, etc.), while oxide support materials are
generally seen only as promoters instead of the main active sites
for PDH. In a recent study, as illustrated in Figure 3d—g, a Ni-
TiO,/ALO; catalyst demonstrated marked PDH activity and
stability (>150 h), in which the defective TiO, layers covered on
Ni nanoparticles act as the primary active site for PDH. The Ti**
species, identified as the active sites and formed at
tetracoordinated Ti, sites with oxygen vacancies, were detected
within the defective TiO, overlayers, which are formed due to
the strong-metal support interaction induced by high-temper-

https://doi.org/10.1021/jacsau.4c00730
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Figure 4. Zeolite-supported metal catalysts for PDH. (a) Illustration of the formation mechanism of Pt@MCM-22 catalysts through a transformation
of a two-dimensional zeolite into three-dimensional structure. (b) The HR-HAADF-STEM image of Pt@MCM-22, showing the presence of single Pt
atoms and Pt clusters encapsulated in pure-silica MCM-22. (c) PDH test for Pt@MCM-22 and Pt/MCM-22-imp catalysts over five reaction-
regeneration cycles at 550 °C. Reproduced with permission from ref 65. Copyright 2017 Spring Nature. (d) Schematic illustration of the formation
mechanism of K-PtSn@MFI catalysts synthesized by one-post synthesis. (e, f) The HR HAADF-STEM and iDPC images of the K-PtSn@MFI
catalysts in the [010] direction. After reduction with H,, subnanometer metal clusters are encapsulated in the sinusoidal 10MR channels of MFI zeolite.
Reproduced with permission from ref 66. Copyright 2019 Spring Nature. (g, h) iDPC-STEM images of Pt/Ge-UTL catalyst in the [001] and [010]
direction, showing the formation of tiny Pt clusters within UTL-type zeolite. Reproduced with permission from ref 76. Copyright 2023 Spring Nature.

ature reduction treatment. Further analysis of the electronic
interactions between the Ni nanoparticles and the TiO,
overlayers reveals electron accumulation at the interfacial Ni
atoms, creating electron-rich Ni sites.**

Despite the excellent activity demonstrated by the afore-
mentioned catalysts, most supported catalysts currently focus on
strengthening metal—support interface suffer from a common
issue: their complex preparation methods often require
cumbersome processes and expensive chemicals, leading to
low economic efficiency. A preparation method for ZnO-
supported catalysts has been proposed to address this issue. In
this method, metal oxides and carriers (such as zeolites or
common metal oxides) are used either as physical mixtures or in
a bilayer arrangement (with ZnO positioned in the upper layer).
After reduction treatment above 550 °C, the OH groups on the
carrier react with Zn atoms, forming active ZnO, species in situ.
Subsequently, under the same apparatus and industrial-related
conditions, the ZnO-S-1 catalyst showed a three times higher
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propylene yield than the commercial K-CrO,/AlL,O; catalyst.
Additionally, this method has proven effective for preparing
other active zinc-containing catalysts, such as using different
silica-based zeolites (like dealuminated zeolite, Beta, and MCM-
22), or commercially available OH-rich metal oxides (such as
AlL,0;, TiO,, LaZrO,, TiZrO,, and ZrO,—Si0O,) in either
physical mixtures or bilayer forms, all exhibiting excellent
activity.'® Although finding an active metal precursor that can
migrate in a reducing (or even oxidizing) atmosphere may be a
limitation of this technology, it is undeniable that this method of
catalyst preparation offers new insights for PDH catalysts, and
expanding this technology to other metals and carrier systems is
expected to inject new life into PDH technology.

When the noble metals are supported on an open-structure
surface, their sintering under harsh PDH reaction conditions is
inevitable. In recent years, a series of studies have shown that
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Figure S. Advanced characterizations used for PDH catalysts. (a) Intensity contour map of the HERFD XANES spectra of the Pt—Sn/Al,Oj catalyst
acquired at 600 °C during the first two propane dehydrogenation—regeneration cycles and the corresponding illustration. Reproduced with permission
from ref 40. Copyright 2010 Elsevier (b) Detailed scheme of the pilot-scale reactor for investigating the deactivation of CrO, /Al O; extrudates during
PDH. Reproduced with permission from ref 79. Copyright 2014 European Chemical Society. (c) HAADF-STEM simulations of Pt,Sn,, Pt;Sn,, and
Pt¢Sn, species encapsulated within pure-silica MFI zeolite, based on models derived from DFT calculations. Reproduced with permission from ref 68.
Copyright 2024 American Chemical Society. (d) Single projected images of a porous SiO, bead loaded with Ga—Pt SCALMS primary particles before
and after PDH. Reproduced with permission from ref 88. Copyright 2024 American Chemical Society.

incorporating the metal active sites into microporous supports
can greatly promote the stability of the noble metals by imposing
confinement effects on the active sites. Taking metal@zeolite
catalysts as an example, subnanometer Pt clusters are
successfully encapsulated within the interlayer space of MCM-
22 zeolite, using hexadecyltrimethylammonium as a surfactant
and dimethylformamide as a capping agent during the swelling
process of the zeolite precursor (Figure 4a—c). The resultant
Pt@MCM-22 catalyst exhibits superior catalytic performance
than those prepared by the impregnation and maintains 90%
activity over five reaction-regeneration cycles.65 To improve the
encapsulation degree of Pt species in zeolite structure, the Pt
species is introduced into the synthesis mixture of zeolite for
hydrothermal crystallization.’® As depicted in Figure 4d—f, The
resultant K-PtSn@MFI catalyst contains subnanometer Pt
clusters in the sinusoidal 10-ring channels of pure-silica MFI
zeolite. The introduction of K and Sn can suppress the sintering
during the high-temperature calcination procedure and modify
the electronic properties of Pt clusters, respectively, resulting in
the formation of highly stable and selective sites for PDH.
Modifying the atomic structures of the PtSn clusters by
postsynthesis treatments can cause one-order-magnitude
variation in the deactivation rate for PDH, highlighting the
sensitivity of the catalytic performance of PtSn clusters to their
structural features, which are also proven by some recent studies
based on theoretical modeling and kinetic measurements. For
instance, variations in prereduction times lead to different
degrees of interaction between Pt clusters and partially reduced
Sn species, significantly influencing catalyst performance.’” By
precisely designing and synthesizing subnanometer Pt,Sn, sites
of different chemical compositions within the 10MR sinusoidal
channels of pure-silica MFI zeolites, it is found that Pt;Sn, sites
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exhibit the best C—H bond activation capability and the highest
PDH activity among various structures. Additionally, the Pt,Sn,
(x =1, 2) sites demonstrated exceptional resistance to sintering
and carbon deposition.”® Due to its high reproducibility, the
one-pot synthesis approach has been extended to many different
combinations of Pt and cocatalyst metals, yielding a series of
zeolite-encapsulated Pt catalysts for PDH with enhanced activity
and stability than conventional Pt catalysts supported on open-
structure surfaces.””~"* In recent years, zeolite-encapsulated
nonprecious metal catalysts prepared via one-pot method have
also achieved excellent PDH catalytic performance. For
example, through a ligand-stabilized one-pot method, Co
species within a uniform MFI zeolite framework are constructed,
forming the microstructure (=Si0),Co(HO—Si=), sites.”"””
This structure, through dynamic and continuous changes in
electronic and coordination structures, effectively stabilized the
C,H, intermediate and facilitated the acceptance of H species,
exhibiting exceptional PDH activity, selectivity, and stability
compared to traditional impregnation and ion-exchange
methods. Furthermore, the introduction of Na,MoO, in the
one-pot synthesis system has enabled precise control over the
coordination structure of Co, establishing a new catalytic active
center with an unsaturated tricoordinated cobalt unit ((=Si—
0)CoO(0—Mo)). The addition of Mo significantly enhances
Co’s ability to activate C—H bonds and promotes the desorption
of propylene, exhibiting exceptionally high catalytic activity in
the PDH reaction, not only surpassing all previously reported
Co-based catalysts by nearly an order of magnitude but also
exceeding the performance of most Pt-based catalysts under
similar operational conditions.”> We believe that by precisely
controlling the active sites in subnanometer zeolite-encapsu-
lated metal catalysts prepared via a one-pot method, the specific
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activity of the metal active sites and their long-term stability in
alkane dehydrogenation reactions can be further improved.
Regarding the practical application of this material in the
industrial PDH process, one has to resolve the preparation of
shaped zeolite-encapsulated Pt catalysts and mitigate the
diffusion problems caused by the zeolite frameworks.

Although the physical confinement effect can enhance the
stability and activity of catalysts, the diffusion limitations may
increase the product’s retention time, thereby triggering side
reactions and catalyst deactivation. To address this issue,
researchers can modify the morphology and pore structures of
the supports. For instance, subnanometer Pt,—O—Ge clusters
supported on UTL-type zeolite, which possesses large pores
composed of 14- and 12-ring channels (Figure 4g, h),
demonstrate this approach. This unique property allows the
catalyst to exhibit long-term stability under different space
velocities for over 4500 h.”°

Despite the faster diffusion originating from the larger pore
structures or smaller dimensions in a specific direction, the
catalyst’s stability may be compromised by a reduction in crystal
size and an increase in defective sites. This phenomenon is
particularly detrimental in the presence of steam, where a large
number of defects within the supports can lead to the migration
and aggregation of active species. Therefore, choosing supports
with complete crystallinity to enhance the stability of both
support and active sites is also an effective strategy to improve
activity.

Characterization techniques bring new insights into the
structure—activity relationship and help iteratively improve the
PDH catalytic system by unraveling the deactivation mecha-
nism. Established electron microscopy tools enable the
visualization of support morphology and metal nanoparticles,
and spectroscopy methods (including IR, UV—vis, Raman, and
XAS) allow for the observation of variations in metal sites,
intermediates, and carbon deposits.77’78 However, advanced
characterizations are required to discern the accurate structure
of active sites and to explore the deactivation mechanism with
high temporal and spatial resolutions.

In-situ and operando characterizations can seamlessly track
the active site variation and coke formation. As shown in Figure
Sa, in situ XANES reveals the chemical information during the
dehydrogenation-regeneration cycles of the Pt—Sn/Al,O,
catalyst. During the temperature ramp to 600 °C under an H,
flow, Pt—Sn/Al,O; experiences the formation of metallic Pt and
subsequent insertion of Sn to form Pt—Sn alloy. Oxygen
treatment for coke burning clearly leads to the separation of Pt
and Sn constituents, while the following H, reduction restores
Pt—Sn alloy. Overall, the incorporation of Sn mitigates the Pt
particle growth during the dehydrogenation-regeneration cycles,
thus bringing prolonged stability and selectivity.”” In another
example, the CrO,/Al,Oj catalyst is characterized by operando
UV—vis and Raman spectroscopy integrated inside a pilot-scale
reactor (Figure Sb). The operando UV—vis measures the color
variations during the PDH cycles, correcting the Raman results
for quantitative analysis. Based on the D,/G ratio, the coke
species increases with the temperature elevation, while the
chemical composition is irrelevant to the position of the catalyst
bed or reaction time.””

Advanced electron microscopy helps illustrate the definite
structure of carefully designed catalysts. In the case of Pt—Sn
clusters encapsulated in MFI zeolite, iDPC-STEM images
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demonstrate the accurate localization of subnanometric clusters
in the sinusoidal channels. As shown in Figure 5S¢, Combining
HAADF-STEM and iDPC images, along with DFT simulations,
the structure of clusters was imaged, thus providing a new
perspective for detecting the structure of PDH active sites and
establishing structure—activity relationships.>*® However, with
the state-of-the-art TEM technique, it is still very challenging to
obtain images of the metal-zeolite interfaces with atomic
resolution.

The coordination environment of the metal active sites can be
deconvoluted from the X-ray pair distribution function (PDF),
which collects both diffraction and scattering data and interprets
atomic interactions in real space. For Ce/V NPs confined in
mesopores SBA-15, PDF demonstrates a similar distribution
curve with the simulated data, suggesting that the Ce/V
structure remains intact when impregnated into the mesopores.
The dispersion of Ce/V particles inside the SBA-1S5 channels
enhances the TOF of oxidative PDH compared to bulk Ce/V
cluster aggregates.80 In another example, the PDF data of Fe/
AL O, resembles the features of Fe,0; within S A, indicating the
presence of highly dispersed Fe-phase on the alumina surface,
instead of aluminate spinel (FeAlO;) or larger Fe NPs.*’
Further, the satisfactory fitting results and the theoretical model
prove the subnanometer Pt clusters within the germanium-
containing MFI zeolite, changing its long-term symmetry due to
the specific Pt positioning.”® By correlating the PDF and EXAFS
data acquired under reaction conditions, some insights on the
activation and deactivation of the metal active sites could be
obtained.

Furthermore, some advanced techniques are highly valuable
but rarely applied in PDH investigations. For instance, inelastic
neutron scattering technology indicates the formation of
aromatic species in the used PDH catalyst, supplementing IR
and Raman data in elucidating the composition of carbonaceous
deposits.*” Due to the strong interaction of neutrons with light
elements, INS is suitable for investigating the hydrocarbon
species on the catalysts, with various applications in propene
oligomerization and methanol-to-olefin reactions.””** In
addition, X-ray computed tomography (CT) reveals the
structure changes of the Pt—Ga bimetallic sites in the supported
catalytically active liquid metal solutions (Figure 5d). X-ray CT
provides a three-dimensional visualization of the catalyst
structure before and after the PDH reaction, suggesting that
the Pt-doped Ga particles evolve into Ga shells with Ga—Pt
intermetallic constituents.”® Other X-ray-based tomography
methods include XRD-CT, XFR-CT, and STXM-CT, which
may provide insightful information for the dynamic behaviors of
the active sites and coke species. Besides, X-ray CT techniques
are applicable for the energy- and spatial-resolved visualization
of bulkier samples (micrometer to millimeter sizes), with high

potential for investigating the catalysts in industrial scenar-
. 85—87
ios.

By looking into the performance summary of recently reported
materials for PDH, we can find that the noble metal catalysts are
one- or two-order-magnitude higher than non-noble metal
catalysts in PDH under similar conditions.”'* Noble metal
catalysts may suffer fast catalyst deactivation due to coke
deposition and the metal active sites usually suffer sintering
issues after multiple reaction-regeneration cycles. In our
opinion, the future directions of developing PDH catalysts
based on noble metals mainly lie in the precise synthesis of
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subnanometer metal sites to maximize the utilization efficiency
and activity of noble metal species. Another important direction
is the catalyst’s stability on the reaction stream and durability
during multiple reaction-regeneration cycles. It is highly
desirable to develop suitable solid carriers with appropriate
porosity to limit the mobility of subnanometer noble metal sites
in both oxidative and reduction atmospheres at high temper-
atures without compromising their accessibility to propane. In
particular, it is important to achieve facile regeneration of the
coked active sites by direct calcination in the presence of O, and
to avoid the use of a Cl-containing atmosphere.

Regarding the non-noble metal catalysts, the major drawback
is their intrinsically low capability for activating C—H bonds in
light alkane molecules, leading to much lower space-time yields
of propylene than the noble metal counterparts. One strategy to
tackle this issue is to introduce very low amounts of noble metals
as promotors for non-noble metal catalysts. For instance,
incorporating hundreds of ppm of Pt into GaO,/ZSM-S$ catalyst
leads to an improvement of specific activity for >20 times.” To
further promote the synergy of atomically dispersed Pt species
and the GaOx anchoring sites, it is necessary to optimize the
synthesis methodology to precisely control the location of Pt
species in the GaOx/ZSM-S support. In general, the non-noble
metal catalysts are more stable than the supported noble metal
catalysts thanks to the strong bonding between metal active sites
and the oxide carriers. The active sites may gradually sinter into
metallic particles in a reductive atmosphere on the PDH reaction
stream at high temperatures, resulting in catalyst deactivation
and coke deposition. In some cases, the active sites can be
generally restored after calcination treatment in air. However,
the long-term stability of some recently reported systems (e.g.,
Ni@TiO,, GaO,/zeolite, ZnO/zeolite) still needs to be further
verified.

In contrast to fundamental research in the laboratory, industrial
PDH processes typically employ pure propane as the reaction
gas to maximize propane conversion efficiency. Previous studies
indicate that the PDH using pure propane as the feed leads to
extended catalyst lifetime at S00—550 °C, because the partial
pressure of hydrogen also increases in the reaction mixture,
slowing down the coke deposition and catalyst deactivation.
Additionally, the hydrogen can react with the carbon deposits,
further diminishing carbon accumulation on the catalyst
surface.”"” However, industrial applications generally require
higher temperatures (600—650 °C) to enhance propane
conversion efficiency, and the elevated temperatures promote
the coke deposition rates on the catalysts, necessitating periodic
catalyst regeneration to restore the activity.”"*®’" The
industrial PDH process leverages moving bed technology for
continuous catalyst regeneration, which offers the distinct
advantage of uninterru;)ted operation and eliminates the need
for process shutdowns.”* Despite extensive research exploring a
wide range of PDH catalyst carriers, such as zeolites, carbon
materials, mesoporous silica, and CeO,, their performance in
practical applications often fails to match that of AL, Oj
employed in established processes like Catofin and Oleflex.
This discrepancy is primarily attributed to the higher mechanical
strength and chemical stability of Al,O; than other materials. In
a moving bed reactor, the catalyst particles may break due to
friction and collision if lacking mechanical strength, resulting in a
decrease in reaction efficiency and potentially bed clogging and
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pressure drop. Furthermore, the relatively inert chemical nature
of Al,O; guarantees its structural robustness during long-term
operation, preventing structural collapse during air calcination
or in the presence of steam, thereby ensurin% consistent
performance and durability in industrial processes.”> "
Though the morphology, crystal structure, and acidity of
Al,O5 support have been extensively explored, the Al,O;
catalysts developed in the academic community typically do
not perform as well as those used in the Catofin and Oleflex
processes. The disparity may originate from the complex
structural characteristics of alumina itself, with nine different
types of crystal structure, each exhibiting distinct atomic
arrangements, acidity, porosity, surface area, and surface
hydroxyl density (Figure 6).”°~'° While academia generally
(a) Precursors (b) Phase Transformation
Gibbsite 25 x-4,0, 225, Lo, 1998 waLo,
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Figure 6. Phase transformation of Al,O;with different structures during
the thermal treatments. Depending on the precursor and the treatment
temperature, alumina with distinct crystallographic structures can be
prepared.

prefers y-Al,O5 as the carrier for PDH catalysts, other forms of
alumina might possess advantages over y-Al,O; in some
evaluation criteria. For example, y-Al,O; can be converted to
0-Al,O; by calcination at higher temperatures, which exhibits
higher thermal stability and lower hydroxyl content (lower
acidity). This transformation results in less carbon accumulation
and higher cyclic stability of Pt/6-Al,O; than the Pt/y-Al,O;
counterpart. Nonetheless, -Al,O; has relatively lower surface
area and acidity, which adversely leads to lower dispersion of Pt
and reduced catalytic activity.'"' =%

Besides crystallographic structures, Al,O; displays various
morphologies, including spheres, nanosheets, nanoflowers, and
nanofibers, which offer numerous opportunities for tuning the
metal-Al,O; interfacial structures. Al,O; materials with diverse
morphologies can be prepared by various methods such as
hydrothermal, sol—gel, precipitation, template, emulsion, micro-
emulsion, and electrolysis.'”>~'%” Different morphologies
impact the catalytic performance by enhancing mass transfer
efficiency and stabilizing Pt nanoparticles through more five-
coordinated A" ions, which modify the electron structure of Pt
and subseg{uently the activation process of propane C—H
bonds.' %

Adjusting synthesis parameters like aging time and temper-
ature may also contribute to the performance of Al,O;-
supported catalysts. For instance, by optimizing temperature
gradients and elution conditions, Al,O; microspheres with high
mechanical strength are successfully synthesized through the
low-carbon alcohol elution sol—gel method. The adsorption of
low and high-carbon alcohols benefits the formation of a cross-
linked network of fibers, thereby enhancing the mechanical
strength of ALO;.""" Despite these innovations, the intricate
synthesis process for Al,O; often hinders academic research
from achieving industrially relevant performance benchmarks.
Considering the Al,O; supports are used in shaped forms in the
commercial processes and the metal active sites are introduced
by impregnation, it is encouraged to perform shaping treatment
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of the as-prepared Al,O; powder for the subsequent catalytic
tests under conditions close to the commercial process.

In addition, the repeated redox regeneration processes always
result in AL, O; structure chan$es, which could significantly
influence catalytic performance.”'" The exothermic heat from
carbon combustion may cause changes in the acidic sites,
hydroxyl groups, exposed crystal faces, Al coordination states,
and even the crystal form of ALO;.''"*~"'* Therefore, the
thermal stability of Al,O; is often a key factor, with numerous
studies in recent years documenting the changes and improve-
ments in thermal stability. However, in industrial applications,
catalysts are not only subjected to high temperatures. For
instance, during the reduction process, carbon burning, and even
from moisture in the raw materials, alumina’s structure is
significantly affected. Under these conditions, Al,O; is
particularly prone to hydroxylation.''*~""” Such changes usually
affect the metal’s stability, a phenomenon observed in various
active metals like Pt, Ag, and Cu, showing metal specific-
ity.""'"*7"*! To enhance the hydrothermal stability of ALO;,
the academic community employs strategies involving doping
with metals and their oxides, as well as adjusting the conditions
of hydrothermal synthesis or calcination, thereby modifying
alumina’s structure, surface hydroxyl group concentration, and
crystallinity.*~'** However, at present, few studies directly
associate the hydrothermal stability of Al,O; with the enhance-
ment of PDH performance. Therefore, focusing on the
hydrothermal stability of AlL,O; carriers and active sites will
also be an important research direction in the future.

As mentioned before, the regeneration of deactivated catalysts is
critical for the industrial PDH process due to the inevitable coke
deposition. Regular regeneration of catalysts by burning off coke
remains an indispensable procedure to ensure the continuous
reaction in the moving bed reactor in the industrial process.
However, frequent coke removal and regeneration processes
may cause sintering or structure changes in the metal active sites
and support, necessitating measures to redisperse the active
sites. In this section, we will discuss the deactivated reasons and
typical methods for the regeneration of the deactivated catalysts
in PDH, and then compare the applicable scope of different
methods as well as the associated technical issues.

The deactivation of PDH catalysts is typically caused by two
main factors: first, changes or damage to the support structure;
second, the aggregation of active metal sites.*® The main
reasons for changes or damage to the support structure include
local overheating during repeated carbon removal and the
detrimental effects of water formed during calcination or
reduction processes. This impact may manifest as the above-
mentioned structural changes or excessive hydroxylation of the
open-space support like Al,O5, or as the collapse of the support
in porous materials like zeolites under hydrothermal conditions,
which reduces the surface area and leads to active metal sites
sintering or coverage.127

Despite numerous studies aimed at enhancing the hydro-
thermal stability of many supports in recent years, there has been
little direct focus on evaluating the hydrothermal stability of
PDH catalysts.'”® However, methods intended to improve the
hydrothermal stability of supports, when applied directly to the
preparation of PDH catalysts, may have unknown effects on
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catalyst activity. Take zeolite as an example, common methods
to enhance hydrothermal stability, such as crystallizing in a
fluoride system or treating zeolites with silylating agents, can
reduce structural defects and the number of internal and external
silanol groups, thereby enhancing hydrothermal stability."**~"**
However, the excessive elimination of defects might also lead to
the loss of sites stabling active metal and exacerbate metal
sintering. Compared to these methods, doping with alkali metals
and heteroatoms both inside or outside the framework may be
more promising for preparing PDH catalysts with high
hydrothermal stability.””*~"*" It must be acknowledged,
however, that once the properties of the support are altered or
damaged, particularly in the presence of metal sites, such
damage is difficult to reverse and is considered irreversible.
Therefore, future research in this area, aimed at balancing
hydrothermal stability and PDH activity to find the optimal
solution, holds significant potential.

Another mode of deactivation, metal site sintering, is generally
considered reversible and will be the focus of our subsequent
discussion. Generally, aggregation and dispersion can be seen as
a dynamic equilibrium process, which usually comprises two key
processes: the disengagement of the metal species from the solid
carrier and the capture of the mobile species at the anchoring
sites. Normally, to achieve dispersion, the binding strength at the
carrier sites for migrating metal species must be stronger than
their tendency to aggregate. When the binding strength between
metal species exceeds their interaction with the carrier, metal
aggregation occurs.'”® The extent of this binding strength is
closely related to the type of metal species, carriers, and
treatment conditions (temperature, atmosphere, and time). In
PDH catalysts, the sintering of active sites after multiple
reaction-regeneration cycles is a common phenomenon for both
noble and non-noble metal catalysts. Typically, due to cost
considerations, industrial applications using non-noble metal
catalysts (such as CrO, or GaO,-based catalysts) address
sintering-induced deactivation by increasing reaction temper-
atures or replacing the catalyst."”* However, given the high cost
of noble metals, redispersion of the active sites has primarily
been practised with noble metal catalysts, which will be the main
topic of our subsequent discussion.

The oxidation/reduction method is the most convenient way for
catalyst regeneration caused by coke deposition as demonstrated
with a variety of supported metal catalysts made of Pd, Rh, Re,
Ag, and Au.**"*°71? In the case of supported Pt catalysts for
PDH, treating a Pt/y-Al,O; catalyst at 500 °C in the air for 18 h
triggers the oxidative redispersion of Pt, reducing the diameter of
Pt particles from 10.7 to 4.1 nm."””> The redispersion of Pt
particles in an oxidative atmosphere at high temperatures is
probably attributed to the formation of volatile PtO, species,
causing Pt atoms to detach from larger particles and migrate to
the support.

However, under some circumstances, frequent oxidation/
reduction regeneration processes can be one of the primary
reasons for metal sintering instead of redispersion. This paradox
is attributed to the perplexing effect of different atmospheres,
processing times, and temperatures of sintering and redis-
persion. For example, a high Pt dispersion (70%) is achieved on
Al,O; support after oxidation at 550 °C, but severe sintering of
Pt is observed when the temperature exceeds 600 °C due to the
Ostwald ripening mechanism.">” In the deactivated Pt catalysts
containing coke deposits, the combustion of coke will cause local
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Figure 7. Regeneration of deactivation Pt catalysts by oxidation—reduction treatments. (a) Schematic illustration of the dispersion process of Pt
species on aluminosilicate zeolites (Y, MOR, Beta, ZSM-5) during oxidation—reduction cyclic treatment. Taking ZSM-S as an example, IR results show
that Pt?* ions are stabilized within the 6MR units of ZSM-5 zeolite with paired Al sites after calcination in air at 700 °C and the Pt** ions can be
converted into Pt clusters after H, reduction treatment. Reproduced with permission from ref 15S. Copyright 2016 American Chemical Society. (b)
Schematic illustration of the atomic migration process of Pt nanoparticles on the outer surface of CHA zeolite. PtO, species on the outer surface
migrate into the CHA zeolite under after calcination treatment at 650 °C. (c) Schematic illustration of the migration process in the mechanical mixture
of Pt/SiO, or Pt/Al,O; with CHA zeolite. Pt species nearly migrate from the weakly interacting SiO, and Al,O; to the CHA zeolite, as confirmed by
TEM and EDS analysis. Reproduced with permission from ref 156. Copyright 2018 American Chemical Society. (d) Schematic illustration of the
redispersion process of sintered Pt/Al,O; and PtSn/Al,O;. As confirmed by TEM, Sn species act as the anchoring sites for Pt species. Reproduced with
permission from ref 157. Copyright 2022 American Chemical Society.

hot spots within the catalyst particles, resulting in severe persion of sintered catalysts when the conventional oxidation—
sintering of Pt species. In this sense, it is critical to select reduction method is ineffective. Implied by the preparation of
appropriate conditions for the oxidation—reduction treatments Pt/AlL,O; catalysts from chlorinated Pt sources (H,PtCl
(temperature, time, partial pressure of O, and ramp rate in the solution), the final Pt catalyst displays a better Pt dispersion
heating procedure) to avoid or alleviate metal sintering.”” In compared to those prepared from other Pt precursors (such as
some cases, a high calcination temperature is mandatory for the Pt(acac), and Pt(NH;),(NO;),). This superior dispersion is
removal of hard coke, resulting in the inevitable sintering of Pt attributed to the decomposition of chloroplatinic acid during
species in the regeneration process. high-temperature calcination, producing HCI vapor that
As the metal particles grow larger, the redispersion of metal promotes the dispersion of Pt species on alumina,>” which is
species becomes challenging because of the high stability of fully validated by temperature-programmed reduction and UV—
coordinated metal-metal bonding in the large metal par- visible spectroscopy characterizations.'*'¢!
ticles.'>* Additionally, effective dispersion generally requires the The Cl-promoted metal dispersion can be further extended to
presence of effective anchoring sites on the support, such as the restore the active sites in deactivated Pt catalysts. For instance,
Al sites on Al,O; or aluminosilicate zeolites, alkali metal sites on treating the Pt catalyst with mixture of gaseous chlorine
pure silica supports, and metal promotors (Figure 7).°”'337'%7 compounds (e.g., Cl,, HCI, dichloroethane, carbon tetrachlor-
Otherwise, the high-temperature oxidation—reduction treat- ide, and other chlorinated hydrocarbons) and air can transforgl
ments may result in severe sintering due to Ostwald ripening as the metallic Pt particles into Pt_ox_Cly ComPIeXGS-l 2
observed with Pt supported on alkali metal-free SiO,.">* Due to According to the mechanistic study based on EXAFS measure-
the lower volatility of RhO,, species than PtO,, the sintering of ments, O—Cl species are formed on the support surface during
Rh active sites during oxidation—reduction treatments should be the oxychlorination treatment, while the Pt particles are
easier to mitigate. Considering the remarkable performance transformed into Pt_ox_CIy complexes, which gradually
reported with zeolite-encapsulated Rh catalysts, it is of interest migrate and become stabilized by the O—Clsites on the support

(Figure 8a).'®® While Pt—0,—Cl, complexes are undoubtedly
the key to achieving metal redispersion, descriptions of the
specific structures of the intermediates vary across different
studies and are influenced by multiple parameters. Variables

to study the stability of Rh species during consecutive reaction-
regeneration cycles.”

Since metal chlorides exhibit higher mobility than oxides, the such as temperature, chlorinating agent, oxygen/chlorine
oxychlorination redispersion method can realize the redis- content, residence time, and reaction time significantly impact
4094 https://doi.org/10.1021/jacsau.4c00730
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Figure 8. Regeneration of deactivation Pt catalysts by oxychlorination method. (a) Schematic illustration of the oxychlorination redispersion
mechanism. The absorption peak around 340 nm in the UV—vis absorption spectrum corresponds to Pt—0,—Cl, species, with TEM confirming the
redispersion process of the Pt species after oxychlorination treatment. Reproduced with permission from ref 163. Copyright 1996 American Chemical
Society. (b) Schematic illustration of the regeneration process of sintered Pt at low temperatures with the help of H,0, as strong oxidant. (c) HAADF-
STEM image of fresh, (d) sintered, and (e) regenerated Pt—Ga,O5 through oxychlorination treatment. Reproduced with permission from ref 168.

Copyright 2024 Elsevier.

the dispersion effect and its mechanism, among which
temperature and chlorinating agents pose the most substantial
influence on redispersion efficacy.

Typically, the redispersion phenomenon occurs within 500—
600 °C, representing the optimal temperature range for the
formation and migration of Pt—O,—Cl, complexes on the
catalyst support.' With higher temperatures, despite the
slightly enhanced dissociation of the chlorinated Pt compounds,
the interactions between Pt—0O,—Cl, complexes and the support
are weakened, reducing redispersion efficacy and potentially
leading to the formation of large Pt particles due to the self-
decomposition of Pt—O,—Cl, complexes. Certainly, the
conditions for oxychlorination treatment may vary with the
physicochemical properties of the support. For instance, when
Ptisloaded onto SiO, rather than Al,O;, lower temperatures are
required to stabilize Pt—O,—Cl, complexes due to their weak
interactions with $i0,.'*'%

Different chlorine dispersants, including Cl,, HCI, CCl,, and
C,H,Cl,, may participate in reactions via different mechanisms,
resulting in distinct redispersion effects. Cl,, one of the most
employed chlorine sources in the industry, has been
commercially applied for catalyst regeneration in the CCR
regeneration unit of UOP’s Oleflex process. Cl, dissociates into

4095

CI® radicals and reacts with PtO, to form Pt—0O,—Cl, complexes
through the following chemical transformations.

Site + Cl, —» Cl-Site — Site + 2CI°

(Pt0,), + 2CI°
— (PtO,),_,Pt(0-Cl),
— (PtO,),_, + Pt(0-Cl),
Pt—O—Cl = [-O, -] = Pt—0O-CI-0O,

upport upport

Due to the toxicity and storage challenges of Cl,, researchers
are exploring alternative chlorine dispersants.l66 For instance,
HCl is a common alternative for Cl, in experimental research,
but its high corrosiveness often necessitates the corrosion-
resistant Hastellozr reactors and thereby significantly increases
production costs.'®’

In addition to HCI, CCl,, and C,H,Cl, are also applicable
dispersants for oxychlorination reactions. Since the CCl,
treatment primarily relies on its thermal decomposition
reactions at higher temperatures (500—750 °C), incomplete
decomposition of CCl, may occur at the typical oxychlorination
temperature (around 500 °C). Introducing H,O can improve
CCl, utilization through the hydrolysis reaction, but it also
produces corrosive COCl,, which negatively affects the support

https://doi.org/10.1021/jacsau.4c00730
JACS Au 2024, 4, 4084—4109


https://pubs.acs.org/doi/10.1021/jacsau.4c00730?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00730?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00730?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00730?fig=fig8&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

JACS Au pubs

.acs.org/jacsau

Dense membrane
(a)

Sweep side

@

(b)

Pd membrane

)

Pore size > 0.45 nm

Porous membrane

Pore size < 0.45 nm

v
PDH side * 4
Complex membrane
T :
(C) I’ : Zeolite layer : 4100
¢ n Al & = ! =]
G 2 I : ; : » -
O(" ! 1 Pare filled 1 L — {09 &
J 'ore illed conting | F
Catalyst Nx et . '.,‘,,_,n,,,,...n...., i E“z B H,Flux E
"Nano-poraus Zeolite W MR i zs;amnmzzmmsmnft\, vy .- Sy o e | =t
Al,O. i ‘ ‘ \ I 1 _“"'.-'Ho' Qv 1 020
Iral Hz | 7 : “‘7“.‘ [t :
- l ite layer l A A A A A A A A
Pd-Membrane O¢ O o0 ————— e e e B S T m %0 70 80
Time (h)
Ultrafine hollow fiber membrane Dual-function membrane
) (h)
i ,".- Hollow fiber membrane O s ] 100
/ 8cRH Selective £ - v 0 Shell side H,H,0
" layor § -1 ® MR conversion ©  PER conversion f O, 2
. g | . xlﬁim, s :::::o:lmw 502
t T E g0~ Eal. comersion % Tube side C3Hg, CO, H, H,0
5 | \rmtemm———— |40 £
i3 H
Catalyst g £ i zog H,H,0
s 0 20 40 80 80 100 IPE . .
(i) L0 -
100 z
z Ns "
Wé H m% wd m{
o E“V o E 0 0

nzuwonl:mm4wm
Temperature (°C)

0 2 4 6 8 1012 14 % 180 2 M
Time (hours)

Figure 9. Design of membrane reactors for PDH. Schematic illustration of H, permeation mechanisms in (a) dense and (b) porous membranes. In
porous membranes, hydrogen permeation occurs through a combination of diffusion and molecular sieving, allowing gas molecules to traverse the

pores based on their size and kinetic interactions. SAPO-34 and Na

-A zeolites, with typically uniform pore sizes <0.45 nm, exhibit excellent selectivity

in H, separation from the reaction mixture of PDH. (c) Schematic illustration of the NaA—Pd-Al,O; ternary composite membrane structure. (d)
Stability test of the ternary composite membrane for H, separation. Reaction conditions: 10% C;Hg and C3H in H,. Reproduced with permission from
ref 207. Copyright 2020 American Chemical Society. (e) Schematic illustration of the CMS-MR H, selective separation process. (f) Long-term
catalytic PDH performance in CMS-MR and PBR. (g) Catalytic PDH performance in CMS-MR and PBR at different temperatures. Reproduced with

permission from ref 204. Copyright 2023 Cell Press. (h) Schematic
PDH performance in MR. Dashed line: equilibrium limit. Reaction
between C;Hjg conversion and O, concentration. Black dashed line:
flow = 12. Reproduced with permission from ref 215. Copyright 2

illustration of a coupled catalyst-membrane system for PDH and H, oxidation. (i)
conditions: T = 580 °C, WHSV = 1.3 h™!, sweep/feed flow = 10. (j) Relationship
equilibrium limit. Reaction conditions: T = 500 °C, WHSV = 0.86 h™!, sweep/feed
024 American Association for the Advancement of Science.

and metal active sites. Regarding the use of C,H,Cl, as

dispersant, C,H,Cl, tends to form coke on the catalyst surface
through condensation reactions under oxygen-lean condi-
tions.'®* Despite the fact that CCl, and C,H,Cl, are relatively
safer than Cl,, the practical application in industrial processes

remains a challenge regarding minimizing equipment corrosion

and harmful gas emissions.

the In addition to changing the chlorine source, replacing the air
with O; or H,O, may also promote the redispersion process
because of their stronger capability for oxidizing metallic Pt
particles. For instance, utilizing H,O, and HCl as dispersants to
regenerate Pt-based catalysts at a mild temperature (70 °C), the
regenerated catalyst demonstrates improved Pt dispersion, C;Hg
conversion, and C;H, selectivity (Figure 8b—e). So far, this

method has been effectively implemented on benchmark PDH
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catalysts such as Pt—Sn/Al,O; and Pt/Ga,O; and has been
validated on other metals including Pd, Au, Ir, Ru, and Rh.'¢®
Although oxychlorination methods have been successfully
applied in industrial processes for decades, their utilization still
faces numerous issues. The usage of chlorinated compounds
poses a significant threat to the environment, and the inevitable
generation of HCI often causes equipment corrosion. While
Hastelloy alloys can mitigate this corrosion, their high cost and
long-term stability under harsh reaction conditions are series
concerns. It is highly desired to develop new catalyst
regeneration methods for redispersing large Pt particles without
the involvement of HCl. More importantly, oxychlorination may
not work effectively on support lacking sufficient anchoring sites
for stabilizing the Pt—O,—Cl, intermediates. For instance,
triggering oxychlorination redispersion effects on silica-
supported Pt catalysts is particularly challenging and may result
in exacerbated agglomeration.159’1(’9 Therefore, the industrial
application of most currently developed Pt-based catalysts on
pure silica supports (including SiO, and pure siliceous zeolite) is
constrained by the redispersion of the sintered catalysts.

Due to thermodynamic constraints, PDH typically requires
temperatures higher than 550 °C,"*” which often induces side
reactions, such as cracking and coke formation.'”°™'"% As shown
in the equation below, by selectively removing hydrogen to
reduce the partial pressure of hydrogen (P ), the forward PDH

rate (Rc) can be greatly promoted, facilitatin§ the efficient
conversion of C;Hg at lower temperatures.”'”> Therefore,
compared to traditional fixed-bed reactors, membrane reactors,
which enable the instant removal of H, from the reaction
mixture, are capable of shifting the thermodynamic equilibrium
of PDH, favoring the production of propylene under mild
conditions.

PCZH4 X PH2

K

Re=kXx|Py, —

The efficiency of PDH in the membrane reactor is influenced
by its operating parameters, such as sweep gas flow rate and
pressure.” " An increase in the sweep gas flow rate typically
enhances the hydrogen recovery rate, boosting the forward PDH
reaction rate. However, the growth in reaction rate is restricted
by the accelerated carbon deposition on the catalyst and reaction
membrane due to the depletion of H, in the reaction
mixture.'”>'”® Furthermore, an excessively high sweep gas
flow can cause back-permeation to the feed side and decrease the
partial pressure of C;Hg, lowering conversion rates, and
potentially lowering the selectivity to propylene.'”” Additionally,
while raising the reaction pressure generally increases both H,
permeation and overall reaction efficacy, it also risks hydro-
carbon permeation through the membrane, potentially affecting
the overall process efficiency.'”*™'*" In this section, we will
discuss the applications of dense and porous membranes for
constructing membrane reactors for PDH.

Dense membranes used in PDH include Pd-based alloy
membranes and perovskite-based membranes.'®'™'®* Perov-
skite-based membranes are particularly noted for achieving
efficient, high-purity hydrogen separation at temperatures
exceeding 600 °C because the H, separation proceeds through
an oxygen vacancies-assisted proton transport mechanism."**
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However, when adopting the perovskite-based membranes in
PDH reactors, the working temperatures are usually set to
around 500 °C for energy-saving considerations, resulting in
declined H, separation efficiency. Unlike perovskite-based
membranes, Pd-based alloy membranes, renowned for their
high H, permeability and selectivity, function effectively at lower
temperatures (below 500 °C)."** In this case, H, adsorbs onto
the surface of the Pd-based alloy membrane and dissociates into
atomic hydrogen followed by diffusion through the membrane
driven by a concentration gradient (Figure 9a). Upon reaching
the opposite side, the atomic hydrogen recombines and
subsequently desorbs from the surface, completing the hydrogen
separation process.

While pure Pd membranes are highly effective in hydrogen
separation, they are very expensive and vulnerable to several
issues, including hydrogen embrittlement, deactivation, and
poisoning. Hydrogen embrittlement arises when hydrogen
atoms infiltrate into the Pd lattice, leading to internal stress
and diminished membrane stability. Since palladium also
possesses high reactivity in catalytic dehydrogenation reactions,
deactivation is primarily induced by coke formation. Addition-
ally, poisoning occurs due to impurities like CO, CO,, and H,S
in the C3Hj, feed, which strongly adsorb onto the Pd surface and
markedly decrease its hydrogen permeability.'®® To mitigate
these problems, researchers opt to improve the performance of
pure Pd membranes by alloying them with other metals,
including Ag, Cu, Au, Y, Zr, Nb, and V, thus developing more
robust and efficient Pd-based alloy membranes.'”*

The PdAg alloy membrane is one of the most widely studied
Pd-based membranes for hydrogen separation. Incorporating 23
wt % Ag into Pd membranes significantly enhances permeability
and resistance to hydrogen embrittlement due to its stable face-
centered cubic (FCC) structure, which undergoes minimal
lattice changes upon hydrogen permeation and effectively
minimizes stress.'> Despite these improvements, PdAg alloys
remain highly susceptible to sulfur poisoning, as the interaction
with H,S can form inactive compounds such as Pd,S and
AgiPd,,S; on the alloy surface, substantially reducing perme-
ability. *>"*® Additionally, PdAg membranes exhibit low
chlorine tolerance, which is problematic durin§ the chlorination
regeneration process of Pt-based catalysts."” Besides doping
with Ag, alloying Pd with Cu to form PdCu membranes provides
commendable resistance to hydrogen embrittlement and sulfur
poisoning while reducing the manufacturing cost, though the
permeability is compromised.'*>'*>'"" Because of the weak
dissociative adsorption of H,S on Au, the sulfide formation on
the surface of PdAu alloy membrane is suppressed, resulting in a
marked diminishment of the adverse effects of H,S-containing
gases on hydrogen permeability.'”> Different from Cu,
introducing gold increases the hydrogen permeation rate, but
the high cost of gold restricts its broader application.'”*~'?

Given that various bimetallic alloys invariably face certain
issues, developing ternary or quaternary alloys may offer an
advanced solution by combining the merits of individual
elements. These membranes exhibit superior resistance to
hydrogen embrittlement, poisoning, and carbon formation. For
instance, PdAgAu membranes demonstrate up to three times the
effective hydrogen permeability in comparison with PdAg and
PdCu membranes in the presence of 20 ppm of H,S.'”
However, issues like hydrogen embrittlement, poisoning, and
deactivation remain unresolved in Pd-based alloy membranes,
despite being partially mitigated. Further, catalyst regeneration
processes like oxychlorination can damage Pd-based membranes
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and cause the segregation of the bimetallic or multimetallic
membranes.

Porous membranes, the second most extensively researched
type for PDH reactions, typically demonstrate enhanced
stability in the presence of hydrocarbons in comparison with
dense membranes. These porous materials include microporous
Si0,, porous Al,O;, zeolites, and various carbon-based
materials.'”” Microporous silica membranes possess excellent
hydrogen separation efficiency and stability at high temper-
atures, while their selectivity in separation is generally lower than
other porous membranes (Figure 9b)."”” Additionally, the
amorphous or partially crystalline structure of silica membranes
are more prone to brittleness due to the breakage of Si—O bonds
under moisture.'’* Despite the absence of water vapor
formation in under ideal PDH conditions, the practical
operation of PDH processes will introduce water vapor into
the reactors because of catalyst activation with hydrogen gas,
steam regeneration, or trace moisture in the propane feedstock.
Hence, additions of transition metal oxides (like ZrO,, NbO,,
NiO,, TiO,) or covalent organic linking agents are commonl
employed to enhance the stability of SiO, membranes.'”*~>*
Additionally, while slightly more expensive, porous Al,O;
membranes can circumvent the thermal and steam instability
issues of microporous SiO,, challenges in precisely controlling
pore size distribution hinder their ability to pose the efficient
separation of H, from the reaction mixture.'””*%"

Zeolites, known for their crystalline structures with uniform
pore architectures, offer higher H, selectivity than amorphous
silica membranes (Figure 9b). Nevertheless, due to the close
match between the kinetic diameters of C;Hg and C;Hg (0.45
nm) and the typical pore size range of zeolites, smaller pore sizes
(<£0.45 nm) are essential for effective hydrogen separation in
PDH. For example, Na-A type zeolite with a pore size 0of 0.41 nm
and SAPO-34 zeolite with a pore size of 0.38 nm demonstrate
high selectivity when separating C;Hg, C;Hy, and H,.20%20%
Despite these advantages, the selectivity remains lower than that
of dense membranes, especially at high temperatures.
Furthermore, while zeolite and microporous silica membranes
mitigate carbon deposition deactivation commonly observed in
Pd-based metal membranes, they are susceptible to another
deactivation mechanism where byproducts from PDH such as
benzene, toluene, cyclohexane, and xylene undergo capillary
condensation and coadsorption on the membrane surface,
obstructing the pore structure and diminishing H, perme-
ability.'”* Besides, due to the presence of acid sites in the
zeolites, the coke deposition rate in zeolite membranes can be
higher than that on amorphous silica membranes.

Carbonaceous materials, particularly carbon molecular sieve
membranes, are highly suitable for PDH due to their exceptional
mechanical strength, high thermal stability, and superior
selectivity.””* However, their production complexity and high
cost pose significant challenges for large-scale industrial
deployment.®’ In addition, carbon material membranes are
specifically vulnerable during catalyst regeneration procedures
involving calcination in air for removal of carbon deposits.
Although some catalysts can be regenerated under a reductive
atmosphere like H,, the efficiency in carbon removal is much
lower than that by calcination in air.”*> Consequently,
addressing the regeneration challenges of catalysts in membrane
reactors based on carbon materials remains a critical challenge.
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Since dense and porous membranes have demonstrated
individual merits and defects in promoting PDH reactions,
combining these two membrane structures into a composite
may leverage their unique advantages and further enhance the
separation efficiency. For instance, Pd-based alloy membranes
typically require a minimum thickness of 20 um to deliver
sufficient mechanical strength. However, hydrogen permeability
inversely correlates with membrane thickness, meaning
excessive thickness reduces hydrogen flux and increases Pd
usage, substantially increasing production costs.”’® By integrat-
ing Pd-based alloy membranes with porous materials like Vycor
glass, ceramic molecular sieves, porous SiO,, and metallic
substrates, the thickness of the Pd-based alloy layer can be
reduced to less than 1 pum, significantly increasing its
permeability and decreasing the manufacturing cost. Moreover,
forming a composite Pd membrane is an effective strategy to
inhibit carbon deposition. For example, by depositing Na-A
zeolite and Pd membranes on the opposite sides of an Al,O;
hollow fiber support, the resultant sandwich-structured
membrane exhibits excellent anticoking properties and hydro-
gen separation efficiency at 600 °C (Figure 9¢c, d).”% %
Nonetheless, composite membranes encounter notable chal-
lenges, including poor adhesion and the migration of metal
elements between these layers, potentially leading to decreased
permeability and membrane deformation.*'*~*'*

In addition to tuning the membrane’s composition, modifying
the microstructures of the membrane reactors represents a
pivotal approach toward high device performance. Membrane
reactors constructed by coating catalyst powder onto the
membrane surfaces based on hollow fibers demonstrate superior
performance than conventional packed-bed membrane reactors.
They also exhibit enhanced mass transfer and catalyst utilization
efficiency due to a vast membrane surface area and close
integration with the catalyst. For instance, through the
combination of a PtZn/S-1 catalyst with an ultrafine carbon
molecular sieve (CMS) hollow carbon fiber membrane reactor
(315 pm outer diameter), the catalytic system achieves tripled
conversion efliciency than the conventional packed bed reactor
while maintaining high selectivity to propylene (Figure 9e—g).
Moreover, the excellent thermal conductivity enables the hollow
carbon fiber membrane reactor to uniform Joule heating,
opening the possibility of using renewable electricity as an input
energy source. Currently, the intricate and costly fabrication
process of ultrafine hollow carbon fiber membrane reactors and
their long-term stability presents challenges to their commercial
adoption.””*

In recent years, dual-function membrane reactors, which
enhance conversion efficiency by facilitating distinct reactions
on each membrane side, have emerged as a promising direction
in the field of membrane reactor engineering. Specifically, in
membrane systems for PDH, the sweep gas on one side reacts
with H, permeate from the dehydrogenation side, lowering
hydrogen concentration and boosting its separation.”'>*'* For
example, employing the separated hydrogen for CO, methana-
tion reaction can not only consume H, for shifting the
equilibrium but also promote the utilization of H,. Meanwhile,
the CO, sweeping process is devoid of the risks of reverse
permeation. Even if it were to occur, the permeated CO, can be
effectively utilized within the CO,-assisted PDH
reducing coke formation and promoting catalyst stability.
Similarly, in the absence of coupled reactions, a SiO,/Al,O;

process,
3,6,10,11
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complex hollow fiber membrane with Pt;Sn,/SiO, catalyst
incorporated son the PDH side, achieves a C;Hg conversion rate
exceeding 40% of the equilibrium conversion (Figure 9h—j).
Further, coupling the endothermic PDH reaction (tube side)
with the exothermic H, oxidation reaction (shell side), the H,
permeation and C;Hg conversion rate are effectively enhanced,
while the heating energy required for the reaction is significantly
reduced. By introducing 10% O,, the system displays a
conversion rate exceeding 55% of the equilibrium conversion.
The permeated O, can also be utilized in the O,-assisted PDH
process, effectively reducing coke formation. Although dual-
function membrane reactors hold great promise, their
commercialization requires extensive research on catalysts and
reactor designs to ensure optimal performances.215

When designing the alkane dehydrogenation system based on
a membrane reactor, one needs to carefully consider the
interfacial structure between the catalyst layer and the gas-
diffusion membrane. Close contact between the catalyst layer
can favor the efficiently extracting gas from the reaction mixture
but may affect the gas permeability. Furthermore, the coke
deposited on the catalyst layer may also cause the blocking of the
gas-diffusion membrane. If so, the membrane reactor may need
to be subjected to a regeneration treatment, which may cause the
structural deformation of the catalyst layer and membrane
interface.

Although significant progress has been achieved in the reactor
and catalyst design for PDH, the substantial energy
consumption, unfavorable thermodynamic constraints, and the
resultant CO, emissions have not been significantly alleviated.
Furthermore, the catalysts inevitably suffer deactivation issues
caused by coking and metal sintering under high-temperature
reaction conditions. Researchers have been exploring alternative
strategies to achieve propane conversion under milder
conditions through chemical looping, photoassisted, electric
field-assisted, and microwave-assisted approaches.”!

Chemical looping refers to the technology of using reducible
metal oxides as solid oxygen carriers to selectively consume
hydrogen through lattice oxygen. This technology selectively
removes hydrogen from the product, driving the reaction
equilibrium toward propylene formation and effectively
addressing the issue of frequent regeneration of PDH catalysts
caused by carbon deposition. Compared to direct oxidative
dehydrogenation, this approach avoids the risks of propylene
overoxidation to CO,, the high energy consumption in product
separation, and the explosion hazards associated with the
addition of oxygen.”'”*"® Currently, the feasibility of oxygen
carriers such as Bi,O5, In,0;, V,0;, Fe,05, MoO;, and CeO,-
doped materials has been widely validated.”"*~*** However, the
poor redox stability, low oxygen storage capacity, and limited
hydrogen combustion selectivity of these carriers remain
obstacles to their commercial application. Moreover, the
complexity of the system makes it difficult to precisely control
the interaction between dehydrogenation sites and hydrogen
combustion sites at the molecular level to achieve a synergistic
match between propane dehydrogenation and selective hydro-
gen combustion reactions. To address these issues, a FeVO,—
VO, chemical looping selective hydrogen combustion and PDH
tandem reaction system has been proposed, demonstrating
excellent cycle stability, oxygen storage capacity, and selectivity.
This system consists of VO, loaded on y-Al,O; as a catalyst and a
synthetic FeVO, oxygen carrier. During the reaction, the VO,
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catalyst promotes the dissociation of hydrogen and the FeVO,
oxygen carrier provides lattice oxygen to convert hydrogen into
water, significantly enhancing the efficiency of propane
dehydrogenation. As the lattice oxygen in FeVO, is gradually
consumed, the driving force for hydrogen combustion weakens.
At this point, the reduced oxygen carrier is exposed to air in an
oxidation reactor to replenish its lattice oxygen, completing the
chemical looping process. Although this process improves
efficiency, it must be acknowledged that the limited capacity of
solid oxides to store lattice oxygen requires frequent
regeneration, which could affect the sustainability and efficiency
of the reaction.

Utilizing renewable solar light for PDH offers a distinct
advantage over traditional thermal catalysis by surpassing
thermodynamic constraints to enable the reaction under mild
conditions, thereby substantially decreasing the energy con-
sumption and operational costs, while concurrently mitigating
catalyst deactivation issues commonly induced by elevated
temperatures.”>>**® For example, employing ZnO as support
embedded with PdZn intermetallic particles can achieve a 54.0
mmol g.,., ' h™' CyH, production rate and 89.4% selectivity to
propylene. The PDH activity, superior to previously reported
photocatalysts, is ascribed to the lattice oxygen sites generated
by light illumination on ZnO, which can efliciently activate the
inert C—H bonds of C;Hg. Compared to Pd nanoparticles, PdZn
promotes the removal and replenishment cycle of lattice oxygen
due to its strong electronic interaction with the ZnO support.*'®
However, due to the inherent stability of the sp> C—H bonds and
their lower electron affinity, the currently reported PDH
photocatalysts show low efficiencies, especially under visible
light irradiation. A recently reported Pt/black TiO, catalyst
exhibits high PDH performance under visible to near-infrared
light irradiation. Experimental results and theoretical calcu-
lations indicate that the strong interaction between black TiO,
and Pt facilitates effective interfacial charge transfer.””’
However, despite this breakthrough in photocatalytic PDH
driven by visible light, the C;H¢ production rates of the
photocatalytic systems remain unsatisfactory. Therefore, tuning
the local atomic structure of specific photoactive sites for C—H
bond activation and selecting supports with enhanced optical
properties and interfacial charge transfer to utilize low-energy
visible or even infrared light for efficient PDH will be a
promising direction. Besides, from a reactor engineering point of
view, it is a challenge to manage the heat transfer and
temperature distribution in a photothermal reactor for PDH at
high temperatures.

Photothermal catalysis technology is also considered a
promising approach to surpass the thermodynamic limit of
PDH. Unlike photocatalysis, photothermal catalysis requires
some external heating to enhance the efficiency of the PDH
process.””*"**" The provided heat facilitates the effective
utilization of high-energy photons, thereby boosting their
capacity to activate C—H bonds. For instance, V/TiO, catalyst
successfully achieved 42 umol-g "-h™' C;H4 production rate
under UV light irradiation at 500 °C, which is a 9.2%
improvement over the test performed under traditional thermal
heating conditions. This enhancement is claimed to be
associated with the formation of more electron-deficient V
atoms under UV light irradiation, significantly promoting the
activation of C;Hg. >

Additionally, a more advanced concept of photothermal
catalysis recently has been proposed based on the nanogreen-
house effect and plasmonic hybridization eftect to directly utilize
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Figure 10. | New concepts in design of PDH processes. (a) Schematic illustration of the microwave-assisted (MW) and conventional heating (CH)
PDH reactor. (b) Catalytic performances of a typical PtSn/SiO, catalyst in CH and MW reactors. (c) Contribution ratio of catalytic and gas-phase
PDH in CH and MW reactors. The catalytic PDH reaction predominantly occurred in the MW reactor, while the gas-phase PDH reaction was in CH
reactors. TEM images of the PtSn/SiO, catalyst after PDH tests in the (d) CH and (e) MW reactor at 700 °C. In the CH reactor, the Pt particles exhibit
significant aggregation with carbon deposition, whereas, in the MW reactor, the Pt particles show high dispersion and carbon deposition mainly occurs
on the support. Reproduced with permission from ref 239. Copyright 2023 American Association for the Advancement of Science. (f) Schematic
illustration of the electric field-assisted PDH reactor and catalytic mechanism. The PDH catalytic performance of Sm-PtIn/TiO,. (g) C;Hg conversion
and (h) C;Hg selectivity. The reaction furnace temperature was fixed at 300 °C. The green dashed lines represent the thermodynamic equilibrium
yields of C;Hy at temperatures of 300 and 360 °C. Reproduced with permission from ref 244. Copyright 2023 Wiley-VCH.

UV—vis light to heat the support and/or the active metal
surface.””> For instance, the plasmonic superstructure of
ultrasmall Co nanoparticles on sandwich-structure Co-ss@
SiO, catalysts are heated from room temperature to 300 °C
within just 2 min of light exposure, demonstrating superior
photothermal conversion performance compared to other
catalysts.”** This novel photothermal catalysis concept has
been reported for use in the photothermal hydrogenation of
CO,.*>**° This concept can be extended to the design of
supported metal catalysts for PDH, in which the active sites for
propane activation can be immobilized on a solid carrier that
enables the conversion of light into heat. Photocatalytic
processes typically require transition metal semiconductors
like TiO, or ZnO, which can generate photoinduced electrons
and holes under light irradiation. For photothermal catalysis,
active sites producing plasmonic resonance, such as Co or Ni
sites and PtCo or PtNi alloy, are crucial for activating C—H
bonds and driving the reaction by generating high local
temperatures through the energy from light.”>***">**
Microwave-assisted PDH addresses the limitations of tradi-
tional tube furnace heating, in which a temperature gradient may
exist between the tube wall and the catalyst particles. Microwave
triggers rapid and uniform heating of the catalyst bed,
significantly reducing energy consumption. In the case of
PtSn/Si0,, employing a microwave-assisted method for PDH
demonstrates higher reaction activity and selectivity than in
fixed-bed reactors while substantially reducing coke formation
rates (Figure 10a—e).””” In traditional fixed-bed reactors,
simultaneous heating of the catalyst and surrounding gases
leads to hydrocarbon cracking and polymerization in the gas
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phase, forming coke even in the absence of contact with the Pt
sites. In contrast, microwave heating selectively heats the
catalyst, causing coke to deposit primarily near the Pt sites.
Additionally, due to the insulating properties of SiO,, heating
primarily occurs at the Pt sites, rather than the SiO, support,
therefore reducing the surface energy and possibility of the Pt
agglomeration. However, the electromagnetic field generated by
the microwaves tends to concentrate at the contact points
between catalyst particles or the ends of the catalysts, resulting in
local overheating and subsequent metal sintering.”*’ In the
future, utilizing metals such as Co/Ni, which have high
microwave absorption efficiency, as active sites or alloying
them with Pt may lead to composite catalysts for the microwave-
assisted PDH process. The microwave heating directly heats the
local active sites surrounded by the microwave absorbents,
which may induce synergistic effects between metals and carriers
different from traditional thermal catalysis. For example, this
interaction could influence the migration of carbonaceous
species on the carriers. Exploring the mechanisms and guiding
the synthesis of catalysts with new ideas will be an intriguing area
of research.

Electric field-assisted PDH is also a highly attractive catalytic
system operating at relatively low temperatures (<300 °C).
Applying an electric field to the catalyst enhances the migration
of protons formed from the cleavage of C—H bonds on Pt
particles and significantly lowers the barriers for C—H activation
and H, recombination in the PDH reaction, therefore breaking
the thermodynamic equilibrium limitations and enhancing
propane conversion efficiency at low reaction temperatures.
Moreover, the decrease in reaction temperature suppresses coke
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formation and extends the catalyst lifetime.**""*** For instance
y )

applying electric field-assisted PDH on Pt—In/TiO, demon-
strates a C3Hy yield of 10.2% at 250 °C, which is 2 orders of
magnitude higher than the 0.1% yield under traditional thermal
reaction conditions (Figure 10f—h).”** Alloying with In adjusts
Pt’s electronic and geometric structures, thus contributing to the
stabilization of the cationic transition states and C;H,*
intermediate, increasing the selectivity for C;H,. In addition,
introducing Sm to the TiO, support increases the number of
surface hydroxyl groups, which promotes C;Hg conversion
efficiency and achieves a C;Hy yield of 19.3% at 300 °C, in
comparison to ~8% obtained with the Sm-free PtIn/TiO,.
Despite these promising results, electric field-assisted PDH
methods typically exhibit lower selectivity than traditional
thermal PDH due to the side reactions such as C—C cracking
promoted by the electric fields.”**

In addition to the strengths and drawbacks mentioned above,
photoassisted, photothermal-assisted, microwave-assisted, and
electric field-assisted methods are only practiced in small
reactors and the scaling up of these techniques is more difficult
than the conventional thermal reactors. For industrial-scale
fixed-bed continuous reactors, especially photocatalytic systems,
their application is limited by the difficulty of light penetration
through traditional bed layers, necessitating the use of thin-layer
catalysts. Aside from an in-depth understanding of the structure-
performance relationship of solid catalysts in the presence of
external fields for PDH, the large-scale application of the above
new PDH technologies also requires substantial progress in
reactor engineering for coupling the solid catalysts and external
energy resources in a scalable manner. The microscale heat
transfer and management in the composite catalysts and
macroscale heat management in the reactor have not been
systematically studied yet.

Despite the high number of publications on the development of
new PDH catalysts, the industry has not adopted any novel
catalysts in the commercial processes. This is attributable to the
substantial differences between laboratory-scale studies and
industrial processes in terms of the reaction conditions. In the
industrial process, higher temperatures (>600 °C) and pure
C;Hj are typically employed to achieve high C;H; production
rates while the catalysts in a large portion of fundamental studies
are tested at 550—600 °C using diluted propane as the reaction
feed. The discrepancies in the reaction conditions may affect the
translation of the results obtained in fundamental studies into
practical applications.”****°

Moreover, the large discrepancies in the testing conditions in
different studies preclude the formation of a unified under-
standing of the structure-performance relationship. In principle,
the activities of different catalysts can be directly compared
based on the turnover frequencies (TOFs) measured under the
same conditions. However, it is not practical to compare TOFs
among different catalysts under industrially relevant conditions
because of the diffusion limitations. The reaction rate for the
propane dehydrogenation reaction is greatly dependent on the
reaction conditions (e.g., partial pressure of the propane in the
feed gas, reaction temperature, and w8 h space velocity) and
propane conversion levels. Therefore, it would be unfair to
compare the performances of Pt-based catalysts under different
testing conditions by directly calculating the reaction rates
according to the activity data reported in the literature. In recent
years, the academic community has begun using a new
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parameter, “k;’, to compare the PDH activity of different
catalysts. This parameter represents the contribution of the
normalized active site to the PDH forward reaction rate. The
calculation of “k;” takes into account various factors including
the partial pressure of propane, dilution with hydrogen or inert
gases, catalysts bed height, volume expansion coefficient, and
space velocity. Compared to the reaction rates derived from the
conversion levels measured in the catalytic tests, k; can be
applied to comparing different catalysts tested at high
conversion levels.”>*” Besides specific activity, the deactivation
rate is also a key criterion that is associated with the catalyst’s
stability under the reaction conditions. Most of the reported
works calculate the deactivation rate/constant by assuming the
catalyst follows a first-order decay pattern, which again will be
greatly affected by the reaction conditions. For a given catalyst,
the deactivation constant could vary in a range of one-order
magnitude when changing the feed composition (i.e., the partial
pressure of propane in the reaction feed). At the current stage, it
is suggested to present the catalytic performances obtained
under different reaction conditions by varying the reaction
temperature and feed composition, which will be very helpful for
achieving a balanced comparison with previous works and the
data obtained under comparable conditions can also serve as
high-quality training sets for data-driven catalyst discovery in
future studies.

Additionally, industrial PDH reactions often utilize moving-
bed reactors to achieve continuous reaction-regeneration
operations for the removal of the coke in the deactivated
metal catalysts, necessitating the use of shaped solid carriers with
high mechanical strength. However, most of the carrier materials
developed by academia typically fail to match the mechanical
strength of commercial AL,O; used in Catofin and Oleflex
processes. Achieving high mechanical strength in Al,O; supports
necessitates in-depth research into the surface structures,
morphology, porosity, defects and coordination environment
of the surface Al sites in the Al,O; support. Evaluating the
performance of supported metal catalysts in powder form is an
efficient way for screening the candidate materials while it is
highly encouraged to perform catalytic evaluations on shaped
catalysts instead of powder samples to further evaluate the
catalyst’s potential for practical application. When dealing with
solid catalysts in shaped form, multiscale (from nanometer to
micrometer scale) characterizations are suggested to clarify the
influence of the spatial distribution of the active sites and their
evolution under reaction conditions.”*”

Moreover, the frequent regeneration of catalysts to remove
carbon deposits can lead to the aggregation of active metal sites.
Oxidative regeneration and oxychlorination regeneration are
mainstream methods for regenerating sintered catalysts.
However, the conditions for metal particle redispersion vary
significantly across different catalysts, and inappropriate treat-
ment temperature and time can lead to more severe sintering. It
is of great necessity to explore the redispersion method of
sintered metal catalysts on zeolite-based supports to push the
recently reported zeolite-supported metal catalysts toward
industrial applications. The rational selection of appropriate
regeneration protocol relies on the multiscale characterizations
of the structural evolution of metal species on the solid carriers
in both powder and shaped forms. In particular, it is necessary to
develop suitable accelerated aging method to study the potential
structural transformations of metal active sites under long-term
reaction conditions.
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Considering the relatively high maturity of the PDH
processes, the knowledge and experiences accumulated in the
research of PDH can be in principle translated to other alkane
dehydrogenation reactions, such as dehydrogenation of long-
chain alkanes for the production of long-chain alkenes and
dehydrogenation of cycloalkanes for H, storage applications.”**
In the context of the transition of the conventional systems
based on fossil resources to the new energy systems based on
renewable energy resources, the above-mentioned alkane
dehydrogenation reactions may play critical roles in the
sustainable production of chemicals and large-scale utilization
of green H,. On the one hand, the lessons on the design and
controllable preparation of supported noble metal catalysts with
high catalytic efficiencies can be directly translated into the
design of advanced catalysts in other alkane dehydrogenation
reactions for lowering the usage of noble metals. On the other
hand, the optimized structural configuration of the active sites
may vary with the target reactions because of the differences in
the reactivities of the alkane substrates. For instance, in the case
of dehydrogenation of long-chain alkanes, it is essential to
choose appropriate support for the metal function components
to minimize the production of aromatic byproducts. Regarding
the dehydrogenation of cycloalkanes, it is crucial to suppress the
undesired C—C cleavage reaction toward the production of
gaseous byproducts so that the H, released from the
dehydrogenation process can meet the purity requirements for
fuel cell applications. Moreover, elucidating the structure—
reactivity relationship in PDH catalysts is also very helpful for
the rational design of bifunctional catalysts for dehydroaroma-
tization of light alkanes and anaerobic ammodehydrogenation of
ethane to acetonitrile.”*”*>° Therefore, for the emerging alkane
dehydrogenation reactions, the catalyst design principles should
be established by combining the historical accumulation from
PDH research studies and the technical features of the target
processes.
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