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1. Introduction

1.1 Industrial Background and Research Significance of Propane Dehydrogenation

Propylene, as a core feedstock in the petrochemical industry, is widely used in the production of high-
demand chemicals such as polypropylene, propylene oxide, and acrylonitrile, with market demand
continuously rising alongside global industrialization. Traditional propylene production relies primarily on
petroleum-based routes such as naphtha steam cracking and catalytic cracking, which suffer from high
energy consumption, limited propylene yields, and complex product distributions, making them inadequate
to meet current escalating market demands. In recent years, the maturation of shale gas extraction
technology has substantially increased propane resource availability and significantly reduced costs,
positioning propane dehydrogenation (PDH) technology as a key alternative to traditional routes due to its
simplified process, high feedstock utilization, and outstanding propylene selectivity. Currently, mainstream
industrial PDH processes employ two main catalyst types: chromium-based catalysts used in the Catofin
process and platinum-based catalysts used in catalytic dehydrogenation processes. Among these, platinum-
based catalysts are more environmentally favorable, though they suffer from Pt particle sintering and carbon
deposition under high-temperature reaction conditions, leading to rapid catalyst deactivation and limiting
industrial application efficiency. Chromium-based catalysts face issues of chromium species toxicity and
rapid deactivation, inconsistent with green chemistry development trends.

Therefore, developing efficient, stable, and cost-effective PDH catalysts has become the core bottleneck
for large-scale application of this technology. Researchers have continuously optimized catalyst
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performance through strategies such as alloying, support modification, and dopant incorporation. Notable
examples include the development of Pt-In single-atom alloy (SAA) catalysts, which achieved outstanding
stability over 60 hours of continuous reaction with only 0.1 w.t.% Pt loading, delivering a propylene
formation rate of 23.2 mol-g 'Pt-h™". [1] Through trace boron doping to construct Pt-B cluster structures,
Pt sintering was significantly suppressed and Pt species redistribution during reaction was achieved,
extending catalyst single-pass lifetime to three times that of traditional Pt-Sn catalysts, as shown in Fig.
1(h). [2] Additionally, Y20s-modified 6-Al.Os supports were employed to regulate PtIn alloy dispersion,
further enhancing catalytic stability. [3]

From energy and environmental perspectives, the strongly endothermic nature of the PDH reaction (AHzes°
= 124.3 kJ-mol™) necessitates maintaining industrial temperatures of 570-650 °C, resulting not only in
enormous energy consumption but also accelerating catalyst deactivation. The oxidative dehydrogenation
route using CO: as a soft oxidant (CO2-ODHP) can utilize CO- to consume the H> generated by the reaction,
thereby breaking thermodynamic equilibrium limitations and enhancing propylene yields, while
simultaneously achieving CO: resource utilization, aligning with low-carbon chemical industry
development needs under "dual carbon" goals. Related research includes the design of Pt-Sn/ZrO.-CaO
bifunctional materials that achieve integrated CO: capture and conversion at 600°C with propylene
selectivity exceeding 98 %. Photothermal synergistic mechanisms have been employed to enhance coupling
between CO- activation and propane dehydrogenation, providing new approaches for low-temperature,
high-efficiency CO.-ODHP. [4] Machine learning combined with density functional theorem (DFT)
calculations has been leveraged to optimize Cr-Ni-Co-ZrOx multicomponent catalysts, significantly
improving propylene yields and CO: conversion rates.[5] However, CO.-ODHP still faces challenges
including difficult CO: activation and excessive propane cracking, urgently requiring breakthroughs
through catalyst structural design and reaction mechanism optimization.

In the non-precious metal catalyst domain, zinc-based catalysts have emerged as potential alternatives to
Pt-based and Cr-based catalysts due to their low cost and low toxicity. Traditional ZnO/Al:O; catalysts
readily form inert ZnAl-Os spinel phases at high temperatures, but hydroxyl-deficient Al.Os supports can
effectively suppress this phase transformation, maintaining ZnO in highly active nanocluster form and
significantly enhancing catalytic stability. [6] Co-Zr co-doped CeO: nanorods have been constructed with
oxygen vacancy-rich structures, leveraging photothermal synergistic effects to reduce reaction temperatures,
achieving propane conversion and propylene selectivity of 230.04 pumol-g'cat and 90.3 %, respectively. [7]

At the fundamental research level, the rapid development of computational chemistry methods such as
density functional theory (DFT) has provided atomic-level perspectives for PDH research [Fig. 1(e)].
Through DFT calculations, researchers can precisely analyze catalyst active site structures, reaction
intermediate evolution pathways, and reactant/product adsorption-desorption behaviors, providing
theoretical guidance for catalyst design. For instance, DFT can elucidate the regulatory mechanism of In
on Pt electronic structure and geometric configuration in Pt-In SAA,[1] reveal the enhancement effect of
oxygen vacancies on photothermal catalytic performance in Co-Zr co-doped CeO: nanorods (Fig. 1), [7] or
clarify the influence of hydroxyl content on ZnAl.O. spinel phase formation in ZnO/ALO; systems,
providing core support for rational design of high-performance catalysts.[6] DFT combined with
microkinetic simulations has revealed the structure sensitivity of different Pt facets, (111), (100), (110),
(211) and the regulatory mechanism of hydrogen coverage effects on reaction pathways, providing
theoretical basis for Pt-based catalyst size optimization.[8]

Furthermore, industrial advancement of PDH technology requires bridging theory and experiment. Current
research has progressively clarified catalyst structure-performance relationships, reaction mechanisms, and
deactivation mechanisms through integration of DFT with microkinetic simulations and in situ
characterization techniques (such as in situ DRIFTS and AC-HAADF-STEM), providing critical
foundations for catalyst performance optimization and industrial condition adaptation. Developing novel
catalysts with low Pt loading and high stability (such as single-atom alloys and bifunctional catalysts),
elucidating the mechanism of soft oxidants like CO-, and achieving precise control of multiscale reaction
processes have become research hotspots and core objectives in the PDH field. Therefore, conducting
fundamental research and application development of PDH technology not only holds significant industrial
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application value but can also provide theoretical and technical support for low-carbon chemical technology
innovation.
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Figure 1. Comparison of propane dehydrogenation performance under purely thermal and photothermal
conditions at 300 °C for (a) CeO2, (b) Zr-Ce02, and (c¢) Co/ZrCeO2, respectively. (d) The representative
values at the testing time of 180 min. (¢) DFT-calculated CHs adsorption energies on a Pt site with varying
numbers of In atoms. (f) Raman spectra of CeO2, Zr-CeO2, and Co/Zr-CeO2 nanorods; (g) Defectiveness
comparison calculating from intensity ratios of 1600/1462, respectively. (h) Propane conversion

1.2 Overview of Density Functional Theory Applications in Catalysis Research

Density functional theory (DFT), as a core method in computational chemistry, has become an
indispensable tool for propane dehydrogenation (PDH) catalysis research due to its precise description
capabilities for atomic-scale electronic structures and energy changes, providing atomic-level theoretical
support for catalyst design, reaction mechanism analysis, and performance optimization. Its core value lies
in efficiently calculating catalyst surface active site configurations, adsorption energies of
reactants/intermediates/products, reaction pathway energy barriers, and electronic structure evolution,
thereby quantitatively revealing the intrinsic correlation between catalytic performance and microstructure,
substantially reducing experimental trial-and-error costs.

In catalyst active site design and optimization, DFT can precisely predict the active center characteristics
of systems such as single-atom alloys (SAA), bimetallic alloys, and non-metal-doped structures. For
example, DFT calculations revealed that in Pt/Cu single-atom alloys [Fig. 2(c)], Cu modulation of Pt
electronic structure and geometric configuration significantly reduces propylene deep dehydrogenation
energy barriers and suppresses carbon formation, with C-C bond breaking barriers (>2.0 eV) dramatically
exceeding C-H bond activation barriers, providing critical basis for high-selectivity catalyst design.[9]
Research on Pd and Cu single atoms supported on $-Mo-C (001) surfaces demonstrated that DFT clarified
metal atoms preferentially anchor at Mo hollow sites [Fig. 2(e)], modulating active center electron density
through charge transfer [Fig. 2(a)-(b)], reducing the rate-determining step barrier for propane
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dehydrogenation in the Cui/Mo2C system to 0.31 kcal/mol, significantly outperforming pure Mo.C
supports.[10] DFT calculations confirmed that in RuiCu single-atom alloys, the Ru single-atom d-band
center approaches the Fermi level, enhancing propane adsorption and C-H bond activation capability, with
PDH activity and anti-coking performance surpassing traditional Pt catalysts.[11] Additionally, DFT
studies of alloying effects between Pt, Ni-based alloys and post-transition metals such as Sn, Ga, and Bi
found that NisGa alloys superior in both activity and selectivity compared to pure Ni, while Bi alloys
exhibited the highest propylene selectivity.[12]

Furthermore, through DFT combined with experimental characterization, NHs pyrolysis-induced Ir
formation of Ir-O:N: active motifs was revealed [Fig. 3(d)], with unique dual-coordination environments
enabling ppm-level loaded Iri/NOC catalysts to exhibit excellent PDH performance [Fig. 2(f)].[13] DFT
also provides theoretical guidance for doping modifications of non-precious metal catalysts such as boron-
based and vanadium-based systems, such as optimizing Mg doping amounts to regulate VOx@ZrO- surface
basicity and oxygen vacancy concentrations, or designing B-Os active sites through C-O substitution
strategies, achieving precise catalytic performance control.

In reaction mechanism and pathway analysis, DFT can systematically clarify complex pathways in PDH
reactions, identifying rate-determining steps (RDS) and selectivity control factors. DFT calculations for Pt-
based catalysts revealed that PDH reactions follow a two-step dehydrogenation pathway of
"propane—propyl intermediate—propylene," with the first C-H bond activation (barrier 0.78-1.16 eV) as
the rate-limiting step [Fig. 3(a)-(b)]. They also clarified that low-coordination atoms on Pt (211) facets have
lower C-H activation barriers compared to Pt (111) and Pt (100) facets, making them the core active facets
of Pt-based catalysts.[14] In Ni-based alloy systems, DFT identified that NisGa alloys optimize CsHs and
H formation energies (activity descriptors), enhancing dehydrogenation activity while suppressing side
reactions such as hydrogenolysis and coking [Fig. 3(e)], with propylene selectivity significantly superior to
pure Ni catalysts.[12] For oxidative dehydrogenation (ODH) systems, DFT combined with deep potential
molecular dynamics simulations revealed competitive relationships between propane C-C bond breaking
and C-H bond activation [Fig. 2(d)], as well as the acceleration effect of -OH radicals generated from H20:
decomposition on dehydrogenation reactions, providing mechanistic support for regulating reaction
selectivity. Additionally, DFT can analyze coupling mechanisms between reverse water-gas shift (RWGS)
and dehydrogenation reactions in COz-assisted PDH systems, clarifying synergistic effects of CO: on lattice
oxygen regeneration and coke removal.[15]

In multiscale simulation and theory-experiment integration, DFT calculation results provide core data
support for microkinetic simulations and machine learning (ML) model training, achieving cross-scale
correlations from atomic scale to macroscopic reaction performance. For example, a bootstrap aggregating
regression (BAR) model trained on 92 sets of DFT-calculated C-H bond breaking barrier data can rapidly
predict PDH activity of 53 single-atom alloys, successfully screening high-performance catalysts such as
RuiCu.[11] Combining DFT with kinetic Monte Carlo (kMC) simulations enables quantification of surface
species coverage evolution and catalyst deactivation patterns [Fig. 3(c)], such as formation pathways and
suppression mechanisms of coking precursors like CH3;CH.C* in Pt/Cu single-atom alloys.[9] The
development and validation of ReaxFF reactive force fields, benchmarked against DFT-calculated
intermediate energies and bond-breaking barriers, achieves efficient simulation of PDH reaction dynamic
processes in large-scale systems, with the developed 2023-Pt/C/H force field accurately reproducing
reactive activity order of different Pt facets.[ 14] Meanwhile, integration of DFT with in situ characterization
techniques (such as in situ XAFS and DRIFTS) enables theoretical validation of experimentally observed
active site valence changes and intermediate structures, forming a closed-loop research paradigm of
"experimental characterization - theoretical verification - performance optimization".

In summary, DFT has played a core role in active site design, reaction mechanism analysis, deactivation
mechanism exploration, and multiscale simulation integration for PDH catalysts, with applications
spanning the entire process from rational catalyst design to industrial condition adaptation. With
improvements in functional accuracy (such as DFT+U, DFT-D4), integration of dynamic simulation
methods (such as AIMD) with machine learning, DFT is poised to further overcome bottlenecks in complex
system descriptions and long-timescale kinetic simulations, providing more powerful theoretical support
for PDH technology development toward high efficiency, stability, and low-carbon directions.
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Figure 2. Differential charge density of (a) Pd1/Mo2C and (b) Cul/Mo2C. (blue represents regions of
charge accumulation, yellow represents regions of charge depletion). (c) Top view of the Pt/Cu SAA (111)
catalytic surface and the sites designed in the simulation as distinguished by different green shapes. (d)
Evolution network of species. The numbers next to the arrows represent the turnover number of the
elementary steps, and the colors serve to distinguish reactions according to their presence, using a threshold
of 15 occurrences. (¢) Top view and side view of M02C(001) surface. Top view and side view of
Cu/Mo2C(001) surface. Top view and side view of Pd/Mo02C(001) surrface. (f) ofiles of PDH on Ir—O2N:
and Ir—N4 configurations at 600 °C. The partial pressures of C3Hs and H> were set to 0.1 atm, while that of
CsHs was set to 0.03 atm. TS: transition state; FS: final state. Color scheme: H, lake blue; C in adsorbate,
dark gray; C in support, gray; N, blue; O, red; Ir, light cyan.
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Figure 3. (a) Comparison of ReaxFF and DFT energy scans of four C—H bond activations and two C—C
bond activations. Black and red lines correspond to ReaxFF and DFT calculations, respectively. Energies
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are in kJ mol—1 and distances in A. (b) Comparison of ReaxFF and DFT energy profile (kJ mol—1) for
propane dehydrogenation reaction on Pt(111) surface starting by a C—H activation at primary carbon and
at secondary carbon. Black and red lines correspond to ReaxFF and DFT calculations, respectively, while
dashed lines correspond to side reactions. (c) all surface species on a time scale of 2000 s. (d) The EXAFS
spectra curve-fitting of the Ir—O2N2 model (e) The potential energy diagram of PDH for Ni-based catalysts.

2. DFT Research Progress on Different Catalyst Systems

2.1 Platinum-Based Catalysts

Platinum (Pt)-based catalysts have become core research systems for propane dehydrogenation (PDH)
reactions due to their excellent C-H bond activation capabilities, with catalytic performance and reaction
mechanisms of monometallic, alloyed, and single-atom alloy forms deeply analyzed through density
functional theory (DFT) calculations. DFT calculations not only reveal structure-performance relationships
of Pt-based catalysts but also provide critical theoretical support for alloy element screening and active site
optimization.

2.1.1 Monometallic Pt Catalysts

The PDH performance of monometallic Pt catalysts is closely related to surface facet structures and active
site types. DFT studies demonstrate that reaction mechanisms of Pt catalysts exhibit facet dependence:
terrace sites such as Pt (111) follow the traditional reverse Horiuti-Polanyi mechanism, generating
propylene through two consecutive dehydrogenation steps, where propane first dehydrogenates to form
propyl intermediates (1-propyl or 2-propyl), then further dehydrogenates to produce propylene. The energy
barrier difference between 1-propyl and 2-propyl pathways is small, with reaction selectivity determined
by competition between propylene desorption and deep dehydrogenation.[16] In contrast, low-coordination
step sites such as Pt (211) predominantly follow non-reverse Horiuti-Polanyi mechanisms, generating
CHsCCH: intermediates through three-step dehydrogenation (removing two B-H and one o-H), then
forming propylene via hydrogenation reactions. This pathway contributes over 50% of propylene
production and is sensitive to H: partial pressure, with optimal H>/CsHs ratio around 1.33.[16]

Additionally, size effects of monometallic Pt catalysts have been systematically investigated through DFT
calculations. Among small Pt clusters (Pt>-Pts), Pts exhibits optimal PDH activity, selectivity, and stability,
with low-coordination metal atoms enhancing C-H bond activation capability. Support introduction (y-
Al>Os and g-CsNa) significantly modulates catalytic selectivity, with Pts/g-CsNa4 systems showing the most
outstanding performance.[17] Through Bayesian statistics combined with DFT calculations, Pt (211) was
confirmed as the most relevant active site in Pt catalysts, while evidence for Pt (100) as the dominant active
facet was insufficient.[18] Most simulations show that the kinetic rate-controlling step for propane
dehydrogenation is the first dehydrogenation of propane to CsH-*. More in-depth size effect studies through
DFT calculations combined with experimental validation clarified the regulatory role of Pt cluster sizes in
the 3-9 nm range on reaction mechanisms: small Pt clusters (predominantly Pt (211) facets) have lower
dehydrogenation barriers and higher activity but lower propylene selectivity. Large Pt clusters
(predominantly Pt (111) facets) weaken propylene adsorption strength and increase deep dehydrogenation
barriers, thereby improving selectivity.[19]

The main challenges for monometallic Pt catalysts lie in carbon formation from deep dehydrogenation and
selectivity decline. DFT calculations show that strong propylene adsorption on Pt surfaces readily triggers
further dehydrogenation to generate coking precursors such as propyne, while high activity of step sites
accelerates side reactions such as C-C bond cleavage.[20] Additionally, Pt particle sintering under high-
temperature reaction conditions leads to active site loss, a phenomenon quantitatively explained through
DFT-calculated Pt interatomic binding energies and surface diffusion barriers.[2]

2.1.2 PtSn Alloy Catalysts

Tin (Sn) is one of the most commonly used alloying elements for Pt-based catalysts, with its introduction
synergistically enhancing PDH performance through geometric and electronic effects, mechanisms
confirmed by extensive DFT studies. Through acid etching-reduction experiments combined with DFT
calculations, the recoverability of Pt-Sn alloy surfaces was revealed: after acid etching removes surface Sn,
core Sn atoms can migrate to the surface to reconstruct Pt:Sn alloy phases. Even after 5 acid etching-
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reduction cycles, propylene selectivity remains at 92%, a phenomenon driven by Sn segregation behavior
due to lower surface energy. [21] Geometrically, Sn atom introduction disrupts continuous Pt-Pt active sites,
reducing Pt atom agglomeration and decreasing C-C bond cleavage probability. Electronically,
electronegativity differences cause electron transfer from Sn to Pt, downshifting Pt d-band centers,
weakening adsorption strength of intermediates like propylene, promoting product desorption, and
suppressing deep dehydrogenation. [22]

DFT calculations systematically investigated effects of Sn content and alloy structure on catalytic
performance. For alloys with different ratios such as Pt:Sn, Pt2Sn, and PtSnz, PtsSn(111) was confirmed as
the optimal structure balancing activity and selectivity: its propylene desorption barrier decreases by 0.2-
0.3 eV while deep dehydrogenation barriers increase by 0.15-0.25 eV [Fig. 4(g)], elevating propylene
selectivity from below 70% for monometallic Pt to above 95 %.[22] Focusing on g-CsN4-supported PtsSn
single-cluster catalysts, Sn introduction promoted propylene desorption and suppressed deep
dehydrogenation and carbon formation, with catalytic performance superior to Pt: and Pts single-cluster
catalysts.[23] PtsSnu clusters on y-AlOs(110) supports exhibited good activity and stability, with Sn
addition suppressing Pt sintering through strong Pt-Sn interactions, and optimal catalytic performance at
Pt/Sn ratio of 3:1, while 1:1 ratio caused catalyst deactivation.[24]

Comparison of DFT results for surface alloys (such as PtsSn/Pt (111)) versus bulk alloys (such as PtsSn
(111)) indicated that surface alloy Sn atoms readily undergo surface segregation, leading to uneven active
site distribution, while bulk alloy Sn atom distributions are more stable with superior catalytic
performance.[25] Additionally, Sn modulation of Pt surface adsorption behavior was clearly demonstrated
through DFT: propane remains weakly physisorbed on PtSn alloy surfaces, while propylene chemisorption
strength significantly weakens, with adsorption mode transitioning from di-c adsorption on Pt (111)
surfaces to w adsorption on PtSn alloy surfaces [Fig. 4(a)-(c)], reducing further propylene reactions.[20]

2.1.3 PtIn Alloy Catalysts

Indium (In) as an emerging Pt-based alloying element forms single-atom alloys (SAA) with Pt that exhibit
excellent PDH stability and selectivity under low Pt loadings, with DFT calculations revealing unique
catalytic mechanisms.[1] In Pt-In SAA, individual Pt atoms are dispersed on In nanoparticle surfaces, with
In introduction disrupting Pt-Pt bonds to form isolated Pt active sites, both increasing active site numbers
and suppressing side reactions such as C-C bond cleavage. Electronic structure analysis shows that In
transfers electrons to Pt, upshifting Pt d-band centers, enhancing C-H bond activation capability while
weakening propylene adsorption strength. Propylene desorption barriers decrease by 0.3-0.5 eV [Fig. 4(d)-
(e)] while deep dehydrogenation barriers increase by 0.2-0.4 eV, achieving propylene formation rates of
16.9 mol-g'Pt-h™" and low deactivation rates of 0.001 h™* at 550°C.[1]

DFT calculations also optimized Pt-In alloy composition ratios, finding that when In loading is 1.5 w.t.%
and Pt loading only 0.1 w.t.%, Pt-In interactions are strongest, forming the most stable single-atom
dispersion structures. Excess In covers Pt active sites, causing activity decline.[1] Additionally, anti-coking
performance of Pt-In alloys was explained through DFT: isolated Pt sites reduce adsorption and
polymerization of coking precursors (such as propyne), and In-modified Pt surfaces increase coking
adsorption energy by 0.4-0.6 eV, suppressing carbon deposition.[1]

2.1.4 Other Platinum-Based Alloy Catalysts

Beyond Sn and In, alloys or composite systems formed by Pt with elements such as Ga, Bi, B, Zn, and Ti
have also been confirmed through DFT calculations to possess potential PDH application value. For Pt-Ga
alloys, DFT calculations indicate that the PtsGa (111) surface undergoes reconstruction due to Ga
introduction, with significantly enhanced propane adsorption energy (-0.47 eV), while propylene
desorption barriers decrease, rendering PDH activity superior to pure Pt.[12] In Pt-Ga single-atom alloys,
isolated Pt sites can suppress deep dehydrogenation, achieving propylene selectivity as high as 94 %.[1]
For Pt-Zn alloys, through DFT calculations combined with experimental characterization, the Pt-ZnOx
interface (structure: Pt3*-Zn*"-O-Si) was revealed as the PDH active site, where low-coordination Zn site-
anchored Pt clusters reduce propane C-H bond activation barriers to 1.09 eV (far below 1.90 eV for Pt (111)
surfaces), while simultaneously suppressing deep dehydrogenation, with propylene selectivity exceeding
99 %.[26] Additionally, [PtZn4] single-center intermetallic compounds were confirmed to break adsorption
energy scaling relationships through geometric isolation and electronic modulation, achieving synergistic
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enhancement of activity and selectivity. For Pt-Ti composite systems, through DFT calculations combined
with multiple characterization techniques, Ti doping was revealed to suppress PtZn nanoparticle sintering
via strong Pt-Ti interactions, with Ti** sites transferring electrons to Pt® to form Pt -Ti** systems, reducing
CO adsorption strength and inducing infrared spectral red shifts, resulting in lower deactivation rates for
PtZnTi/SiO2 (k_d=0.015 h™") compared to PtZn/SiO- (k_d=0.022 h™'), while maintaining stable catalytic
performance after regeneration.[27] For Pt-Bi alloys, DFT results show that Bi introduction can maximize
propylene selectivity enhancement (AE=0.97 eV), but significantly reduces PDH activity, requiring
optimization through particle size reduction and exposure of more low-coordination sites.[ 12] In boron (B)-
doped PtSnK-B/Al:Os catalysts, DFT calculations revealed that B forms stable Pt-B clusters with Pt,
enhancing binding energy with the support (from -7.40 eV to -11.16 eV) [Fig. 4(f)], suppressing Pt sintering.
Simultaneously, propane adsorption increases Pt-Pt bond lengths, promoting Pt atom dispersion, enabling
the catalyst to achieve a single-pass lifetime of 310 h at 0.15 w.t.% low Pt loading, three times that of
undoped catalysts.[2] Furthermore, DFT studies of Pt-Cu and other alloys also demonstrate that alloying
elements can break adsorption energy scaling relationships by modulating Pt electronic structure (d-band
center) and geometric structure (active site isolation), achieving synergistic enhancement of activity and
selectivity.[12]

2.1.5 Platinum-Based Core-Shell Catalysts

In propane dehydrogenation coupled with selective oxidation systems, Pt-based core-shell catalysts exhibit
unique advantages. Through DFT calculations and microkinetic simulations, the performance of 11 M@Pt
(M=Fe, Co, Ni, Cu, Ru, Rh, Os, Ir, Pd, Ag, Au) core-shell catalysts was investigated, revealing that the O:
dissociation pathway dominates hydrogen oxidation, with O dissociation as the rate-controlling step, and
propyne as the initial intermediate for C3 species oxidation.[28] Among these, Ag@Pt core-shell catalysts
exhibited optimal performance, possessing both high hydrogen oxidation activity (H> conversion rate of
4.27 %) and the ability to weaken propylene adsorption through modulation of Pt surface electronic
structure (d-band center upshift), suppressing oxidative consumption of propylene and demonstrating
excellent propylene selectivity, making it the best candidate catalyst for selective hydrogen oxidation in
coupled systems.

2.1.6 Summary of DFT Research on Platinum-Based Catalysts

DFT calculations have demonstrated powerful theoretical guidance in PDH research of Pt-based catalysts:
through electronic structure analysis (d-band center, charge transfer), the modification mechanisms of
alloying elements and dopant atoms have been revealed; through reaction pathway calculations,
mechanistic differences among different crystal facets, sizes, and active sites have been clarified; through
adsorption energy and barrier calculations, optimal alloy compositions, core-shell structures, and doping
ratios have been screened; through integration with Bayesian statistics and microkinetic simulations, active
sites and reaction kinetic patterns have been quantified. Future DFT research on Pt-based catalysts should
focus on: synergistic effects in multi-component alloys, metal-support interactions in supported catalysts,
dynamic evolution processes of carbon formation, and integration of DFT calculations with machine
learning to provide more comprehensive theoretical support for rational design of industrial-grade catalysts.
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Pt atoms are colored light gray and Sn atoms green, whereas dark gray stands for C and white for H.
Structures and adsorption energies of the adsorbates CsHs (d) and CsHs (e) on Pt NPs and Pt-In SAA
models..(f) Optimized lowest-energy cluster structures of pure Pts,PtsB1, and Pt¢B2 and their corresponding
binding energy on 8-Al2Os (010). Note: For simplicity, K and Sn atoms were hided. (g) energy barrier
difference (Ediff) between propylene dehydrogenation and propylene desorption over the Pt(111) and PtSn
surfaces.

2.2 Chromium-Based Catalysts

Chromium-based catalysts (primarily Cr-Os and CrO,) have found widespread application in propane
dehydrogenation (PDH) reactions due to their low cost and high activity, with catalytic performance closely
related to active site structure, electronic properties, and reaction environment. Density functional theory
(DFT) calculations have deeply revealed structure-performance relationships, reaction mechanisms, and
modification mechanisms of chromium-based catalysts, providing critical theoretical support for rational
catalyst design.

2.2.1 Pure Chromium Oxide Catalysts

The active sites of pure chromium oxide catalysts are mainly coordinatively unsaturated Cr** ions and
surface Cr-O ion pairs, with PDH performance closely related to crystal facet structure and oxygen vacancy
distribution. DFT studies indicate that the a-Cr0s(0001) surface is the primary exposed crystal facet for
PDH reactions, existing in both Cr-terminated and O-terminated configurations, with Cr-terminated
surfaces being more stable and exhibiting higher activity.[29] The reaction follows a heterolytic C-H bond
activation mechanism: C atoms in propane molecules adsorb at Cr sites, while H atoms preferentially bind
with adjacent O sites, with Cr-O ion pairs cooperatively breaking C-H bonds to generate Cr-propyl and O-
H intermediates.[30] Oxygen vacancies significantly influence the catalytic performance of pure chromium
oxides. DFT calculations show that after removing lattice oxygen from a-Cr20s surfaces, electrons transfer
to surrounding Cr atoms, raising Cr 3d orbital Fermi levels [Fig. 5(d)-(e)] and enhancing orbital interactions
with adsorbates, thereby reducing C-H bond activation barriers. Simultaneously, oxygen vacancies alter
surface Lewis acid-base properties, weakening Cr-O interactions with deep dehydrogenation products and
suppressing side reactions. Surface oxidation states significantly modulate catalytic mechanisms and
selectivity: reduced a-Cr203(0001) surfaces produce propylene through non-oxidative dehydrogenation
pathways with selectivity as high as 99%; oxidized surfaces follow the Mars-van Krevelen mechanism,
where H atoms combine with surface oxygen to generate H-O, but readily trigger C-C bond cleavage to
produce CO2, with significantly reduced selectivity.[31] DFT combined with kinetic Monte Carlo (KMC)
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simulations confirmed the existence of optimal surface oxidation degrees (0.2 when using Oz, 0.5 for N20),
at which propylene yield is maximized.[31]

2.2.2 Single-Atom Doped Modified Chromium-Based Catalysts

Single-atom doping (such as Pt, Al) represents an effective strategy for optimizing chromium-based catalyst
performance, with DFT calculations revealing electronic modulation and structural optimization
mechanisms of dopant atoms. Platinum (Pt) single-atom doping can significantly enhance PDH activity and
selectivity of Cr20s. DFT research indicates that Pt single atoms preferentially occupy Cr vacancies on
Cr205(0001) surfaces, forming strong interactions with adjacent O atoms, reducing the conduction band
minimum (CBM) of O sites through charge transfer, enhancing H capture capability, and lowering the first-
step dehydrogenation barrier of propane from 1.40 eV for pure Cr20s to 1.13 eV [Fig. 5(a)-(c)]. [32]
Meanwhile, Pt single atoms modulate Cr-O Lewis acid-base interactions, raising deep dehydrogenation
barriers (from 0.83 eV to 1.94 eV), suppressing carbon precursor formation, with propylene selectivity
exceeding 92 %. Furthermore, Pt single atoms maintain atomic-level dispersion under both reaction and
regeneration conditions, thermodynamically suppressing sintering agglomeration and enhancing catalyst
stability. Aluminum (Al) doping optimizes PDH performance by altering Cr.0Os electronic structure and
surface adsorption characteristics. DFT calculations show that after Al atoms dope into CrO; lattices,
electronegativity differences cause surface Cr® to convert to Cr’', increasing active site numbers.
Simultaneously, Al doping reduces propylene adsorption energy (from -1.51 eV to -1.33 eV), promoting
product desorption, while raising carbon formation barriers by 0.3-0.5 eV, significantly suppressing carbon
deposition and extending catalyst lifetime. [33]

2.2.3 Composite Chromium-Based Catalysts

Composite chromium-based catalysts (such as Cr-Zr, Cr-Al composite oxides) optimize active site
structures through synergistic effects between components, with DFT calculations clarifying synergistic
mechanisms and reaction advantages. In Cr-Zr composite oxides, synergistic effects between ZrO. and
CrOy significantly enhance PDH performance. DFT research indicates that Zr atom introduction promotes
CrOy species dispersion, forming stable Cr-Zr-O active sites, where coordinatively unsaturated Zr (Zr_cus)
cooperates with adjacent Cr sites to activate C-H bonds. [34] Calculations show that after Cr** doping into
ZrO: lattices, oxygen vacancy formation energy decreases (from 5.45 eV to 2.39 eV), enhancing surface
electron transport capability and reducing total propane dehydrogenation barriers from 1.13 eV for pure
Zr0: to 0.95 eV.[34] Additionally, ZrO: presence weakens Cr-O interactions with propylene, suppressing
deep dehydrogenation, with propylene selectivity reaching above 90 %.[33] In MIL-101 (Cr/Al)-derived
Cr-Al composite oxide catalysts, DFT calculations revealed that Al introduction modulates Cr-O bond
strength, optimizing surface acid site distribution. PDH reactions on this catalyst follow a two-step
dehydrogenation mechanism: first-step C-H bond activation barrier is 1.79 eV, generating Cr-propyl
intermediates; second-step dehydrogenation barrier decreases to 1.60 eV, producing propylene. Compared
to pure Cr20s, Al presence in composite catalysts raises adsorption energy of carbon precursors (propyne)
by 0.4 eV, suppressing C-C bond cleavage and polymerization, with significantly enhanced anti-coking
performance. [33]

2.2.4 Reaction Mechanisms and Side Reaction Control in Chromium-Based Catalysts

DFT calculations have clarified core reaction pathways and side reaction suppression mechanisms for PDH
on chromium-based catalysts, providing theoretical basis for performance optimization. Regarding core
reaction mechanisms, the rate-controlling step for PDH reactions on chromium-based catalysts is the first-
step heterolytic C-H bond activation.[30] Taking Cr(III)-O sites as examples, DFT calculations show that
these sites heterolytically cleave C-H bonds through o-bond metathesis-type transition states, with
methylene C-H bonds in propane preferentially activated (barrier 1.25-1.40 eV), generating propyl
intermediates that further dehydrogenate to produce propylene (barrier 0.89-1.47 eV), with relatively low
propylene desorption barriers (0.45-0.65 eV) ensuring rapid product desorption. [30] For side reaction
control, carbon formation and deep dehydrogenation represent major challenges. DFT research indicates
that strong Lewis acid sites on chromium-based catalyst surfaces readily adsorb propylene and trigger deep
dehydrogenation, generating carbon precursors such as propyne. [31] By introducing oxygen vacancies or
doping with Pt, Al, and other atoms, surface acidity strength can be reduced, weakening adsorption of deep
dehydrogenation products and raising carbon formation barriers by 0.2-0.6 ¢V.[29] Additionally, oxidative
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atmospheres exacerbate C-C bond cleavage to generate CO-, while selecting N2O as a mild oxidant can
reduce CO: generation and carbon deposition while maintaining activity. [31]

2.2.5 Summary of DFT Research on Chromium-Based Catalysts

DFT calculations play a critical role in PDH research of chromium-based catalysts: clarifying Cr**, Cr-O
ion pairs, and oxygen vacancies as core active sites, revealing heterolytic C-H bond activation reaction
mechanisms, and elucidating synergistic mechanisms of single-atom doping and composite modification.
Future research should focus on: electronic synergistic effects in multi-component doping, metal-support
interactions in supported catalysts, dynamic evolution of carbon formation during reaction processes, and
integration of DFT with microkinetic simulations and machine learning to provide more comprehensive
theoretical support for developing high-activity, high-selectivity, long-lifetime chromium-based PDH
catalysts.
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Figure 5. (a) Charge density difference of Pti@Cr203(0001).(b) Pt atom position of Cr.03 (0001). (c)
Energy profiles for main reaction pathway towards propylene of PDH on Pt3:Sn(111), Cr203 (0001) and
Pti@Cr203 (0001). Top and side views of (d) Cr203 (0001), (e) oxygen-deficient Cr203 (0001). The ion
pairs shaded are active sites on the respective surfaces.

2.3 Vanadium-Based Catalysts

Vanadium-based catalysts (primarily VOx and V:0s) demonstrate broad application prospects in propane
dehydrogenation (PDH) and oxidative dehydrogenation (ODH) reactions due to their tunable oxidation
states, diverse active site structures, and excellent thermal stability. Density functional theory (DFT)
calculations have deeply revealed the nature of active sites, reaction mechanisms, and modification
mechanisms, providing critical theoretical support for catalyst performance optimization.

2.3.1 Pure Vanadium Oxide Catalysts

The catalytic performance of pure vanadium oxides is closely related to crystal facet structure, oxidation
state, and surface oxygen species, with DFT calculations clarifying structure-performance relationships
between active sites and reaction pathways. As a typical pure vanadium oxide, V-Os exhibits significant
activity differences among crystal facets. The V20s(001) surface contains two key sites: terminal oxygen
O(1) and bridge oxygen O(2), where O(2) sites demonstrate superior propylene selectivity (exceeding 90 %)
due to their combined C-H bond activation capability and low deep oxidation activity.[35] The reaction
follows the Mars-van Krevelen mechanism: methylene C-H bonds in propane are preferentially activated
(barrier 1.18 eV), generating isopropoxy intermediates that further dehydrogenate to produce propylene
(barrier 0.96 eV). [36] Reaction pathways on V205(010) surfaces depend on synergistic effects of dual V=0
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groups: one V=0 attacks the B-C atom of propane to form V-OCH2(CH:). species, while another V=0
converts to V-OH, with isopropoxy formation barriers (9.4 kcal/mol) significantly lower than n-propoxy
(14.5 kcal/mol), offering both thermodynamic and kinetic advantages. The second dehydrogenation step
requires O(3)H hydroxyl assistance, generating propylene and water through cooperative methyl hydrogen
transfer with barriers around 15 kcal/mol, representing the rate-controlling step. Surface oxidation states
and oxygen vacancies modulate catalytic performance: reduced V.Os surfaces primarily undergo non-
oxidative dehydrogenation pathways with propylene selectivity approaching 99%; oxidized surfaces
readily trigger C-C bond cleavage to generate COx, with significantly reduced selectivity. DFT calculations
indicate that oxygen vacancy formation energies vary with crystal facets and oxidation states, with
V205(001) surface oxygen vacancy formation energy of 2.39 eV, enhancing orbital interactions between V
sites and adsorbates through electron transfer, reducing C-H bond activation barriers. [37]

2.3.2 Supported Vanadium-Based Catalysts

Supports modulate vanadium species dispersion, oxidation state, and electronic properties through metal-
support interactions (MSI), with DFT calculations revealing modulation mechanisms and optimal support
systems for different supports. In CeOz-supported VO:s catalysts, the VO3/CeO2(111) surface contains three
active oxygen species (O_V=0, O V-O-Ce, O _Ce-O-Ce), where O V-O-Ce and O_Ce-O-Ce
synergistically achieve dissociative adsorption of propane (adsorption energy 3.08 eV).[36] A unique new
localized empty state (NELS) composed of O 2p orbitals of VOs significantly reduces the first C-H bond
breaking barrier (0.12 eV), while NELS occupation raises the second C-H bond breaking barrier to 1.81
eV, effectively suppressing deep dehydrogenation. [36] In SSZ-13 zeolite-supported VO catalysts, VO
(V") species exhibit significantly superior activity to VOa (V**): VO3 V-O-S sites serve as single active
centers with first C-H bond breaking barriers of only 2.4-2.5 eV, while VOu exhibits barriers as high as 3.0-
3.4 eV due to coordination crowding at V sites. [38] DFT combined with microkinetic simulations
confirmed that propylene turnover frequency (TOF) of VOs/SSZ-13 at 600°C reaches 0.37 s7!, far
exceeding VO4/SSZ-13 (approaching 0). ZrO: supports optimize VO electronic structure through weak
MSI: bridge oxygen in VO,/ZrO: exhibits low electron density with C-H bond breaking barriers of only
1.10 eV, exhibiting activity over 4 times higher than VO,/Al:0s. [39] DFT calculations indicate that the
weak electron donor characteristics of ZrO: weaken V-O bond strength, promoting oxygen species
migration while suppressing VOy polymerization and enhancing active site dispersion. [39]

2.3.3 Modified Vanadium-Based Catalysts

Modification strategies such as doping and oxidant regulation can optimize activity, selectivity, and
stability of vanadium-based catalysts, with DFT calculations revealing modification mechanisms and
performance enhancement patterns. MgO doping significantly improves CO--assisted ODH performance
of VO,@ZrO2: MgO reduces oxygen vacancy formation energy (from 31.1 eV to 3.91 eV), enhancing CO-
adsorption and activation capability while extending spillover distances for H, O, and CO: intermediates,
improving surface reaction kinetics. DFT simulations show that propane adsorption barriers for Mg-VZ
catalysts decrease from 85.6 eV to 25.0 eV, ODH reaction barriers decrease from 94.1 eV to 39.2 eV,
achieving propane conversion of 20.4% and propylene yield of 14.6% at 550°C. [37] Sulfur (S2) as an
alternative oxidant significantly enhances propylene selectivity: in S-V/SiO: catalysts, although sulfided
surfaces exhibit propylene adsorption energies similar to oxidized surfaces, deep dehydrogenation barriers
increase by 0.5-0.8 eV, suppressing CS: generation. DFT calculations indicate that propane C-H bond
activation barriers on sulfided surfaces (111 kJ/mol) are higher than oxidized surfaces, but propylene
selectivity reaches 96% with yields of 41%, far exceeding traditional O.-ODH systems. [40]

2.3.4 Reaction Mechanisms and Side Reaction Control in Vanadium-Based Catalysts

DFT calculations have clarified core mechanisms and side reaction suppression pathways for PDH/ODH
on vanadium-based catalysts, providing theoretical basis for selectivity optimization. Regarding core
reaction mechanisms, PDH reactions follow two-step dehydrogenation mechanisms: the first step involves
heterolytic activation of methylene or methyl C-H bonds (rate-controlling step), generating alkyl
intermediates; the second step involves further dehydrogenation of intermediates to produce propylene,
with relatively low desorption barriers (0.45-0.65 e¢V).[30] ODH reactions depend on lattice oxygen
participation, following the Mars-van Krevelen mechanism, with lattice oxygen regenerated through
oxidants (02, CO2, Sz) after consumption. For side reaction control, deep oxidation and carbon formation
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represent major challenges sites on V20s(001) surfaces readily trigger deep oxidation of propylene to
generate acetone, acrylic acid, and COy, while O(2) sites remain inert toward deep oxidation; selectivity
can be enhanced by regulating O(1)/O(2) ratios. [35] DFT research indicates that through support
modification (such as ZrO., SiO-) to weaken MSI, introduction of oxygen vacancies, or selection of mild
oxidants (CO-, Sz), C-H bond activation selectivity can be enhanced while reducing adsorption energy of
carbon precursors (propyne, coke), suppressing side reactions. [40]

2.3.5 Summary of DFT Research on Vanadium-Based Catalysts

DFT calculations play a critical role in PDH/ODH research of vanadium-based catalysts: clarifying terminal
oxygen, bridge oxygen, and V-O-support sites as core active centers, revealing heterolytic C-H bond
activation and Mars-van Krevelen reaction mechanisms, and elucidating synergistic mechanisms of support
modulation, doping modification, and oxidant optimization. Future research should focus on: electronic
synergistic effects in multi-component doping, dynamic MSI evolution in supported catalysts, dynamic
evolution of oxygen vacancies and carbon formation during reaction processes, and integration of DFT
with microkinetic simulations and machine learning to provide more comprehensive theoretical support for
developing high-activity, high-selectivity, long-lifetime vanadium-based dehydrogenation catalysts.

2.4 Gallium-Based Catalysts

Gallium-based catalysts—including Ga:0s, Ga-ZSM-5, Ga-CHA, and Ga alloys—exhibit outstanding
performance in propane dehydrogenation (PDH) owing to their unique electronic structures, tunable types
of active sites, and excellent selectivity. Density functional theory (DFT) calculations have been
instrumental in revealing the nature of active sites, reaction mechanisms, and performance optimization
strategies across these diverse gallium-containing catalyst architectures.

2.4.1 Pure Gallium Oxide Catalysts
Active Site Structure and Reaction Mechanism

Pure gallium oxide (Ga:0s) exhibits catalytic performance highly dependent on crystal facet structure,
active site type, and reaction atmosphere. DFT calculations have identified the key structure-activity
relationships and dehydrogenation pathways.

The thermodynamically stable and catalytically optimal f-Ga-0Os(100) surface contains two critical active
site types: two-coordinated oxygen sites O(2) and unsaturated gallium sites Ga(o). Initial C-H bond
activation predominantly follows a radical mechanism: the O(2) site abstracts a hydrogen atom from the
propane methylene group, forming propyl radicals and hydroxyl groups (O(2)H) with an activation barrier
of only 18.1 kcal/mol—significantly lower than the O(3) site (39.4 kcal/mol), establishing it as the core site
for initial activation. Propyl radicals can subsequently generate propylene through two pathways: (1)
hydrogen abstraction by adjacent O(2) sites (barrier 4.5 kcal/mol), or (2) coupling with Ga(o) sites to form
propyl-gallium intermediates followed by dehydrogenation (barrier 29.6 kcal/mol).

Hydrogen Species Desorption Mechanism

The hydrogen species desorption mechanism determines catalytic cycle efficiency. DFT calculations reveal
that the combination of surface GaH with hydroxyl groups (O(2)H/O(3)H) to form H: requires barriers of
only 9.5-14.7 kcal/mol, representing the primary desorption pathway. In contrast, hydroxyl coupling to
generate H.O exhibits a higher barrier (20.3 kcal/mol), and H.O desorption energy (>13 kcal/mol)
significantly exceeds that of H> (<1 kcal/mol), indicating that direct dehydrogenation (DDH) mechanism
dominates. However, under high temperatures or in the presence of mild oxidants like CO:, the H.O
generation pathway becomes non-negligible, leading to surface oxygen vacancy formation that requires
regeneration through oxidants to maintain activity.

Surface Ga-H Species as Key Intermediates

Surface Ga-H species serve as critical intermediates. On the a-Ga-O;s surface, H> heterolytic dissociation
forms tetrahedral-coordinated [HGaOs] structures (Ga-H bond length 1.56 A), with DFT-calculated 'H
chemical shifts and quadrupolar coupling constants (CQ) showing excellent agreement with solid-state
NMR experimental results.[41] These Ga-H species can undergo nucleophilic reactions with CO: to form
formate intermediates, providing active species for subsequent hydrogenation to methanol. [41]

2.4.2 Zeolite-Supported Gallium Catalysts
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Active Species Modulation through Confinement Effects

Zeolites (ZSM-5, CHA, etc.) modulate gallium species dispersion and electronic properties through pore
confinement effects and metal-support interactions, with DFT calculations revealing active site
characteristics and reaction mechanisms.

In Ga-ZSM-5 catalysts, gallium species exist primarily in two forms: isolated Ga* sites and Ga-0O»** species
stabilized by paired Al atoms. DFT calculations demonstrate that Ga.O»** sites exhibit C-H bond activation
barriers (2.4-2.5 eV) significantly lower than isolated Ga* (3.0-3.4 eV), achieving turnover frequencies
(TOF) of 0.37 s* at 600°C, making them highly efficient active centers. [38] The reaction follows a Lewis-
Brensted acid pair cooperative mechanism: Brensted acid sites polarize propane C-H bonds while Lewis
acid sites (Ga**) abstract hydrogen atoms to form Ga-H intermediates, subsequently releasing propylene.

In Ga-CHA molecular sieves, reduced extra-framework Ga* sites constitute the core active centers. DFT
calculations show that Ga* reacts with H- to generate GaHy species (formation enthalpy -34.0 kJ/mol),
closely matching experimental values (-51.2 kJ/mol). The propane dehydrogenation barrier for Ga* sites
(75.9-115 kJ/mol) is substantially lower than CHA zeolite's inherent acid-catalyzed barrier (159-200
kJ/mol), with propylene selectivity reaching 96%. Compared to In-CHA, Ga* exhibits stronger transition
state stabilization, reducing C-H activation temperatures by 80-100°C and achieving TOF values 43 times
higher than In* sites. [43]

2.4.3 Gallium-Based Alloy Catalysts
Electronic Transfer and Site Isolation Effects

Gallium alloys with noble metals (Pt, Rh) enhance PDH activity and stability through electronic transfer
and site isolation effects, with DFT calculations elucidating interfacial interaction mechanisms and active
site nature.

In Ga-Pt alloy (SCALMS system), Pt atoms are atomically dispersed in liquid Ga matrix. DFT simulations
reveal Pt atoms dynamically migrate within liquid Ga, stabilizing at surfaces when adsorbing reactants,
forming negatively charged Pt species (charge -0.68~-1.06 e) that significantly enhance C-H bond
activation capability. [43] Propane dehydrogenation follows a cooperative mechanism: Pt sites activate C-
H bonds to generate propyl intermediates that subsequently migrate to the Ga matrix, while Pt sites catalyze
hydrogen recombination to H.. Propylene desorption barriers are markedly reduced, suppressing deep
dehydrogenation and coking.[43] H: pretreatment reduces surface GaOx passivation layers—DFT
calculations show Ga20;s reduction to metallic Ga exhibits lower barriers (1.3-2.25 eV/unit) than gaseous
Ga:0 formation, exposing more active sites and increasing propane conversion from 10 % to 26 %. [44]

In Ga-Rh alloys, Rh single atoms dynamically appear at liquid Ga interfaces. DFT calculations indicate Rh
atoms carry negative charge (-0.83 e) due to Ga's electron donor effect, with C-H bond activation barriers
(1.42 eV) significantly lower than pure Rh catalysts (>2.0 eV). The reaction pathway involves: propane
undergoes first dehydrogenation at Rh sites (barrier 1.42 eV), hydrogen atoms diffuse to adjacent Ga sites
(barrier 0.66 eV), second dehydrogenation generates propylene (barrier 1.31 eV), and the Ga matrix reduces
propylene adsorption strength while suppressing coking formation. When Ga/Rh ratio exceeds 80, the alloy
becomes fully liquid with maximum Rh site isolation, achieving 92% propylene selectivity and significantly
superior stability compared to solid alloys. [45]

2.4.4 Reaction Mechanisms and Performance Tuning

DFT calculations have clarified core PDH mechanisms and performance tuning pathways for gallium-based
catalysts, providing theoretical foundations for catalyst optimization.

Core Reaction Mechanisms

PDH reactions follow a two-step dehydrogenation mechanism: (1) C-H bond heterolytic or homolytic
activation (rate-determining step) generating alkyl intermediates and hydrogen species (Ga-H or hydroxyl
groups); (2) intermediate dehydrogenation producing propylene with hydrogen species

recombination/desorption completing the catalytic cycle. Oxidative dehydrogenation (ODH) pathways,
requiring higher energy barriers (>25 kcal/mol), occur only minimally in the presence of oxidants.

Performance Tuning Strategies
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Coking and active site deactivation represent primary challenges. DFT calculations demonstrate that
introducing Si into Ga-ZSM-5 enhances gallium species dispersion, suppresses cluster aggregation, and
reduces coking precursor adsorption energies. In Ga-Pt alloys, the liquid Ga matrix's high fluidity enables
dynamic active site repair, reducing coking deposition—DFT simulations show coking adsorption energy
on liquid Ga surfaces (-1.2 eV) is substantially lower than solid Pt (-2.8 ¢V).[43] Furthermore, optimizing
zeolite Si/Al ratios can fine-tune Ga* site densities, with Ga/Al ratios of 0.7-1.0 achieving optimal activity;
excessive ratios form low-activity GaOx species. [42]

2.4.5 Summary of DFT Research on Gallium-Based Catalysts

DFT calculations have played pivotal roles in gallium-based catalyst PDH research by: (1) identifying O(2)
sites, extra-framework Ga*, and Ga-Pt/Rh single-atom sites as core active centers; (2) revealing radical
mechanisms, acid pair cooperative mechanisms, and interfacial cooperative mechanisms; (3) elucidating
support modulation, alloying, and pretreatment performance optimization mechanisms.

Future research should prioritize: (1) electronic synergistic effects in multi-component gallium catalysts;
(2) dynamic evolution of Ga-H species and oxygen vacancies during reactions; (3) quantitative description
of zeolite pore confinement effects; (4) integration of DFT with microkinetic simulations and machine
learning to provide more comprehensive theoretical support for developing high-activity, high-selectivity,
long-lifetime gallium-based dehydrogenation catalysts.

2.5 Zinc-Based Catalysts

Zinc-based catalysts, primarily comprising ZnO, Zn-MFI, Zn-Zr composite oxides, and Zn single-atom
catalysts, have emerged as important alternative systems to Pt-based and Cr-based catalysts for propane
dehydrogenation (PDH) reactions due to their abundant reserves, low cost, and environmental friendliness.
Density functional theory (DFT) calculations have deeply revealed the nature of active sites, reaction
mechanisms, and modification control mechanisms, providing crucial theoretical support for catalyst
structure optimization and performance enhancement.

2.5.1 Pure Zinc Oxide and Supported Zinc Oxide Catalysts
Active Sites and Structure-Activity Relationships

The catalytic performance of pure ZnO and supported ZnO catalysts is closely related to active site
dispersion, support interactions, and surface species states, with DFT calculations clarifying their structure-
activity relationships and reaction pathways.

ZnO Nanoclusters as Core Active Centers: DFT calculations demonstrate that ZnO nanoclusters can exist
stably on hydroxyl-poor Al.Os supports, avoiding the formation of low-activity ZnAl:O4 spinel phase at
high temperatures. In the ZnO/Al:Os system, the C-H bond activation barrier for ZnO nanoclusters (1.40
eV) is significantly lower than that of ZnAlLOa (1.96 eV), and propylene adsorption energy (-1.08 eV) is
weaker, suppressing deep dehydrogenation and coking [Fig. 6(f)]. [6]

Support Surface Hydroxyl Control of Active Site Evolution: Hydroxyl groups on the Al>Os surface reduce
the migration barrier of Zn atoms (from 2.21 eV to 1.54 eV), promoting Zn diffusion into the support
interior to form ZnAl:Oa. By contrast, hydroxyl-poor A-Al-Os supports prepared via sol-gel methods can
inhibit ZnAl-O+ formation, enabling Zn species to exist stably as ZnO nanoclusters and significantly
enhancing catalytic stability [Fig. 6(d)-(e)]. [6]

Reaction Mechanism Following Two-Step Dehydrogenation Pathway: DFT calculations show that propane
first undergoes C-H bond heterolytic cleavage at Zn?" sites on the ZnO surface, generating propyl
intermediates (CsH») and hydroxyl groups (Zn-OH) with a barrier of 1.24-1.40 eV. Subsequently, CsH~
undergoes further dehydrogenation to produce propylene, with hydrogen species recombining to H> and
desorbing. Compared to ZnAl:Os, ZnO surfaces exhibit lower barriers for both dehydrogenation steps and
easier propylene desorption, resulting in higher selectivity. [6]

2.5.2 Zeolite-Supported Zinc-Based Catalysts
Active Site Control Through Framework Incorporation and Confinement

Zeolites (Silicalite-1, ZSM-5, etc.) modulate the electronic properties and dispersion of Zn species through
pore confinement effects and framework incorporation, with DFT calculations revealing active site
characteristics and reaction mechanisms.
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Active Site Regulation via Framework-Incorporated Zn Species: Zn atoms incorporated into Silicalite-1
framework T7 sites through isomorphous substitution exhibit the lowest energy, forming stable Zn-O-Si
structures. [46] DFT calculations show that framework Zn?* sites have C-H bond activation barriers (1.35
eV) significantly lower than non-framework Zn species, with pore confinement effects enhancing reactant
adsorption and intermediate stabilization.

Pt-Zn Synergistic Effects for Performance Optimization: In atomically dispersed Pt6*-O-Zn structures
supported on Silicalite-1, Pt and Zn form strong electronic interactions through oxygen bridge linkages [Fig.
6(a)-(b)]. DFT calculations demonstrate that Ptd* sites reduce propane adsorption energy (-0.70 eV) and
lower C-H bond activation barriers from 1.40 eV (pure Zn sites) to 1.34 eV, while simultaneously
suppressing Pt sintering.

Anchoring Effects in Zinc Silicate Zeolites: In zinc silicate zeolites, O atoms in Si-OH-Zn groups exhibit
strong anchoring effects on Co species, forming isolated Co-Os active sites. DFT calculations indicate that
framework Zn modulates O atom 2p orbital energy [Fig. 6(c)], enhancing the locking effect on Co and
reducing C-H bond activation barriers to below 1.0 eV, significantly improving PDH activity. [47]

2.5.3 Zinc-Based Composite Oxide Catalysts
Synergistic Catalysis Through Electronic Structure Modulation

Composite oxides formed by Zn with Zr, Al, and other elements regulate electronic structure and oxygen
mobility through synergistic effects, with DFT calculations revealing their active site cooperation
mechanisms and reaction pathways.

Synergistic Catalysis in Zn-Zr Composite Oxides: In ZnZr,O, composite oxides, the Zn(cus)-O-Zr(cus)
structure serves as the core active site, where Zn(cus) is responsible for the first C-H bond activation (barrier
0.61 eV), and Zr(cus) catalyzes the second dehydrogenation (barrier 0.52 eV). DFT calculations show that
Zn incorporation increases Zr-O bond length from 2.32 A to 2.43 A, weakening metal-oxygen interactions,
enhancing oxygen mobility, and reducing overall reaction barriers.

Phase Structure and Crystal Size Effects: The tetragonal phase of ZrO: (t-ZrO:) more easily forms oxygen
vacancies and Zr(cus) sites compared to the monoclinic phase (m-ZrO:). DFT calculations show that
oxygen vacancy formation energy in t-ZrO: (-1.36 eV) is lower, with more significant synergistic effects
upon Zn complexation. ZnZr. composite oxides exhibit optimal performance with 21 % propane conversion
at 450°C and 92 % propylene selectivity, with DFT verification showing the lowest apparent activation
energy (68 kJ/mol).[48]

2.5.4 Zinc-Based Single-Atom Catalysts
Performance Through Precise Coordination Environment Control

Zn single-atom catalysts (Zni//NC) achieve high activity and stability through precise coordination
environment control, with DFT calculations clarifying coordination structures, electronic properties, and
reaction mechanisms.

Coordination Environment Regulation of Catalytic Performance: The Zni-N2C: structure represents the
optimal coordination form for NC-supported Zn single-atom catalysts, with binding energy (-0.18 eV)
significantly higher than Zni-Na4 (0.31 eV), avoiding Zn atom aggregation. DFT calculations demonstrate
that Zni-N2C- exhibits lower C-H bond activation barriers (1.89 eV) compared to Zni-Na4 (2.27 eV), with
weaker propylene adsorption energy (-0.35 eV), enhancing selectivity.

Synergistic Regulation of Peripheral P Doping: P atom doping optimizes the electronic structure of Zni-
N2C:, enhancing C site affinity for H (adsorption energy decreases from -0.32 eV to -0.79 eV), further
reducing the first dehydrogenation barrier to 1.39 eV. Simultaneously, P doping stabilizes Zn's
tetracoordinate structure, lowering the second dehydrogenation barrier to 0.51 eV while suppressing Zn**
reduction to metallic Zn, improving catalytic stability.[49]

2.5.5 Reaction Mechanisms and Performance Regulation

Core Mechanisms and Tuning Strategies

DFT calculations have clarified the core PDH mechanisms and performance regulation pathways for zinc-
based catalysts, providing theoretical foundations for catalyst optimization.
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Core Reaction Mechanism: PDH reactions follow a two-step dehydrogenation mechanism: the first step
involves C-H bond activation (rate-controlling step) generating alkyl intermediates and hydrogen species
(Zn-OH or surface H*); the second step involves intermediate dehydrogenation producing propylene, with
hydrogen species recombination and desorption completing the catalytic cycle.[6] Different zinc-based
systems exhibit distinct active sites: pure ZnO primarily features Zn?* sites, composite oxides contain
Zn(cus)-O-Zr(cus) synergistic sites, and single-atom catalysts feature Zni-N,Ca—, coordination sites.[48,49]

Performance Tuning Strategies: Coking and active site deactivation represent primary challenges. DFT
calculations demonstrate that through support hydroxyl control (e.g., hydroxyl-poor Al:Os), composite
metal doping (e.g., Zn-Zr), and single-atom coordination environment optimization (e.g., P doping), active
site aggregation, spinel phase formation, and deep dehydrogenation can be suppressed. Additionally,
optimizing zeolite Si/Zn ratios or composite oxide Zn/Zr ratios (e.g., ZnZr2) can optimize active site density
and electronic properties, enhancing catalytic activity and stability.[48]

2.5.6 Summary of DFT Research on Zinc-Based Catalysts
DFT calculations have played crucial roles in zinc-based catalyst PDH research by: (1) identifying ZnO

nanoclusters, Zn(cus)-O-Zr(cus) synergistic sites, and Zn:-N2C: single-atom sites as core active centers; (2)
revealing two-step dehydrogenation mechanisms and support/doping control mechanisms.

Future research should focus on: (1) electronic synergistic effects in multi-component composite zinc-based
catalysts; (2) dynamic evolution of Zn species during reactions; (3) precise control of zeolite pore
confinement and single-atom coordination environments; (4) integration of DFT with microkinetic
simulations to provide more comprehensive theoretical support for developing high-activity, high-
selectivity, long-lifetime zinc-based dehydrogenation catalysts.
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Figurer 6. Optimized structural models of 0.05PtZn@S-1-FR (a) differential charge density on
0.05Pt2Zn@S-1-FR (b) where yellow and cyan represent the increase and decrease of chargedensity,
respectively (c) Minimum-energy pathway for the CsHs dehydrogenation on different sites of Zn—Zr
catalysts. (d, e) DFT calculated formation energy of ZnAl2O4 spinel on ZnO/Al2O3 (without surface OH
groups) and ZnO/OH- AL2Os (with surface groups). (f) DRIFTS spectra of -OH groups.

2.6 Boron-Based and Boron-Nitrogen-Based Catalysts

Boron-based and boron-nitrogen-based catalysts (encompassing h-BN, BCN, BPOs, boron carbides, and
boron oxides) have emerged as research hotspots for propane dehydrogenation (PDH/ODHP) reactions due
to their high olefin selectivity, metal-free characteristics, and tunable structures. Density functional theory
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(DFT) calculations have deeply revealed the nature of active sites, reaction mechanisms, and structural
regulation mechanisms, providing critical theoretical support for catalyst performance optimization.

2.6.1 Hexagonal Boron Nitride (h-BN) Catalysts

The catalytic performance of h-BN is closely related to edge defects, oxygen species modification, and
active site types, with DFT calculations clarifying structure-activity relationships and reaction pathways.

Active Sites and Oxygen Species Regulation: The zigzag edges of h-BN (zigzag-BOH, zigzag-bri-B)
constitute the core active regions for ODHP reactions, capable of in-situ generation of boron peroxide
species (>B-0-0-B<, >B-0O-OH) as mild oxidants.[50] DFT calculations demonstrate that boron peroxide
species exhibit significantly higher selectivity for secondary C-H bond dehydrogenation in propane
compared to primary C-H bonds, with isopropyl radical formation ratios (34.95) far exceeding n-propyl
radicals (2.22), thereby suppressing deep oxidation.

Reaction Mechanism and Energy Barrier Characteristics: h-BN-catalyzed ODHP follows a three-step
mechanism: "O: activation - propane dehydrogenation - propylene desorption." O: activation at boron
hydroxyl sites (>*B-OH) to generate -OOH exhibits an energy barrier of 32.66 kcal/mol, while secondary
C-H bond activation in propane requires only 13.56 kcal/mol. In h-BN/TS-1 heterostructures, interfacial
charge transfer increases B atom charge from 0.288 to 0.297 while reducing excited state energy and
enhancing electron mobility, achieving 8 % propane conversion and 62% propylene selectivity.[51]

2.6.2 Boron Carbon Nitride (BCN) Catalysts

BCN regulates electronic structure and active site density through carbon doping, with DFT calculations
revealing the effects of carbon content and structural topology on catalytic performance.

Carbon Content and Activity Synergistic Effects: Appropriate carbon doping (7.7%-12.0%) enhances O-
2p orbital electron density in BCN, reducing C-H bond activation barriers. The optimal system reduces
propane dehydrogenation barriers from 2.30 eV (h-BN) to 1.06 eV. DFT calculations show that carbon
doping optimizes H affinity by regulating metal-O binding energy (0.18-0.31 eV), matching O-H bond
dissociation and regeneration rates to enhance low-temperature activity.[53]

Structural Reconstruction and Active Site Optimization: Through "carbon-oxygen replacement” strategies
converting B-Cs units in BCN to B-Os units, DFT verifies that B-Os sites preferentially adsorb propane and
reduce C-H bond activation barriers, achieving 50.4% propane conversion and 32.7 % olefin yield.[54]
Hierarchical BCN structures (such as 2D sheets wrapped with zigzag nanosheets) further enhance catalytic
stability by increasing specific surface area (156.5 m?/g) and exposing more active sites.[52]

2.6.3 Boron Phosphate (BPO4) Catalysts

The catalytic performance of BPOa correlates with surface hydroxyl site types and P-B synergistic effects,
with DFT calculations clarifying multi-active site cooperative mechanisms.

Active Site Types and Reaction Pathways: Three types of active sites exist on BPOa surfaces: tricoordinate
boron hydroxyls (>B-OH), tetracoordinate boron hydroxyls (B-OH), and phosphate hydroxyls (=P-OH).
Tricoordinate boron sites exhibit the lowest C-H bond activation barrier (17.5 kcal/mol), while
tetracoordinate phosphorus sites show weaker activity (28.7 kcal/mol). DFT calculations indicate that P
elements regulate boron site electronic environments through B-O-P bridge bonds, making the rate-
determining step barrier of BPO4 (57.8 kcal/mol) higher than B2Os, resulting in slightly lower reactivity but
superior selectivity.

Microenvironment and Water-Assisted Regulation: Surface hydroxyl coverage and spatial constraints in
BPO: influence catalytic performance. Rigid microenvironments (crystalline lattice restrictions) reduce
hydrogen bonding interactions, lowering O-H bond dissociation barriers (62.0 kcal/mol). Water molecules
assist B-O-R species decomposition through hydrogen bonding networks, reducing barriers from 67.2
kcal/mol to 59.6 kcal/mol, promoting active site regeneration.[55]

2.6.4 Boron Carbide Catalysts

The catalytic performance of boron carbides (B1:C2, B4C, h-BC) depends on boron content and surface
hydroxyl coverage, with DFT calculations revealing structure-activity correlations.

Boron Content and Electronic Structure Regulation: Higher boron content increases catalyst HOMO energy
(B13C2: -5.876 ¢V; h-BC: -6.411 eV), enhancing electron delocalization and reducing C-H bond activation
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barriers. DFT calculations show that Bi13sC.-H (high hydroxyl coverage) exhibits secondary C-H bond
activation barriers (8.2 kcal/mol) significantly lower than B«C-H (15.0 kcal/mol) and h-BC (19.4 kcal/mol),
demonstrating clear kinetic advantages.

Reaction Mechanism and Selectivity Control: Boron carbide-catalyzed ODHP follows an "O- activation -
two-step dehydrogenation" mechanism, where surface >BO- species preferentially activate secondary C-H
bonds. Generated isopropyl radicals undergo gas-phase -OH or -OOH-assisted dehydrogenation to form
propylene, avoiding C-C bond cleavage. Non-covalent interaction (NCI) analysis indicates that high
hydroxyl coverage surfaces stabilize transition states through O-H:--O hydrogen bonds, further reducing
reaction barriers.[56]

2.6.5 Boron Oxides and Composite Boron-Based Catalysts

Boron oxides (B20s) and metal-promoted boron-based catalysts (BOx/M/BN) enhance performance through
active site synergy and electronic structure regulation, with DFT calculations clarifying regulatory
mechanisms.

Anti-Deep Oxidation Characteristics of Boron Oxides: Support-free nanoscale B2Os clusters can capture
alkoxy radicals (OCsH7) with reaction barriers around 24 kcal/mol, suppressing COx formation. DFT
calculations show that internal tricoordinate boron sites (Bi) in B2Os clusters exhibit stronger alkoxy affinity
than edge sites (Bt, Bm), with spin density primarily distributed on oxygen atoms, avoiding boron site
deactivation.[57]

Metal Promotion and Alloy Regulation: In BO/Ni/BN catalysts, Ni regulates B-OH O-H bond
dissociation/regeneration rates through metal-O binding energy (0.2-0.3 eV), achieving 22.5% propane
conversion at low temperature (440°C). Ni-Rh alloys (15:1 molar ratio) further optimize metal-O binding
energy, raising BOy active site intrinsic activity to 9.26 pmol/(m?:s), 105.9 times that of pure h-BN.[53]

2.6.6 Summary of DFT Research on Boron-Based and Boron-Nitrogen-Based Catalysts

DFT calculations have played a core role in boron-based and boron-nitrogen-based catalyst research:
identifying B-Os, boron peroxide species, and edge hydroxyl sites as core active centers; revealing the
unique mechanism of "mild oxidation-selective dehydrogenation-anti-deep oxidation"; and confirming the
effectiveness of regulation strategies including carbon doping, metal promotion, and heterostructure
construction. Future research should focus on: multi-component synergistic effects (such as B-C-N-O
quaternary systems), dynamic evolution of active sites during reactions, and multi-scale studies combining
DFT with microkinetic simulations to provide more comprehensive theoretical support for developing high-
activity, high-stability boron-based dehydrogenation catalysts.

2.7 Other Metal and Metal Oxide Catalysts

Beyond traditional precious metal and boron-based catalysts, non-precious metals such as Ni and Co, along
with metal oxides like TiO. and ZrO., have become important research directions for propane
dehydrogenation (PDH) catalysts due to their low cost, environmental friendliness, and structural tunability.
Density functional theory (DFT) calculations have deeply revealed the nature of active sites, electronic
structure regulation mechanisms, and reaction pathway differences, providing critical theoretical support
for catalyst performance optimization.

2.7.1 Nickel (Ni)-Based Catalysts

Ni-based catalysts attract attention for their high C-H bond activation capability, but pure Ni readily
undergoes deep dehydrogenation and coking. Alloying modifications have become the primary
optimization strategy.

Active Sites and Electronic Structure Regulation: Introducing elements such as In, Zn, and Cu to form Ni-
based intermetallic compounds (e.g., Niln, NiZn) can significantly increase Ni atomic spacing (Ad),
weakening Ni-C interactions.[58] DFT calculations show that Ni atomic spacing in Niln alloys increases
from 2.479 A (pure Ni) to 3.177 A, raising propylene deep dehydrogenation barriers from 0.8 eV to 1.2 eV,
effectively suppressing side reactions.

Selectivity Descriptors and Structure-Activity Relationships: A "degree-of-isolation" descriptor has been
proposed, integrating atomic radius, electronegativity difference, Ni atomic spacing, and electron shell
number to quantitatively describe Ni-C repulsion. This descriptor exhibits a volcano-type relationship with
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propylene selectivity. Niln achieves theoretical propylene selectivity of 91 % due to moderate Ni-C
repulsion, consistent with experimental results.

Reaction Mechanism Characteristics: Ni-based alloy-catalyzed PDH follows the isopropyl pathway
(CH:CH>CH>s—CHsCHCHs—CHsCHCH>). Alloying shifts the rate-determining step (RDS) from C-H
bond activation (0.9 eV barrier for pure Ni) to propylene desorption (1.0 eV barrier), enhancing selectivity.
DFT calculations confirm that propylene adsorption energy on Niln surfaces (-0.47 eV) is significantly
lower than pure Ni (-1.2 eV), promoting product desorption.[58]

2.7.2 Cobalt (Co)-Based Catalysts

The crystal structure (HCP/FCC) of Co-based catalysts significantly impacts PDH performance, with DFT
calculations clarifying structural sensitivity and reaction mechanisms.

Crystal Structure Effects: HCP-Co(0001) surface Co atoms have lower coordination numbers (9) compared
to FCC-Co(111) (12), reducing C-H bond activation barriers by 0.2-0.3 eV. HCP-Co surface propylene
adsorption energy (-0.58 eV) is weaker than FCC-Co (-0.72 eV), reducing deep dehydrogenation
tendencies.[59]

Single-Atom and Support Effects: SiO:-supported single-atom Co?** catalyzes PDH through a non-redox
mechanism. DFT calculations show C-H bond activation barriers (1.05 eV) lower than nano-Co particles
(1.32 eV), with propylene selectivity reaching 92%. Electron transfer between Co and the support results
in moderately positively charged Co?*, optimizing intermediate adsorption strength and suppressing coking.

2.7.3 Titanium Dioxide (TiO:) Catalysts

Defect engineering represents the core optimization strategy for TiO.-catalyzed PDH, with oxygen vacancy
(OV) formation and regulation directly affecting catalytic performance.

Active Site Nature: DFT calculations confirm that tetracoordinate Ti atoms (Ti*") surrounding TiO- surface
oxygen vacancies constitute core active sites. OVs enhance Ti atom oxidizing properties, promoting
propane adsorption and C-H bond activation. Perfect TiO2(101) surface propane adsorption energy is only
-0.028 eV, while defect surfaces with OVs increase adsorption energy to -0.155 eV, with dissociative
adsorption barriers decreasing from 1.929 eV to 2.095 eV.

Defect Regulation and Stability: Hydrogen reduction regulates OV density in TiO2. H2-TiO2-600 (reduced
at 600°C) possesses optimal OV concentration, with PDH reaction barriers (1.8 eV) lower than air-treated
samples (2.3 eV). DFT calculations show that excessive reduction temperatures (e.g., 700°C) cause Ti**
overgeneration, weakening OV signals and decreasing catalytic activity.

Reaction Pathway Characteristics: Defective TiO:-catalyzed PDH follows a "molecular adsorption -
dissociative dehydrogenation - propylene desorption" mechanism. Tetracoordinate Ti atoms adsorb
propane methyl groups, OV sites promote H atom migration, and propylene ultimately desorbs rapidly
through weak adsorption, achieving selectivity above 85 %.[60]

2.7.4 Zirconium Dioxide (ZrQ:) Catalysts

ZrO: and Zr-based composite oxides (e.g., LaZrO,, YZrO,) achieve efficient PDH catalysis by regulating
coordinatively unsaturated Zr sites (Zr*").

Active Sites and Synergistic Effects: DFT calculations show that dual Zr** sites adjacent to ZrO- surface
oxygen vacancies serve as active centers, synergistically activating propane C-H bonds. La doping
enhances oxygen vacancy stability in ZrO-, increasing Zr*" concentration by 30% and reducing C-H bond
activation barriers from 1.2 eV to 0.9 eV.

Selectivity Control Mechanisms: ZrO: surface propylene adsorption energy (-0.6 €V) is significantly lower
than Pt (-0.97 eV), with deep dehydrogenation barriers (1.5 eV) higher than propylene desorption barriers
(1.1 eV), effectively suppressing side reactions. DFT calculations confirm that ZrO. oxygen vacancies
weaken propylene-surface n-m interactions through electron transfer regulation, enhancing selectivity.

2.7.5 Other Metal and Metal Oxide Catalysts
Molybdenum Carbides (Mo:C): B-Mo2C(001) surface Mo atoms possess noble metal-like electronic

structures. DFT calculations show C-H bond activation barriers (16.23 kcal/mol) lower than pure Pd (20.1
kcal/mol). After loading Pd or Cu single atoms, active site dispersion improves. Pdi/Mo.C RDS barriers
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decrease to 8.53 kcal/mol, with deep dehydrogenation barriers (30.94 kcal/mol) significantly higher than
propylene desorption barriers (24.34 kcal/mol).

Rhodium-Zirconium Composite Oxides (RhZrO:): Strong interactions between Rh and ZrO: supports
maintain Rh in highly dispersed states. DFT calculations show ZrO. surface oxygen vacancies transfer
electrons to Rh, reducing C-H bond activation barriers from 1.0 eV (pure Rh) to 0.7 eV. Rh-Zr synergistic
sites suppress propylene adsorption, achieving selectivity above 90 %.[61]

2.7.6 Summary and Outlook

DFT calculations have clarified core optimization directions in non-precious metal and metal oxide catalyst
research: non-precious metals (Ni, Co) require alloying to regulate atomic spacing and electronic structure,
suppressing deep dehydrogenation; metal oxides (TiO2, ZrO:) require defect engineering to construct
coordinatively unsaturated metal sites, strengthening C-H bond activation and product desorption. Future
research should focus on multi-component synergistic effects (such as metal-oxide interfacial effects),
dynamic evolution of active sites during reactions, and multi-scale studies combining DFT with
microkinetic simulations to provide theoretical support for developing low-cost, high-stability PDH
catalysts.
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