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Methane flaring is a major contributor to greenhouse gas emission and presents an enormous loss of
resource. The major challenge is to directly convert methane into methanol. The difficulty of
reaching high yields is the higher reactivity of methanol than of methane. | will present the progress
that has been made, compare the different methods that are being employed, and address the major
shortcomings. There is some reason for optimism, even though economic analyses indicate that
even the best-performing systems are coming up short. Finding a solution requires focusing
research efforts on those systems that are most promising. There are many scientific and
engineering questions that need to be resolved. A more concerted effort by the whole community
would help our progress to large extend [1].
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Different strategies for methane photocatalytic conversion
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Methane, the primary constituent of natural and shale gas, gas hydrate, and biogas, presents
significant potential as a raw material for the chemical industry. However, it also poses a challenge
due to its high chemical inertness. Presently, methane is predominantly utilized for energy
generation, contributing to approximately 20-25% of global carbon dioxide emissions. Being a
potent greenhouse gas, methane significantly impacts the climate. Existing industrial methods for
methane utilization typically rely on energy-intensive thermochemical processes, both indirect and
direct, operating at elevated temperatures, consequently resulting in substantial CO, emissions.
Herein, we propose several non-conventional strategies for methane selective photocatalytic
conversion to value-added molecules (ethane, propane, formic acid, and acetic acid) occurring at
room temperature. These strategies involve:

- Use of photovoltaic cells as photocatalysts;

- Photochemical looping;

- Co-generation of radicals boosting methane activation;

- Coupling photocatalysis with thermocatalysis.
The selectivity of photocatalytic reactions over titania and heteropolyacid-based photocatalysts was
controlled by the addition of metal, metal plasmonic or cation sites, altering the semiconductor
electronic structure and acting as co-catalysts. Non-conventional photocatalysis, based on CIGS
photovoltaic cells, demonstrated [1] exceptional performance in methane partial oxidation to CO
and Ho, with a high selectivity to CO. A photochemical looping concept was proposed [2] for
stoichiometric methane coupling and oxidation, leveraging the synergy of photocatalysis and
chemical looping. Additionally, methane activation was shown to be facilitated by the presence of
OH radicals, resulting in higher rates of methane coupling yielding ethane or coupling [3] to CO
and water, leading to acetic acid. Combining photo- and thermocatalysis broke [4,5] conventional
limitations of photocatalysis, enabling extremely selective methane photocatalytic oxidation in a
one-pot reactor to produce formic acid.
Spectroscopic data collected ex-situ and in-situ, along with isotopic/transient kinetic experiments,
have yielded further insights into methane activation and potential mechanisms of methane
selective photocatalytic conversion.
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Transition metal oxide (MOj) surfaces catalyze Lewis acid (M?*), Brgnsted acid (through the proton
binding to O%), and redox (O%) chemistries. Due to their diverse catalytic functionalities, these
oxides are effective for the oxidative reactions of alkanes and alkanols, which require kinetic
coupling of the alkane (or alkanol) activation to those of oxidant activation, in reforming, partial
oxidation, and oxidative dehydrogenation catalysis, followed by sequential reactions, e.g., C-O
bond formation catalysis to produce value-added chemicals/fuels. Here, we interrogate the
thermodynamics of MOy surfaces and their kinetic properties in ChHan+2 (n=1-3) and CnHom+10H
(m=1-4) catalysis, by going into the level of atomistic details. We describe the inter-correlation
between the thermochemical properties of Brgnsted acid and redox sites, i.e., deprotonation energy
(DPE) and hydrogen adatom addition energy (HAE), respectively, and the resulting catalytic effects,
as confirmed experimentally with rigorous Kinetic studies, in situ chemical site titration, and
conceptual interpretation via interconnected Born-Haber thermochemical cycles that connect
thermochemical properties to those of the kinetically relevant transition states.

For alkane-CO; catalysis, its C-H bond activation varies sensitively with the identity of the
metal M (M=Fe, Co, or Ni) and increases with the reducibility of the Mo0-Opaice-M sites on
(M)MoOx catalysts. Coupled with this C-H bond scission catalytic cycle is the CO- activation cycle,
where oxygen vacancy assists with O=CO bond dissociation. This concurrent step mediates the
average oxidation state, densities, and thermochemical properties of the M0o-Ojatice-M sites and in
turn the alkane turnovers. For this reason, the reverse water-gas shift rates that reflect the CO>
turnovers become the kinetic descriptors for alkane activation turnovers and also catalyst stabilities
in C2He-CO; catalysis [3]. For alkanol-O: catalysis, its rate constants for C-H bond activation of
methanol increase by over three orders of magnitude and relate directly to the HAE of the redox
active oxygen, found at the interfacial sites of VOx and support in V-Oregox-support sites (SiOz, ZrOa,
TiO2, CeO2), which corresponds to a commensurate decrease in the AG*c.y by 150-123 kJ mol*
(423 K). The understanding of the interconnectivities among the various kinetic descriptors of
oxides in diverse reactions and interpreting them with mechanistic understanding further allow us to
design complex transition metal oxides with multiple functionalities to enable effective alkanol and
alkane turnovers and to mitigate deactivation.
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Ethylene (C2Ha) epoxidation with molecular oxygen over silver (Ag) catalysts to produce ethylene
oxide (EO) is one of the most iconic epoxidation processes in the industry. Practically, promoters
(e.g., cesium and ppm-level ethyl chloride) are employed to increase EO selectivity against the
undesired carbon dioxide (CO.) formation from complete oxidation of CoHa. In contrast to the well-
established industrial process, however, the reactive forms of oxygen and reaction pathways in
C2H4 epoxidation remain elusive even in the case of unpromoted Ag catalysts. Prior computational
studies [1,2] suggest monoatomic oxygen (O*) activates C2H4 and the reaction proceeds via
oxametallacycles on metallic silver surfaces or by direct Eley-Rideal pathways on model silver
oxides (Ag20(001)). Yet recent work [3] shows that silver surfaces reconstruct to create less
ordered surface oxides (i.e., Ag20<1) under epoxidation conditions. These surfaces bind not only
O* but also dioxygen (O2*) species, the involvement of which in epoxidation has been debated.
Here, we present operando Raman measurements and ab initio calculations upon surfaces formed at
relevant conditions to probe correlations between surface species and kinetics. We demonstrate that
kinetics and dominant reaction pathways change with the coverage of surface oxygen- and
ethylene-derived species.

In situ Raman spectra reveal the dynamic nature of the Ag surface under epoxidation conditions.
Multiple peaks around 200 — 680 cm™* and 690 — 1050 cm represent vibration modes of O* and
O.*, respectively, under different local environments (e.g., Ag reconstructed structures, coverages,
and orientations). Peaks centered at 1340 and 1600 cm belong to the d(C-H) and v(C-C) of the
adsorbed ethylene (CoH.*), respectively. As O2/CoH4 increases from 0.025 to 40, the Ag surface
transforms from predominantly CoHs*-covered to an O2*-covered surface. O>* species around 690
— 900 cm shift strongly with O2/C2H4, whereas O,* around 940 cm™ seems independent of
02/C2Hs4. Ratios of EO to CO; formation rates at O2-rich conditions suggest that an oxygen-covered
surface facilitates EO formation. Apparent activation barriers (Eaapp) 0f EO and CO: consistently
show ~20 kJ mol* difference at O-rich conditions, suggesting different kinetic relevant steps for
EO and CO- formation. In contrast, at CoHs-rich conditions, with a more reduced and C,Has-covered
surface, Eaapp for EO and CO, formation are similar. Transient operando Raman spectra, in
conjunction with ab initio calculations, give strong evidence that oxygen activation requires the
formation of surface organometallic complexes with C.Hs. We highlight that the existence of Ox*
on the surface opens an alternative route for Cz:H4 activation and likely becomes the dominant
pathway with increasing O2* coverage.

This work shows that certain distinct products form by reactions between C2H4 and different forms
of oxygen available upon reconstructed silver surfaces. These trends suggest that strategies that
stabilize surface oxides upon silver nanoparticles under otherwise reducing reaction conditions may
lead to higher EO selectivities. We gratefully acknowledge the support from the National Science
Foundation project (2132807).
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In this work we describe a novel system for methane partial oxidation which involves an oxygen
shuttle system (OSS) that uses molecular oxygen (O2) as the oxidant [1]. The system uses the well-
known Bodenstein reaction in which NO reacts with O to form NO- at ambient conditions. In the
OSS, one of the oxygen atoms in NO- is used for the oxidation of reactants, and NO is reused after
the reaction. The NO works just to activate and deliver an oxygen atom like a shuttle and is not
directly included in the products. After a wide search of catalysts and conditions suitable for the
reaction, it was found that supported Pt catalysts were able to selectively oxidize methane using
OSS with the surprising result that the product of reaction was dimethyl ether (DME) [2]. The DME
is produced through a surface reaction involving adsorbed methoxy and methyl species without the
involvement of methanol. The use of 80 confirmed that molecular oxygen is the ultimate oxidant.
Among the catalysts which were active for oxygenates production, Pt/Y20s showed unique
properties and produced DME selectively as an oxygenate product. In this work, we conduct an in
situ X-ray absorption analysis of these catalysts and elucidate the active structure and reaction
mechanism of DME production by the partial oxidation of methane using OSS.
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Propane dehydrogenation (PDH), as an industrial technology for direct propylene production, has
received extensive attentions in recent years.[! However, the commercialized technologies still
suffer from low productivity and high energy consumption. Chemical looping is a promising
alternative that can potentially address these challenges.i In this talk, 1 will discuss the chemical
looping oxidative dehydrogenation process developed for breaking the thermodynamic equilibrium
limitation of non-oxidative dehydrogenation and promote propylene productivity. Substantial
advances have been made in the design and construction of redox catalysts and their incorporation
into the process. Our approach incorporates the principles of oxygen diffusion and hydrogen
spillover to facilitate the rational design of catalytic sites and oxygen carriers. Specifically, we have
developed two innovative approaches. First, nanoscale core-shell ceria@vanadia redox catalysts
were prepared to intensify propylene production by matching surface reaction and bulk oxygen
diffusion rates. We elucidated a “bulk-interface-surface” oxygen diffusion mechanism,, where 0%
diffuses from bulk ceria to stabilize surface vanadia with moderate oxygen coverage for selective
dehydrogenation. Second, we developed a hydrogen spillover-mediated tandem PDH and chemical
looping selective hydrogen combustion process. In this system, well-dispersed VOx supported on
Al>O3 provides dehydrogenation sites, while adjacent nanoscale FeVVO4 acts as oxygen carriers for
subsequent hydrogen combustion, thereby shifting PDH toward propylene production. The new
chemical looping process we have developed demonstrates a 45% energy savings, with separation
being the main driver for energy consumption. Last, the challenges and perspectives of propane
dehydrogenation process are proposed for further development.
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CHs activation is regarded as the “holy grail” in the catalytically chemical process [1].
Photocatalysis provides a cost-efficient potential to activation of such small molecule under very
mild conditions, while to achieve the potential is a huge challenge [2]. Stimulated by our research
outcomes on the charge dynamics in inorganic semiconductor photocatalysis, which reveal that the
low reaction efficiency is due to both fast charge recombination and large bandgap of an inorganic
semiconductor [3,4], we developed novel material strategies for photocatalytic methane conversion
to C1 and C2 oxygenates.

Highly dispersed atomic level iron species immobilised on a TiO; photocatalyst show an
excellent activity for methane conversion, resulting into ~97% selectivity towards alcohols operated
under ambient conditions by a one-step chemical process [5]. Furthermore, C1 oxygenates can be
produced with nearly 100% selectivity by photocatalysis due to the synergy between Au and Cu
cocatalysts loaded on ZnO [6]. Very recently, we designed a flow system for efficient methane to
C2 over Au loaded TiO., achieving the benchmark results in this area and the function of Au was
detailed [7].
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Partial oxidation of methane using molecular oxygen (O2), a promising approach to directly
hydroxylate C-H bonds in methane for methanol production, is facing problems of low efficiency
and selectivity under mild conditions.>? Despite decades of research, there is still no industrially
viable catalyst for direct aerobic methane-to-methanol conversion. The high methane oxidation
performance observed at the reduced active sites in methane monooxygenase (MMO) leads us to
posit that constructing partially reduced metal sites may contribute to the reaction under mild
conditions.> Molybdenum (Mo)-based polyoxometalates with small amount of palladium (Pd)
incorporated hold facilely reversibly reducible and oxidizable metal sites at room temperature,
demonstrating a promising artificial platform for methane monooxidation reaction.*®

In this presentation, | will present our recent findings using reduced phosphomolybdate (PMA) for
room-temperature aerobic methane oxidation to methanol. First we prepared a precipitated Pd-
containing phosphomolybdate which, once activated by H, converts methane and O almost
exclusively to methanol at room temperature.® Distinct from previous studies where H,O,, HOe
radicals and/or Pd sites are actively involved in the C—H activation of methane, our mechanistic
studies strongly suggest that the activation of O, and methane occurs directly on the H>-reduced
PMA. Pd serves as the site for rapid H> splitting and spillover to PMA, while the thereby reduced
Mo species are responsible for the formation of active O-containing species from O and
subsequent selective conversion of methane. Followed by the progress, we further promoted the
methanol productivity over the Pd/CsPMA system by modifing the active Mo sites simply through
the addition of stoichiometric inorganic reducing ligand, i.e. sulfite (SOs%).” The incorporated
SOs?~ readily adsorbs and coordinates to the reduced Mo, which enhances the intrinsic methane
oxidation activity by altering the redox properties of the active sites. These findings demonstrate the
underexplored potential of regulating the chemical valence state of metal sites for aerobic methane
oxidation under mild conditions and provide a potentially generalizable strategy for oxidation
catalyst development.
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In the context of green transformation era, the importance of the oxidative coupling of methane
(OCM) has gained significant prominence as a direct pathway for producing Cz products from CHa
through an exothermic reaction with O2. The OCM reaction occurs via a complex reaction network
involving surface-catalyzed radical formation and subsequent chain reaction in the gas phase. Our
research has extensively focused on Na- and K-based catalysts, which exhibit remarkable
performance in OCM.[1-8] The key to achieving high OCM selectivity lies in understanding the
promotional effects on both reaction rate and product selectivity in the presence of H,O, a major
byproduct of the process. Notably, microkinetic consistency has revealed that the OH radical,
resulting from the reaction between O, and H2O, reacts with CH4.[1-3,5] Various Na- and K-salts
have proven effective in this regard. Interestingly, our results suggest that Na and K are important
components for this reaction pathway, while the redox properties of commonly used W or Mn oxide
species in OCM catalysts are not essential. Among the diverse Na and K salts, tungstates stand out
as highly effective anions.[3] They can maintain alkali active sites even at elevated temperatures
without promoting hydrocarbon combustion through redox reaction. Furthermore, the similarity in
achievable OCM selectivity and yield between Na- and K-based catalysts implies a common
reaction mechanism.[5] Consistent with previous findings on various basic oxides,[9] Na:WO,
catalysts exhibit evident OH radical formation when exposed to an O,-H.O mixture monitored by
laser induced fluorescence.[4] In situ near-ambient pressure X-ray photoelectron spectroscopy
reveals the presence of (su)peroxide species on the surfaces of both Na,WO4 and K;WO; catalysts
in the presence of O, while W remains intact.[4,5] This surface (su)peroxide is likely responsible
for OH radical formation through H.O, formation by reacting with H>O, well known reaction that
happens even at much lower temperatures. Density functionl theory (DFT) calculations on
unmolten KoWO, reveal that K is predominantly located on the outermost surface and the formation
of peroxides on this surface is energetically plausible.[8] Our microkinetic model, which
incorporates elementary reactions in both the surface and gas-phases including explicit adsorption
terms for CH4 and C» hydrocarbons, now provides a comprehensive explanation via H20. formation
catalyzed by surface alkali peroxide species, followed by its decomposition to form OH radicals.[6]
Despite successfully identifying the reaction mechanism over these catalysts, industrial application
under high-pressure conditions presents challenges related to reactor heat control. The local hot spot
is directly visualized using an infrared thermometer. Through our study, we not only elucidate the
reaction mechanism but also offer insights into optimal operation conditions (including
temperature, pressure, and space velocity) for industrial-scale applications.
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The oxidative dehydrogenation of propane using CO-
(CO2-ODP) is a promising technique for high-yield
propylene production and CO utilization. The
development of a highly efficient catalyst for CO,-
ODRP is of great interest and benefit to the chemical
industry as well as net zero emissions. Here, we report
unique catalyst materials and design concepts based
on pseudo-binary alloys [1] and high-entropy
intermetallics [2] for this challenging chemistry. A
pseudo-binary alloy is a ternary alloy in which a part
of A(B) site in a binary intermetallic AmBn is
substituted with a third element A’(B’) to form (Ai-
xA’)mBn (Am(B1-pB’p)n) (Figure 1a). Introducing an
appropriate third element allows to flexibly tune and
improve the catalytic performance, particularly for
reactions involving more than one molecules that have
quite different properties such as light alakne and
CO2. Futher multimetallization of the A and B sites
forms a high-entropy intermetallic (A1xyA’xA”’y)m(B1-
pqB’pB”’¢)n, Which exhibits much greater thermal
stability in the high-temperatrue reaction due to
entropy effects (Figure 1b). [3]

In this study, we designed (Pt1xC0y)21ns/Ce0O>, in
which Pt, Co, In, and CeO> were chosen for facile C-
H scission, CO; activation, inhibiting side reaction
(ensemble effect), and coke combustion (oxygen
releasing ability of CeOz). HAADF-STEM-EDX,
XRD, and XAFS analyses confirmed the formation of

COZ'ODP: C3Hg + COZ — C3H6 + CO + Hzo
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Figure 1. Catalyst design concepts of (a)
pseudo-binary alloys and (b) high-entropy
intermetallics for CO.-ODP. (c) The
catalytic performance of the developed
catalysts in CO.-ODP and (d) comparison
with reported systems.

nanoparticulate pseudo-binary alloy (x = 0.33) on CeO.. This catalyst showed high catalytic activity
and stability in CO,-ODP at 550 °C compared with the corresponding monometallic Pt and Pt-
based binary alloy catalysts (Figure 1c) [1]. The specific activity of (Pto.7C00.33)21ns/CeO2 was five
times higher than that of the best catalyst ever reported, even with a long catalyst life (Figure 1d).
However, the stability of this catalyst was not satisfactorily high at 600 °C due to irreversible
sintering of alloy nanoparticles. Therefore, we then designed (PtCoNi)(SninGa)/CeO:2 high-entropy
intermetallic catalyst. This catalyst exhibited much longer catalyst life in CO,-ODP at 600 °C due
to greater thermal stability [2]. In the presentation, we discuss about the structural analysis, reaction
mechanism, and the roles of each metals in detail.
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Propylene is one of the most important value-added light alkenes in chemical industry. The
production of propylene through dehydrogenation of propane (PDH) has attracted extensive
attention. Platinum-based PDH catalysts are faced with the fatal weakness of easy aggregation and
rapid deactivation as high PDH temperatures are needed to to achive a desirable propylene yield.
Using microporous metallosilicates to confine and stabilize the Pt species prove to be an alternative
way to develop the effective PDH catalysts with high activity and selectivity as well as long-term
durability. We have synthesized various Pt-based PDH catalysts using the MFI, *BEA and UTL
metallosilicates-containing heteroatoms (Sn, Ge and Zn etc.) to support the subnanometric Pt
clusters or alloys. The strong host-guest interaction between Pt and framework heteroatoms
contributes to high dispersion of Pt species, and then enhances their stablility in catalytic PDH. =

Bimetallic PtZn alloy nanoparticles dispersed on the *BEA zeolite (PtZn@Beta) has been
developed by synthesizing skeleton Zn-containing Zn@Beta first, and then followed by
immobilizing the Pt species with incipient wetness impregnation (IWI) method [1]. The migration
of the Zn species during the IWI process promoted the interaction between Pt and Zn, forming PtZn
alloy with high dispersity. The PtZn@Beta catalyst gave a higher initial propylene formation rate
and lower deactivation constant compared to the monometallic Pt catalyst (Pt/Beta) and the PtZn
bimetallic catalyst (PtZn/Beta) prepared by co-impregnation method. Additionally, PtZn@Beta
catalyst proved to be highly stable in the regeneration cycles.

Sn-Beta with highly dispersed skeleton Sn anchored the guest Pt to form channel-encapsulated
subnanometer Pt clusters. The Pt@Sn-Beta catalyst thus prepared showed outstanding catalytic
properties for PDH [2]. In addition, a thermally/hydrothermally stable UTL-type germanosilicate
(Ge-UTL) was innovatively obtained via acidic treatment in advance, which served as an alternative
support to confine the Pt species [3]. Taking full advantage of its extra-large 14-membered-ring
(14-MR) pores and high content of stable skeleton Ge species located in specific double-4-ring
(d4r) subunits, the encapsulated subnanometric Pts clusters were generated in the 14-MR channels
via Pt-O-Ge bonds. The special d4r building units and the Ge ions enriched therein cooperate
synergistically to stabilize the Pt-Ge clusters, forming the Pts-Ge2-d4r bimetallic structure. The Pts-
Ge,-d4r@UTL catalyst thus obtained exhibited high activity, high propylene selectivity and long-
term stability in PDH reaction. The strategy using Pt-Ge combination has further been applied to
Ge-rich Ge-Beta, which served as the support for confining the Pt clusters. The resultant Pt@Ge-
Beta exhibited to be more stable than widely studied Pt@Sn-Beta in PDH reaction [4].
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Fisher-Tropsch (FT) synthesis provides an important non-petroleum route for preparation of
gasoline, diesel and other commodities. In FT synthesis, significant amounts of light alkanes are
produced and usually burned as fuel gas. Therefore, conversion of FT synthesis exhaust gas (mainly
light alkanes and alkenes) into value-added chemicals (e.g. aromatics) is highly desirable, but it is
challenging, as it involves in many parallel and tandem reactions such as dehydrogenation, cracking
reaction, oligomerization and cyclization. Herein, single Ga®* species supported on mesoporous
hollow-structured ZSM-5 zeolite have been prepared, and it shows unprecedented activity,
selectivity and stability in both propane and ethane aromatization. The propane conversion and
aromatics selectivity reach as high as 97.4% and 78.2 wt.% at 580 °C. This material also shows the
aromatics selectivity of ca.73.5 wt.% and ethane conversion of ~25% at 600 °C in ethane
aromatization. The catalytic performance of Ga-MH-ZSM-5 highly depends on the Ga species
structure that is closely related to its content. [GaH]?* species are much more active than [GaH:]*
and Brensd acid sites. By controlling Zn species structure, a highly active Zn/ZSM-5 catalyst was
developed for ethene aromatization, and it gave ethene conversion and aromatic selectivity of >99%
and >67% at 470 °C. The Zn-XANES/EXAFS, DR UV-vis and 2’Al/?°Si MAS NMR results
indicate that transformation of ZnOH* into ZnO together with coking causes catalyst deactivation.
An appropriate regeneration of the sample can completely recover its catalytic performance.
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Fig. 1. Catalytic results of Ga/meso-ZSM-5 in light alkanes aromatization.
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Coal and natural gas are widely used as raw materials for producing syngas, hydrogen and
subsequent transportation fuels and chemicals [1]. Synfuels China Technology Co., Ltd. has
developed proprietary Medium-Temperature Slurry-Bed Fischer-Tropsch Process (MTSFTP) and
related oil-chemical poly-generation technologies for the production of gasoline, aviation fuel,
diesel, a-olefins and fine chemicals [2-4]. Catalysts play the key roles in these processes. Transition
metals (Fe, Co, Ni and Cu) are the active components for Fischer-Tropsch synthesis, hydrogenation,
and hydroformylation reactions. Through rational design of the active phases of catalysts, matching
the catalyst with advanced reactors, stepwise scaling-up, and optimizing the integration process, the
proprietary MTSFTP iron-based catalyst achieved a target hydrocarbon (Cs*) productivity of more
than 1.0 gCs*/gCat/h, a Cs* selectivity of 96.0 wt.% and single-run lifespan of 3 years at 275 °C and
2.8-3.0 MPa in Shenhua Ningmei 4 mt/a CTL commercial plant. Similarly, the proprietary gas-
phase maleic hydrogenation copper-based catalyst achieved a maleic anhydride conversion of
99.9%, a y-GBL selectivity of >92.0%, and a lifespan of 2 years at 270 °C and 0.1 MPa in Synfuels
China’s 10 kt/a plant. In addition, the research groups in Synfuels China are developing a new
generation of iron-based catalyst with lower CO: selectivity and higher energy efficiency, and
integrating green hydrogen and reverse water-gas-shift processes towards carbon neutrality in future
coal-to liquid or gas-to-liquid processes. These technologies have promising application prospects
for the efficient, clean and high-value conversion of coal, natural gas and biomass.

Reference to publications:
[1] C. Palmer, D.C. Upham, S. Smart, M.J. Gordon, H. Metiu, E.W. McFarland, Nat. Catal. 3 (2020) 83-89.
[2] A. de Klerk, Y.-W. Li, R. Zennaro, Fischer—Tropsch Technology, in: P.M. Maitlis, A. de Klerk (Eds.),

Greener Fischer-Tropsch Processes for Fuels and Feedstocks, Wiley- VCH Verlag GmbH & Co. KGaA,
2013, pp. 53-79.
[3] J. Xu, Y. Yang, Y.-W. Li, Curr. Opin. Chem. Eng. 2 (2013) 354-362.

[4] Y.-L. Zhu, J. Yang, G.-Q. Dong, H.-Y. Zheng, H.-H. Zhang, H.-W. Xiang, Y.-W. Li, Appl. Catal. B:
Environmental 57 (2005) 183-190.


mailto:yangyong@synfuelschina.com.cn
https://www.nature.com/articles/s41929-019-0416-2
https://www.nature.com/articles/s41929-019-0416-2
https://www.nature.com/articles/s41929-019-0416-2
https://www.nature.com/articles/s41929-019-0416-2
https://www.nature.com/articles/s41929-019-0416-2
javascript:;
https://www.nature.com/natcatal
https://onlinelibrary.wiley.com/doi/10.1002/9783527656837.ch3
KN-2-2


KN-2-3

Determination and quantification of tertiary amines in Fischer-Tropsch effluent
streams

Robert L.C. Voeten, Floran Hendriks and G. Leendert Bezemer”
Shell Global Solutions International B.V., Grasweg 31, 1031 HW Amsterdam, the Netherlands
“Corresponding author: Leendert.Bezemer@shell.com

Synthetic aviation fuels can be made from waste and biomass streams using gasification, Fischer-
Tropsch synthesis and product work-up. NHsz and HCN are formed during gasification, which are
typically removed by various treatment steps. Line-up simplification can be obtained if higher
amounts of N can be accepted in the feed towards an FT reactor. The presence of N traces impacts
the FT catalysis and N can also be partly incorporated in the product. Earlier investigations using 2-
10 vol% NHs reported on the presence of primary amines and nitriles with carbon length up to C19
in the hydrocarbon effluent [1,2]. In this study, the N speciation in all four effluent streams of a
supported cobalt catalyst exposed to 2.6 ppmV ammonia was investigated.

Total N concentrations were determined with chemiluminescence and varied from 2.9 ppmw in the
light wax, to 11.6 ppmw in the heavy wax and 44.4 ppmw in the water phase (Figure 1A) and the
nitrogen balance could be closed. Amines up to chain length of C159 were detected in the heavy
wax with MALDI-FT-ICR-MS, which in combination with the high N content suggests that amines
have a similar chain growth probability compared to the main hydrocarbon products. Significant
exceptions to the ASF Kkinetics were observed at lower chain length, i.e., relatively low
concentrations of C1 and C2 amine and a high concentration of C3 amine are present. In Figure 1B
the presence of trimethylamine in the water phase is shown whereas Figure 1C indicates that the
C7-C16 amines being present were not primary but branched amines. In the presentation further
evidence for the presence of longer tertiary amines will be given from SPME-GC-MS and LC-ESI-
TOFMS and an ASF plot comparing hydrocarbons and amines up to C100 will be provided.
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Figure 1 (a) Schematic of sample location with N concentrations and relative amounts given. (b) lon
chromatograms of water sample in black and methylamine, ethylamine, dimethylamine and trimethylamine
references by IC-CD and (c) Combined Extracted lon Chromatograms corresponding to (top) the masses of
C7-C16 amines of water sample and (bottom) a reference mixture containing linear n-alkylamines ranging
C8-16 (bottom) by LC-MS.
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This presentation will highlight the synergy of non-thermal plasma (using dielectric barrier
discharge) and heterogeneous catalysis in CO2 hydrogenation to hydrocarbons and SO reduction to
elemental sulfur using supported metal-based catalysts related to CCUS [1-9]. For removal of SO;
from flue gas (before CO2 capture), flue gas desulfurization is used worldwide in scrubbers to
convert SO, with Ca-based sorbent to form CaSOs which is then disposed as solid waste. We
present a new design approach based on non-thermal plasma-enhanced catalysis for direct one-step
SO, reduction to elemental sulfur (SO2 to S) over transition metal sulfide catalysts. We have
developed SO»-selective solid molecular basket sorbent that is regenerable for adsorptive separation
of SO, from gas mixture. For low-temperature SO> reduction to elemental sulfur in a flow reactor,
coupling non-thermal plasma with supported transition metal catalysts can significantly promote
low-temperature reduction of SOz by up to 200%, with over 98% selectivity to elemental sulfur.
Strong synergistic effects are attained, as the sulfur yield is about 47-82% higher than the sum of
the yield when using plasma alone or catalyst alone. Recent advance in synergy of non-thermal
plasma and supported metal catalysts for CO, hydrogenation to hydrocarbon chemicals and fuels at
low temperatures will also be briefly discussed.

Reference to publications:

[1] X. Wang, C. Song.* Developing High-Capacity Solid “Molecular Basket” Sorbents for Selective CO-
Capture and Separation. Acc. Chem. Res. 2023, 56, 3358-3368.

[2] F. Lou, A. Zhang, G, Zhang, L. Ren, X. Guo*, C. Song*. Enhanced Kinetics for CO. Sorption in Amine-
functionalized Mesoporous Silica Nanosphere with Inverted Cone-shaped Pore Structure. Appl. Energy
2020, 264, 114637.

[3] J. Wang, X. Wang*, M.S. AlQahtani, S.D. Knecht, S.G. Bilén, W. Chu, C. Song*. Synergetic Effect of
Nonthermal Plasma and Supported Cobalt Catalyst in Plasma-enhanced CO, Hydrogenation. Chem.
Eng. J. 2023, 451, 138661: 1-11.

[4] J. Wang, M.S. AlQahtani, X. Wang*, S.D. Knecht, S.G. Bilén, C. Song*, W. Chu. One-Step Plasma-
Enabled Catalytic Carbon Dioxide Hydrogenation to Higher Hydrocarbons: Significance of Catalyst-Bed
Configuration. Green Chem 2021, 23, 1642-1647.

[5] D. Ray, P. Ye, J.C. Yu, and C. Song*. Recent Progress in Plasma-catalytic Conversion of CO, to
Chemicals and Fuels. Catal.. Today 2023, 423, 113973: 1-24.

[6] M.S. AlQahtani, X. Wang, C. Song*. Regenerable Solid Molecular Basket Sorbents for Selective SO-
Capture from CO,-rich Gas Streams. Catal. Today 2021, 371, 231-230.

[7] M. AlQahtani, X. Wang, S.D. Knecht, S.G. Bilén, C. Song*. Plasma-Enhanced Catalytic Reduction of
SO2: Decoupling Plasma-Induced Surface Reaction from Plasma-Phase Reaction. Appl. Catal. B: Env.
2021, 286, 119852.

[8] M. AlQahtani, X. Wang, J.L. Gray, S.D. Knecht, S.G. Bilén, C. Song*. Plasma-Assisted Catalytic
Reduction of SO> to Elemental Sulfur: Influence of Nonthermal Plasma and Temperature on Iron Sulfide
Catalyst.” J. Catal. 2020, 391, 260-272.

[9] M.S. AlQahtani, S.D. Knecht, X. Wang, S.G. Bilén, C. Song*. “One-Step Low-Temperature Reduction
of Sulfur Dioxide to Elemental Sulfur by Plasma-Enhanced Catalysis.” ACS Catal. 2020, 10, 5272-5277.


mailto:ChunshanSong@cuhk.edu.hk
mailto:cxs23@psu.edu
KN-2-4


KN-2-5

Syngas to Chemicals via Catalytic Carbonylation

K. Zhao, H. L. Wang, D. C. He, S. J. Liu, and F. Shi*

State Key Laboratory for Oxo Synthesis and Selective Oxidation, Lanzhou Institute of Chemical
Physics, Chinese Academy of Sciences
fshi@licp.cas.cn

It is highly promising to develop catalyst which convert the syngas to value added chemicals by
both homogeneous and heterogeneous strategy with high activities, and remarkable selectivities.
The catalytic carbonylation is such a catalytic process to realize syngas transformation cost-
effectively and sustainablaly and highly important both in industrial and academic researches. In
recent years, our team have focused on developing different concepts to design appropriate catalysts
that convert sygas to N- and O- containing compounds and some achievement have been
obtained. One strategy is to synthesis an aryldiphosphine ligand (L11) bearing the [Ph2P(ortho-
CsH4)]o.CH: skeleton and Pd-L11 catalyze regioselective carbonylation of alkenes (. The other
strategy is to prepare porous monophosphine polymers containing in-situ encapsulated metal
catalysts for regioselective hydroformylation and hydroaminomethylation of alkenes!?<l.
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The increase in carbon dioxide (CO) emission has a significant impact on climate change. CO>
capture and utilization is a promising pathway toward a low-carbon economy and has received
much attention. Catalytic conversion (thermal and photo) of CO. is a promising route to convert
CO:; to fuels and value-added chemicals. In this paper, some new results on the conversion of CO:
in our group were reviewed, we found a crystallographic dependence of reaction pathways for CO.
hydrogenation on Co catalystl!J; we prepared an in situ synthesized K-Co.C catalyst, and the
selectivity of C* hydrocarbons in CO hydrogenation achieves 67.3% at 300 oC, 3.0 MPa.
Experimental and theoretical results elucidate that CoO transforms to Co.C in the reaction, while
the stabilization of Co2C is dependent on the reaction atmosphere and the K promoter. During the
carburization, the K promoter and H2O jointly assist in the formation of surface C* species via the
carboxylate intermediate, while the adsorption of C* on CoO is enhanced by the K promoter. The
lifetime of the K-CoC is further prolonged from 35 hours to over 200 hours by co-feeding H-O.
This work provides a fundamental understanding toward the role of H.O in Co,C chemistry, as well
as the potential of extending its application in other reactions!?. The atomically dispersed In-Cu
anchored on polymeric carbon nitride (INCu/PCN) exhibited good photocatalytic performance, and
the ethanol production rate is 28.5 umol-g™*-h™* with a high selectivity of 92%[l; We adopted a
dual-benefit design strategy to synthesize a new two-dimensional Fe/Ti-BPDC MOF photocatalyst
with atomically dispersed Fe sites, this catalyst demonstrated an excellent catalytic performance in
the visible-light-driven CO; conversion to HCOOH, achieving a high yield of 703.9 pmol gth'ata
selectivity greater than 99.7%!*l. Moreover, density functional theory (DFT) calculations were
conducted to investigate a series of transition metals (Cr, Mn, Fe, Co, Ni, Cu, Zn, Zr, Nb, Ru, Rh,
Pd, Ag, Hf, Ta, Os, Ir, and Pt) as single-atom components introduced into Ti-BPDC as catalysts
(M/Ti-BPDC) for the photocatalytic reduction of CO,. The results show that Fe/Ti-BPDC is the
most active candidate for CO2 reduction to HCOOH due to its small limiting potential (-0.40 V),
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The Fischer-Tropsch synthesis offers a route of converting a mixture of hydrogen and carbon
monoxide (syngas) to synthetic fuels and chemicals. Historically, and presently at industrial scale,
syngas is produced from fossil sources such as coal and natural gas, but it can alternatively be
derived from water (green hydrogen) and hard-to-abate or atmospheric CO, as well as from
biogenic and waste sources. The process therefore holds promise to serve as a key technology to
produce sustainable fuels and chemicals for the future.

Like any other catalytic reaction though, the cobalt- and iron-based Fischer-Tropsch CO
hydrogenation is plagued by a number of deactivation processes. Oxidation and sintering are two of
the main ones and these have been studied at reaction conditions using an unique in-situ
magnetometer [1] and a number of industrial and model catalysts with well-defined crystallite sizes.
[2] The roles of catalyst design parameters and reaction conditions on these deactivation pathways
could be clearly identified and will be discussed in this presentation.
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[2] M. Wolf, N. Fischer, M. Claeys, Nature Catalysis 3 (2020) 962.
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Rational Design of Fe-based Catalysts for Fischer-Tropsch Synthesis from
Theoretical Prediction to Experimental Confirmation
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Presenting author: Prof. Xiaodong Wen, email: wxd@sxicc.ac.cn

Abstract:

Fischer-Tropsch Synthesis (FTS) process coverts syngas (CO and Hz which
can be derived from nature gas, coal and biomass, etc.) into clean liquid fuels and
high valuable chemicals. In the talk, the corresponding fundamental researches on
FTS will be focused. The rational design of Fe-based catalysts for FTS will be
presented via combining experimental and theoretical insights. In details, starting with
theoretical studies, the quantum mechanics approach is extensively used to study the
active phases of Fe-based catalyst for FTS (across from detailed benchmarks on
method to predication on morphology/surface to design new generation Fe-based
industrial catalysts), as well as FT reaction mechanism. The purpose of theoretical
study is to provide theoretical insights for experimental designs, and to further guide
the development of new generation FTS catalysts. Finally, the new generation
Fe-based catalysts are designed rationally from theoretical prediction to experiment
confirmation. In the meantime, the new challenge on designing Fe-based catalysts
will be discussed.
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First principles modeling of COx hydrogenation over Co: Structure and Activity

Konstantijn T. Rommens, Mark Saeys”
Laboratory for Chemical Technology, Ghent University, Technologiepark 125, 9052 Gent, Belgium
mark.saeys@ugent.be

Fischer-Tropsch (FT) synthesis is one of the largest-scale catalytic processes, where long-chain
hydrocarbons are formed from syngas (CO and H2) by a combination of C-O activation and C-C
coupling steps. Interest in sustainable aviation fuels is driving a renaissance of this century-old
process. Typically, supported cobalt catalyst are preferred due to their high activity, selectivity
towards long-chain hydrocarbons, and low CO> selectivity. The nature of the active sites and the
reaction network, consisting of C-O bond scission, C-C bond formation and hydrogenation steps,
remain intensely debated, hampering the development of selective catalysts [1].

102 To investigate possible reaction mechanisms, a dual-
site microkinetic model, agnostic to a preferred
reaction mechanism, was constructed using reaction
free energies computed with VdJW-DF density
functional theory [2]. The microkinetic model
includes 637 reversible reactions (up to Cis) both at
step and terrace sites. To accurately capture the
reaction environment, the effect of the CO saturation
coverage was included in all calculations and in the
microkinetic model construction by introducing a CO
coordination shell around each of the reaction
intermediates. This approach proved to be critical to
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Figure. ASF plot of the product distribution at the
simulation conditions (500 K, 20 atm, H2/CO ratio
of 2, Xco=10%), using kinetic and thermodynamic
parameters calculated on CO-saturated Co
terraces and on carbon and CO-saturated Bs step

provide an accurate description of the kinetics under
reaction conditions. Our first principles microkinetic
model accurately captures the activity, selectivity and
chain growth of the FT reaction (Figure). In the

dominant mechanism, CO is activated both at the step
sites [3] (80%) and on the terraces (20%) via different H-assisted routes. While step sites play a key
role in CO activation, a low concentration is sufficient to establish a quasi-equilibrium CH*
coverage on the terraces. Chain growth happens on the CO-saturated terraces, mainly via CH
insertion. A Degree of Rate Control analysis identified 12 steps with a significant degree of rate
control, highlighting challenges in constructing kinetic models based on a single rate-determining
step.

References

[1] K. T. Rommens, M. Saeys, Chem. Rev. 123 (2023) 5798-5858.

[2] K. T. Rommens, G.T.K.K. Gunasooriya, M. Saeys, under review

[3] A Banerjee, AP van Bavel, HPCE Kuipers, M Saeys, ACS Catal. 7 (2017) 5289-5293.
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Copper-based catalysts for the efficient conversion of syngas to oxygenated
compounds via ester hydrogenation reactions

Y. Wang, Y. J. Zhao, J. Lv, and _X. Ma"
Key Laboratory for Green Chemical Technology of Ministry of Education, Collaborative
Innovation Centre of Chemical Science and Engineering, School of Chemical Engineering and
Technology, Tianjin University, No. 92 Weijin Road 30072, Tianjin, China

* Corresponding author’s email: xoma@tju.edu.cn

Developing the technology of coal to high value-added oxygenated compounds via syngas is an
important route, which can not only reduce the dependence on oil, but also conform to the structural
characteristics of fossil resources in China. The hydrogenation of esters produced from syngas is
one of the key steps in these processes, where Cu-based catalsyts are extensively used accounting
for its excellent capability of C-O/C=0 bonds hydrogenation. However, it is still challenging to
achieve high activity and high stability at the same time. In addition, a high ratio of H and ester is
usually essential to achieve favourable conversions, which led to the high cost in their industrial
applications.

To alleviate the excessive reduction and particle sintering of Cu-based catalysts in high reaction
temperature and high partial pressure of Ha, we designed a copper silicate catalyst with stable and
coexisting Cu® and Cu&*(0<&<1) active sites and proposed a syngery effect of these active sites.
And the reducible metal oxides such as cerium oxide were used to futher stabilize the Cu&* species,
while the role of oxygen vacancies was investigated. Cu-based catalysts with lamellar and nanotube
structures were developed and the effect of adsorption-diffusion of reactants were discussed.
Moreover, to achieve the selective hydrogenation of C=0 bonds of dimethyl oxalate (DMO), we
successively synthesized Cus cluster catalyst via Ostwald ripening at low temperature of 200 °C.
Over the Cu cluster catalyst, a semi-hydrogenation product of methyl glycolate (MG), a monomer
of biodegradable material polyglycolic acid, could be rapidly desorbed form the catalyst surface and
its yield was as high as 95%.

These results and insights give important guidance in developing high-performance copper-based
catalysts for the ester hydrogenations in the processes of coal-to-oxygenated compounds. Four
internatioal patents and over thirty Chinses patents were authorized and successfully used in three
different processes of 1000 t/a pilot plants and then developed in the industry.

Reference:

[1] Y. Wang, Y. Shen, Y. Zhao, J. Lv, S. Wang, X. Ma, Insight into the balancing effect of active Cu species
for hydrogenation of carbon-oxygen bonds, ACS Catal., 5 (2015) 6200

[2] D. Yao, Y. Wang, Y. Li, Y. Zhao, J. Lv, X. Ma, A high-performance nanoreactor for carbon-oxygen
bond hydrogenation reactions achieved by the morphology of nanotube-assembled hollow spheres, ACS
Catal., 8 (2018) 1218.

[3] H. Yue, Y. Zhao, S. Zhao, B. Wang, X. Ma, J. Gong, A copper-phyllosilicate core-sheath nanoreactor for
carbon-oxygen hydrogenolysis reactions, Nat. Commun., 4 (2013) 2339

[4] D. Yao, Y. Wang, Y. Li, A. Li, Z. Zhen, J. Lv, F. Sun, R. Yang, J. Luo, Z. Jiang, Y. Wang, X. Ma,
Scalable synthesis of Cu clusters for remarkable selectivity control of intermediates in consecutive
hydrogenation, Nat. Commun., 14 (2023) 1123


KN-2-10


KN-2-11

Carbon based short chain molecules catalytic conversion
New understanding from ethylene co-feeding with syngas

Yusheng Zhang, Yali Yao, Jianli Chang, X. Liu*
Institute for Catalysis and Energy Solutions, University of South Africa
Email address of Corresponding author: liux@unisa.ac.za

Carbon-based energy sources, notably fossil and biomass, persist as the primary
global energy reservoirs. However, their direct utilization poses challenges such as
significant carbon emissions, low carbon utilization efficiency, and environmental
concerns. Addressing these issues requires an indirect approach, involving the
conversion of carbon sources into high-value liquid fuels and chemicals.

This study focuses on the catalytic conversion processes of carbon-based small
molecules, such as Fischer-Tropsch Synthesis (FTS) and olefin hydroformylation,
exploring their intricate reaction pathways and mechanisms. Key findings include the
experimental verification of the CO insertion mechanism in FTS and the proposal of a
novel theory suggesting that a-olefin hydrocracking under typical FTS conditions
initiates carbon chain growth reactions and monomer formation. [1] Moreover, our
research indicates the coexistence and competition of multiple mechanisms under
similar conditions. Through an in-depth understanding of the mechanisms and
pathways of various carbon-based small molecules, we propose a novel strategy for
achieving high selectivity in product outcomes by strategically manipulating catalyst
microstructures to suppress specific mechanisms. [2]
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Simultaneously, we introduce a "competitive reaction equilibrium™ model, elucidating
the distribution of products in stepwise carbon chain growth reactions. Furthermore,
our investigation into the activity of different metal active phases in olefin
hydroformylation has led to the development of a heterogeneous olefin
hydroformylation system distinct from the prevalent industrial homogeneous
approach. [3]

[1]1Y. Zhang, Y. Yao, J. Chang, X. Lu, X. Liu, D. Hildebrandt, AIChE J. 66(11) (2020) 17029.

[2] Y. Zhang, Y. Yao, J. Chang, J. Gorimbo, X. Liu, D. Hildebrandt, Appl. Catal. A, 614, (2021)
118024.

[3] J. Chang, Y. Zhang, Y. Yao, X. Liu, D. Hildebrandt, Fuel, 324 (2022) 124479.
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OXZEO bifunctional catalysts for C1 molecule catalysis

Xiulian Pan*, Feng Jiao, Yi Ding, and Xinhe Bao
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Bifunctional catalysts with spatially separated active sites are frequently designed for reactions
which can be broken into consecutive steps, so called tandem reactions. Metal oxide-zeolite
(OXZEO) bifunctional catalyst concept has been demonstrated to be effective to tackle the
selectivity challenge in direct hydrogenation of CO/CO; to value-added chemicals and fuels [1-5].
Recently we showed that upcycling of polyolefin plastics to aromatics is facilitated by CO; over
OXZEO catalysts, e.g. MnOx-ZSM-5 [6]. ZSM-5 catalyzes cracking of polyolefins and
aromatization, generating hydrogen at the same time, while MnOy catalyzes the reaction of
hydrogen with CO2, consequently driving the reaction towards aromatization. The reaction is
further facilitated upon modification of MnOx with Pt. 0.2 kg CO: is consumed per 1.0 kg
polyethylene and 90% of the consumed CO: is incorporated into the aromatic products. It yields
0.63 kg aromatics (BTX accounting for 60%), comparing favorably with the conventional pyrolysis
or hydrocracking processes, which produce only 0.33 kg aromatics. Furthermore, this bifunctional
catalyst is active for upcycling of different types of polyolefins, including polyethylene,
polypropylene and their plastic products. In this way, both plastic waste and the greenhouse gas
CO- are turned into carbon resources, providing a new strategy for combined waste plastics
upcycling and carbon dioxide utilization.

Reference to publications:

[1] F. Jiao, J. Li, X. Pan, J. Xiao, H. Li, H. Ma, M. Wei, Y. Pan, Z. Zhou, M. Li, S. Miao, J. Li, Y. Zhu, D.
Xiao, T. He, J. Yang, F. Qi, Q. Fu, X. Bao, Science 351 (2016) 1065-1068.

[2] K. Cheng, B. Gu, X. Liu, J. Kang, Q. Zhang, Y. Wang, Angew. Chem. Int. Ed. 55 (2016) 4725-4728.

[3] P. Gao, S. Li, X. Bu, S. Dang, Z. Liu, H. Wang, L. Zhong, M. Qiu, C.Yang, J. Cai, W. Wei, Y. Sun, Nat.
Chem. 9 (2017) 1019-1024.
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Li, X. Bao, Science 380 (2023) 727-730.
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Catalyst design for CO/CO2 hydrogenation

Emiel J.M, Hensen”
Laboratory of Inorganic Materials and Catalysis, Eindhoven University of Technology
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Efficient utilization of transition metals is a crucial requirement for heterogeneous catalysts.
Established design rules for nanoparticle catalysts suggest that reducing the size of metal particles
below 6 nm leads to decreased activity in CO hydrogenation to hydrocarbons. Metal-support
interactions (MSI) can significantly influence the catalytic performance of metal nanoparticles.
Specific sites at the metal-support interface can exhibit unusually high reactivity. This contribution
not only highlights the generality of structure sensitivity limitations for CO and CO- hydrogenation
for monometallic catalysts and bimetallic catalysts, but also demonstrates the potential of metal-
support interfaces towards overcoming the particle size constraints for CO2 hydrogenation. The
practical implications of this research are significant, as it opens up new avenues for the design of
more efficient and selective catalysts for CO2 hydrogenation.

The first example deals with conventional structure sensitivity relevant to CO and CO:
hydrogenation on Ni and Co used for methanation and Fischer-Tropsch synthesis. Shared reaction
pathways for these two reactions will be highlighted with a focus on understanding the active site
requirements. Optimum nanoparticle sizes are above 6 nm. The second example deals with
approaches to break this conventional structure sensitivity. For this, we use cobalt dispersed on
ceria-zirconia support. We first establish how the size of the support crystallites can stabilize cobalt
nanoparticles. Then, we investigate how incomplete reduction of cobalt oxide can lead to cobalt-
cobalt oxide interfaces with a much higher CO. methanation activity than conventional fully
reduced cobalt nanoparticle catalysts. This work shows the promise of very small metal clusters
stabilized on an oxide for achieving high CO2 methanation activity.
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Figure 1. (left) Co-based activity in CO, methanation for Co/ceria-zirconia catalysts as a function of the Co
loading and temperature, (middle) CO IR spectra for a 1 wt% Co/ceria-zirconia catalyst reduced at different
temperatures and (right) corresponding locations of main CO IR band on metallic Co .

[1] A. Parastaev, E.J.M. Hensen et al., Nature Cat. 3 (2020) 526.
[2] A. Parastaev, E.J.M. Hensen et al., Nature Cat. 5 (2022) 1051.
[3] J. Simons, E.J.M. Hensen et al., J. Am. Chem. Soc. 145 (2023) 20289.
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Direct Air Capture of CO, — Challenges & Opportunities
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Most current climate models suggest that limiting warming to <2°C will require large scale
deployment of negative emissions technologies (NETs). NETs may be natural or technological,
with one of the most scalable technological approaches being the direct capture of CO, from the air,
or “direct air capture” (DAC). Because of the ultra-dilute nature of air, the separation of CO, from
this mixture presents a significant engineering challenge.

In this lecture, I will briefly reflect on examples of STEM research successes targeting societal
grand challenges, followed by a deep dive into the challenges of our current grand challenge, DAC.
[1-5] I will describe the design and synthesis, characterization and application of porous oxide-
supported amine materials that we have developed as cornerstones of new technologies for the
removal of CO; from air. DAC technologies offer an interesting case study for the parallel design of
materials, unit operations, and processes in chemical engineering. Important aspects of DAC
technologies that differ from conventional CO; separations will be elucidated and discussed.
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[1] S. Choi, J.H. Drese, P.M. Eisenberger, C.W. Jones, Environ. Sci. Technol. 45 (2011) 2420-2427.

[2] C.W. Jones, Annu. Rev. Chem. Biomol. Eng. 2 (2011) 31-52.

[3] S.A. Didas, S. Choi, W. Chaikittisilp, C.W. Jones, Acc. Chem. Res. 48 (2015) 2680-2687.

[4] E.S. Sanz-Pérez, C.R. Murdock, S.A. Didas, C.W. Jones, Chem. Rev. 116 (2016) 11840-11876.

[5] F Kong, G Rim, MG Song, C Rosu, P Priyadarshini, RP Lively, MJ Realff, C.W. Jones, Korean J. Chem.
Eng. 39 (2022) 1-109.

[6] X. Zhu, W. Xie, J. Wu, Y. Miao, C. Xiang, C. Chen, B. Ge, Z. Gan, F. Yang, M. Zhang and D. O'Hare,
Chem. Soc. Rev., 51 (2022) 6574-6651.


mailto:cjones@chbe.gatech.edu
KN-3-1


KN-3-2

Square-pyramidal Subsurface Oxygen [Ag4OA(g]
Drives Selective Ethene Epoxidation on Silver
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Physical Science, Department of Chemistry, Fudan University, Shanghai 200433, China
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Ag-catalyzed ethene epoxidation is the only viable route for making ethene oxide (EO) in industry,
but the active site remains elusive due to the lack of tools to probe this reaction under high
temperature and high pressure conditions. Here, aided by advanced machine-learning Grand
Canonical global structure exploration and in-situ experiments, we identify a unique surface
oxide phase, namely Os phase, grown on Ag(100) under industrial catalytic conditions.
This phase features square-pyramidal subsurface O and strongly-adsorbed ethene, which can
selectively convert ethene to EO. The other Ag surface facets, although also reconstructing to
surface oxide phases, only contain surface O and produce CO. The complex in-situ surface
phases with distinct selectivity contribute to an overall medium (50%) selectivity of Ag catalyst to
EO. Our further catalysis experiments with in-situ infrared spectroscopy confirm the
theory-predicted IR-active C=C vibration of adsorbed ethene on Os phase and the microkinetics
simulation results.

Ref. Dongxiao Chen, Lin Chen, Qian-Cheng Zhao, Zheng-Xin Yang, Cheng Shang, Zhi-Pan Liu,
Nature Catalysis, 2024 , https://doi.org/10.1038/541929-024-01135-2
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Inducing unprecedented reactivity of CO, and CHs by unsteady-state operations
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Albeit a variety of available strategies for CO. conversion to useful chemicals and fuels, most
technologies require relatively pure CO», especially without oxygen and water. This necessitates
additional steps of CO, capture and purification before its efficient conversion. This necessity
increases energy requirement, leading to poorer carbon footprints and higher capital expenditures
lowering the viability of overall CO> conversion processes. In this light, combining CO, capture
and reduction processes is an important step towards practical and greener CCU. In this
contribution, | present our recent efforts to develop integrated CO, capture and conversion
processes to produce syngas (CO+H>) [1,2] and methane [3,4]. For the synthesis of syngas, diluted
CO. streams common in process flue gases (e.g. 5-13 vol%), even containing oxygen and water,
can be fed to the process and relatively pure product stream can be produced. By means of reactor
integration and unsteady-state operation, continuous CO> abatement and conversion based on a two-
reactors system or chemical looping approach is also feasible [5]. I illustrate the powerful use of
space- and time-resolved operando methodologies to understand what, when, where and how the
dynamic process is taking place in the catalytic reactor to gain critical insights towards rational
design of the dual function materials and the integrated process [6,7]. Furthermore, another
approach for CCU with methane activation is presented. Dynamic coke-mediated dry reforming of
methane (DC-DRM) is an unsteady-state strategy to overcome the limitations of co-feed operation,
including the fast deactivation of the catalysts and the loss of valuable H; in the reverse water gas-
shift reaction. DC-DRM on Ni-based catalytic systems with close to full conversions of CO. and
CHjs is demonstrated [8].
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Investigation on mesocatalysis: Exploration and Application
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With the progress of investigations on catalysis, a smart and high-performance heterogeneous
catalyst has no longer been viewed just as a material but a complex one with its constituent parts
well-engineered with each other and it is advisable to design such high performance catalysts in
artificial structures learning from the working principle of enzymes, of which structural features can
be generalized as active centers and their peripheral environments——reactive centers, referenced
to the tale of two irons and three proteins in the methane monooxygenase. With a catalyst in such
structure, the reactants converted at the reactive centers have experienced a kind of 3D interactions
under the constraint of the surrounding environments, which also modulates the reactive centers in
multi aspects and shapes the reactants coming to and the products leaving from the reactive centers.
High performance catalysts would be obtained by the appropriate integration of reactive centers to
larger scales, through the recognition among their peripheral groups. We refer to this process as the
research of mesocatalysis. Here, some typical models or applicable systems of catalysis following
the ideology abovementioned to investigate some challenging reactions will be presented, such as
methanol and ethanol synthesis from CO> hydrogenation and the low-Pt catalysts for fuel cell.
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CO: hydrogenation to Liquid Sunshine methanol
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The Hydrogenation of CO, with renewable H, to produce e-methanol (Liquid Sunshine
methanol) is one of the most attractive pathways to achieve carbon neutralityl*-2, We reported a

Zn0O-ZrO; solid solution catalyst, which shows methanol selectivity of 86% 91% at a CO>

conversion over 10% under the conditions of 5.0 MPa, 24000 mL/(g h), H./CO, =3/1 4/1, 320

315 °C, operated in a fixed-bed reactor. The catalyst shows excellent stability over 5500 h on
streamf®l, The catalytic activity and methanol selectivity are significantly enhanced when two
components are chemically mixed together, namely forming solid solution. The performance of the
Zn0O-ZrO, catalyst varies greatly with the Zn/(Zn+Zr) molar ratio, the CO; conversion and
methanol selectivity reach the maximum when the Zn/(Zn+Zr) molar ratio is close to 13-25%
(Figure 1A). for the Zr-O-Zn-O-Zr and Zn-O-Zn-O-Zr catalytic centers, the rate-determining step
(RDS), i.e., the H,COOH* - H,CO* + OH*, which happens to be the transition point between two
reaction stages, is characterized by a large free-energy barrier of 1.40 eV. Interestingly, on Zn-O-

Zr-O-Zn center, the HCOO* + H* — H,COO* step becomes the RDS, with a barrier of 0.90 eV
(Figure 1B).
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Figure 1. (A) the catalytic performances of solid solution catalyst. (B) Potential energy diagram at
different active sites.

We called the e-methanol synthesis project as Liquid Solar Fuel Production demonstration
Project, which consisted of three basic units: solar photovoltaic for renewable electricity generation,
alkaline water electrolyzer for green hydrogen production, and methanol synthesis by CO:
hydrogenation. The photovoltaic power station with a total power of 10 MW provided electricity for
alkaline water electrolyzer to hydrogen production, which was used in the end station for carbon
dioxide hydrogenation to produce methanol.
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Photocatalytic Conversion of CO.-Rich Natural Gas
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The high CO; content in the natural gas in the South China Sea limits its direct application as fuel.
The direct utilization of CO»-rich natural gas to value-added chemicals is of great significance in
achieving carbon neutrality.[*l However, the thermodynamically stablity and kinetically inert of
both CO2 and CH4 make it of great challenge to activate the CO, and CHa.[? Herein, we propose a
strategy for the activation of CO2 and CH4 using H.O-mediated active hydrogen species and oxygen
species under light illumination: 1) For selective activation of C-H in methanel®], H,O is first photo-
oxidized on SrTiOz to H202, which then decomposes to active *OH radical to attack the activated
CH. on Co particle. As a result, 1.84 mmol gco! h't of CH3OH with an extraordinary selectivity of
98.7% has been obtained. 2) For CO. conversionl, CO; is first reduced to CO on oxygen-
vacancies-rich SrTiOs and then to CH3OH on metallic Cu sites or CHs on Co sites by the active
hydrogen species generated from photo-splitting of H>O. 3) For the co-conversion of CO; and
CH4*l, CO; is activated to *CHxO on Cu sites and CH4 to *CHz on Co sites by H,O-splitting
derived active hydrogen and oxygen species, then *CH,O and *CHs couples to C>-oxygenates
(CH3sCHO and CH3sCH2OH) on Cu-Co interface. A formation rate of as high as 2.05 mmol g* h?
for Cz-oxygenates in a selectivity of > 86% has been afforded over Cu-Co-SrTiOs under 200 °C and
UV-Vis illumination.
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Electrochemical reduction of CO- to chemicals with water
by the SPE electrolysis using Nafion-H
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Technology, Tokyo Institute of Technology 1528552, Japan
yamanaka.i.aa@m.titech.ac.jp

1. Introducuton

Reduction of CO- to chemicals using renewable energy would be one of essential technology to solve
the Global Warming Problems [1]. Electrochemical methods are powerful because of direct
utilization of renewable solar and wind powers. The electrolysis of CO- in the gas phase using a solid-
polymer-electrolyte-membrane (SPE) cell is essential for industrial application, because of a low
solubility of CO in liquid. The Nafion-H membrane is well known as the SPE for the H2/O> fuel cell
because of strong chemical and physical stability. The nano-Cu, Au, Ag, Zn metal materials showed
good performances for the reduction of CO2 to CO and hydrocarbons in carbonate aqueous solutions
but cannot apply to the Nafion-H membrane because of strong acid [2]. We have screened various
electrocatalysts to work with the Nafion-H membrane and found effective electrocatalysts prepared
form Co(NO:zs)2, poly-4-vinylpyridine (P4VPy) and ketjen black (KB) at 673 K, as abbreviated Co-
P4VPy/KB(673K) [3]. This showed the excellent electroreduction activity of CO, to CO.

2. Experimental

Co-P4VPy/KB(673K) electrocatalysts were synthesized by partial
pyrolysis of a catalyst precursor. The precursor was prepared by a . s
conventional impregnation method using ethanol solutions of P4VPy
(Mw ~60,000) and Co(NOgz)2 6H20, Ketjenblack ECP (KB)
powders. The precursor was activated in a Ar stream for 3 h at 673
K. A loading of Co was about 2 wt%. A SPE electrolysis unit was
prepared by a hot-press method. A Nafion 117 was pressed between Sohio
the cathode and anode at 413 K. The formed SPE unit was set in a Nation
gas-electrolysis cell as shown in Fig. 1. The SPE electrolysis of CO>

an_d water was condu_cted. Potentiostatic electrol){sis was performed Fig. 1. The SPE cell for
using an electrochemical measurement system (lvium Vertex) at 298 K. yequction of CO, with water.
3. Results and Discussions

Nitrogen contained polymer materials, P4VPy (poly-4- e
vinylpyridine), P2VPy  (poly-2-vinylpyridine), PEI _ _ J /%
(polyethyleneimine), and PVP (polyvinylpyrrolidone)

were tested as a nitrogen source for Co, as shown in Fig.
2. Co-P4VPy/KB(673K) showed a significant
electrocatalysis for the reduction of CO: to CO. Effects of ... .
pyrolysis temperatures of Co-P4VPy/KB materials on the 0 20 3 P00 W00 10 20 3040
electrocatalysis for the CO: reduction, effects of cathode _ _

potentials on the electroreduction, and effects of reaction ~ F9- 2. Electroreduction of CO, by Co-N-
temperatures on the electroreduction were studied. polymer/KB(673K) catalyts.

Reaction mechanisms of the electroreduction of CO, to CO on the Co-P4VPy/KB(673k)
electrocatalyst will be discussed based on kinetic and characterization studies.

Ilﬁ Reference
electrode
(Ag/AgCl)

f(CO) / pmel h™' em™®
200 400 600

Co-P2VPy/KB
Co-PEI/KB

Co-PVP/KB
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Non-reductive catalytic conversion of low pressure carbon dioxide
with alcohols/amines

K. Tomishige*
Department of Applied Chemistry, School of Engineering, Tohoku University, Japan
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Catalytic conversion of low pressure CO; into valuable compounds can contribute to the carbon
neutrality and carbon recycling. Reaction of CO. with alcohols and amines to corresponding
carbonates and urea derivatives is non-reductive conversion of CO., and it has been found that
Ce0: is an effective heterogeneous catalyst for these reactions under high pressure CO,. An
important point in COz+alcohols to organic carbonates+H>O is that the conversion and yield of
products is seriously limited by the reaction equilibrium. However, the direct synthesis of
polycarbonate diols from atmospheric pressure CO; and a,w-diols using CeO; catalyst and CO;
flow semi-batch reactor, where H>O can be removed by the gas stripping method [1]. Another
approach is the synthesis of 2-imidazolidinone using CeO»-based catalysts from COz-adsorbed
ethylenediamine (EDA-CA) without external CO> addition in the fixed-bed reactor systems [2, 3],
achieving 94% CO»-based yield of 2-imidazolidinone. Moreover, the esterification of CO-absorbed
benzylcarbamic acid (BZA-CA) with methanol was catalyzed by CeO; to give methyl N-
benzylcarbamate was obtained in 64 % CO,-based yield at 413 K in 12 h over a CeO; catalyst,
which also exhibited good reusability [4].
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Chemical Field Coupled Electrocatalysis:
A Selectivity Enhancing Strategy for CO, Conversion

Lin Zhuang
College of Chemistry & Molecular Sciences, Wuhan University
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Electrocatalysis has been mostly based on metal catalysts, which are typically of high catalytic
activity but low selectivity. Here we report on a transformational strategy for improving the
electrocatalytic selectivity, particularly toward the CO> reduction reaction (CO2RR). Inspired by the
enzyme catalysis in nature, where the catalytic center is surrounded by functional environments, we
propose to design a chemical field over the electrode, by which the CO2 molecules can be
chemically activated while being electrochemically reduced. We find that a polyaniline (PANI)
layer over Au electrode is an ideal model to elucidate such a strategy. The faradaic efficiency of CO
production can be dramatically improved from 20% on a naked Au surface to 90% on Au-PANI
surface. DFT calculations found that, with the synergy between an electric field and a chemical
field containing -NH> groups, the CO2 molecule can be strongly bent into an activated state (Fig. 1).
The peculiarity of the CO2RR at the Au-PANI surface was also confirmed by in-situ infrared
spectroscopy. This chemical-field coupling methodology also works for other metal electrodes. Our
findings have not only provided an effective approach to accelerating the CO2RR, but expanded the
horizon of electrocatalysis, where the catalytic selectivity has long been a pending subject.
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Upgrading CO: to sustainable aromatics via perovskite-mediated

tandem catalysis

Fei Wei
Dept. of Chemical Engineering, Tsinghua University, Beijing 1000084, China

The directional transformation of carbon dioxide (COz) with renewable hydrogen into specific
carbon-heavy products (Ce+) of high value presents a sustainable route for net zero chemical
manufacture. However, it is still challenging to simultaneously achieve high activity and
selectivity due to the unbalanced CO; hydrogenation and C—C coupling rates on complementary
active sites in a bifunctional catalyst, thus causing unexpected secondary reaction. Here we report
LaFeOs3 perovskite-mediated directional tandem conversion of CO2 towards heavy aromatics with
high CO2 conversion (> 60%), exceptional aromatics selectivity among hydrocarbons (> 85%),
and no obvious deactivation for 1000 hours. This is enabled by disentangling the CO;
hydrogenation domain from the C-C coupling domain in the tandem system for Ironbased catalyst.
Unlike other active Fe oxides showing wide hydrocarbon product distribution due to carbide
formation, LaFeO3z by design is endowed with superior resistance to carburization, therefore
inhibiting uncontrolled C—C coupling on oxide and isolating aromatics formation in the zeolite. In-
situ spectroscopic evidence and theoretical calculations reveal an oxygenate-rich surface
chemistry of LaFeQs, that easily escape from the oxide surface for further precise C—C coupling
inside zeolites, thus steering CO,-HCOOH/H,CO-Aromatics reaction pathway to enable a high
yield of aromatics.
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Fundamental Approaches for Establishing Catalyst Property-Performance
Relationships in CO2 Hydrogenation to Higher Hydrocarbons or Methanol
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Evgenii.kondratenko@catalyis.de

Introduction

Increasing legal requirements to reduce energy consumption and unwanted CO, emissions as well
as ongoing changes in the raw material basis pose sustainability challenges for the chemical
industry. Against this background, our research activities are focused on providing the
fundamentals for the purposeful design of heterogeneous catalysts as well as for the development of
reactor concepts for more efficient processes. In this talk, I will present and discuss recent results
from my group to illustrate how fundamental knowledge can be relevant for applied catalysis.

Results and Discussion

The importance of controlling the structure of catalytically active sites/species/phases for efficient
catalyst operation will be demonstrated by two examples: (i) hydrogenation of CO; to higher
hydrocarbons over Fe-based catalysts without or with alkali metal promoters [1-5] and (ii)
hydrogenation of CO> to methanol over CuZn-based catalysts [6-8]. | will illustrate approaches to
catalyst design combined with advanced mechanistic and Kkinetic studies with second and
millisecond resolution as well as operando/in situ material characterization which have enabled to
identify descriptors relevant to guide catalyst development. The need for catalyst characterization in
a spatially resolved manner for establishing proper structure-performance relationships will be
especially highlighted. The potential of Big-Data analysis for catalyst development will also be
discussed [1, 7].
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Catalytic effects of metal-support interfaces for CO; hydrogenation
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*Corresponding address (Email: yhyang@njtech.edu.cn)

The interfaces between metal and oxide support and between metal and carbonate supports
reveal different structures and properties. The well-designed interfaces, such as Ni-La0.CO3 and
Ru-MnCO3 can catalyze CO, methanation reaction with high activity, selectivity, stability and CO
toxicity resistance 2l (Fig. 1a-b). Metal-carbonate interfaces can disperse and stabilize the active
metals (Ni, Ru) while modulating their chemical states, and the interface site is dynamically stable
under the reaction conditions. These interfaces showe a stronger ability to adsorb and activate CO;
than the metal-oxide interfaces, which also induces the formation of specific reactive intermediate
species (Ni/La20.COz  b- and m-formates, Ru/MnCOs  Ru-CO%*), which participates in the
methanation process as a key intermediate (Fig. 1c-d). The La.O>COs carbonate is relatively stable,
while the isotope experiment results confirm that MnCQOz is partially hydrogenated to produce CHs
during the hydrogenation process, and is exchanged and supplemented with CO2, which is in a
dynamic equilibrium state (Fig. 1e).

Furthermore, the choose of proper promoters and precursors can significantly affect catalytic
performance [ 4. For instance, Mn incorporation into Ni/Al,Os can improve the catalytic stability,
while Mo incorporation will produce opposite effect. For the metal-carbonate interface, when Zr#*
is incorporated into LaO>COs lattice, the Ni-carbonate interaction is properly enhanced and the
dispersion of Ni and the hydrogen activation ability of catalyst are improved. Zr** modification can
also adjust the surface alkalinity and promote the adsorption and dissociation of CO; I,
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Fig. 1 Ru/MnCOs catalyzed CO2 methanation: (a-b) CO. conversion and CHa selectivity; (c) steady-state reaction and transient
reduction processes; (d) changes in surface intermediate species; (e) isotope exchange experiments between 2CO; and *CO,

Keywords: Methanation, metal-carbonate interface, CO2 conversion, carbonate, carbonyl
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Photocatalytic Water Splitting for the Production of Green Hydrogen as a Key
Component for Carbon Neutrality
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Hydrogen is one of the most important green energy carriers for a future energy transition. Since the
majority of the current hydrogen produced originates from fossil-based processes, there is an
increasing interest in sustainable processes to produce green hydrogen. In a carbon-neutral economy,
hydrogen will be required almost everywhere. This raises the question of the appropriate production
technology at each particular site, especially in remote locations.[1] Photocatalytic processes utilize
the energy provided by the sun to split water into its compounds hydrogen and oxygen.[2] Since
hydrogen and oxygen are the main products, a big advantage is the near-zero global and air
emissions from these processes. Currently, there is no efficient separation of hydrogen and oxygen
on an industrial scale. As many applications require purified hydrogen, the combination of
photocatalytic and thermochemical processes is an approach to overcome the just mentioned
drawback. Hydrogen from two-step metal oxide-based thermochemical cycles is known for its high
purity, resulting from the oxidation of water by a defective-rich metal oxide. Atomic Quantum
Clusters have new unique properties, due to the quantum confinement effect.[3] New properties,
such as catalytic activity and semiconductor-like behavior can be exploited for combined
photocatalytic and thermochemical processes.[4] In this presentation, a two-step photothermal
process for hydrogen generation will be demonstrated that is operated at temperatures between 500
and 700 <C, which is substantially lower than the operation conditions of thermochemical water
splitting. This reduction in operation temperature is achieved by the ability of the quantum clusters
to catalyze the reduction of the oxygen carriers at these temperatures. In the two-step process, the
reduction of the carrier is followed by a re-oxidation with water, producing highly pure hydrogen.
The concentration of the sunlight with parabolic mirrors is sufficient for heating the reactor to this
temperature and for catalyzing the reaction.
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Clathrate hydrates: A cool way to store carbon dioxide permanently
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Climate change is known to be dominantly caused by the increased concentration of
greenhouse gases in the atmosphere, in particular carbon dioxide (CO.). The clathrate hydrate
process has been demonstrated over the years as promising technology for innovative
applications like natural gas storage, carbon dioxide capture, seawater desalination, cold
energy storage etc. COz hydrate, a solid compound made of molecular CO, enclathrated in
crystalline lattices formed by water molecules, is an attractive option to capture and for
long-term CO; sequestration. Methane (CH4) hydrates in oceanic sediments have been stable
for millions of years. As a natural analog, is it possible to store CO; in the form of hydrates in
oceanic sediments forever? In this presentation, the state of the art on clathrate hydrate
technology pertaining to carbon capture and storage will be discussed in detail. Furthermore,
future research and development opportunities and pathways for commercialization will be
discussed.
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Intensified C1 catalysis in electrochemical reactors
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Spain

Selective and energy-efficient conversion of CO2> and CHs is crucial for the
upcoming technologies that will enable an economically competitive transition to
sustainable chemical and energy production. Solid-state ionic materials play a
vital role in contemporary and future energy technologies, including fuel cells,
batteries, and electrolysers. Their application extends beyond these areas,
becoming increasingly relevant in different steps in the process industry. These
materials are crucial for reducing CO:2 emissions by electrifying industrial
processes. Electrochemical solid-electrolyte cells enable the creation of
catalytic reactor processes that shift chemical equilibria in a favourable direction
and facilitate the separation of valuable products. A novel concept involves
using microwaves and ceramic ion-conducting cells to electrochemically drive
catalytic reactors, requiring selective electrocatalysts to produce specific gas
products. For instance, protonic membrane reactors employing ceramic proton
conductors like doped BaZrOs show high chemical stability in carbon-rich
environments and excellent proton conductivity, enabling the integration of
catalytic reactions and separation, for instance, yielding pressurized H> and
captured CO», or facilitating the single-step electricity-driven production of
pressurized synthetic NG. These innovations not only enhance per-pass yield
but also improve energy efficiency and catalyst stability, marking a significant
advancement in process intensification and sustainability.
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Electric catalysis: from renewable energy to valorized gas
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Gas transformations are often (highly) endothermic and, hence, require a suitable reactor design to
transfer the necessary heat towards the reacting gas. Methane reforming, either for syngas (CO +
H>) or hydrogen (H.) production is the most widespread example of such a reaction and is typically
performed in relatively narrow reactor tubes that are suspended in a (gas fired) furnace. Despite this
specific design, the reaction largely remains being performed in a heat transfer limited regime.

Within the realm of the transition towards sustainable and circular processing, the use of electricity
as an energy source, provides a unique opportunity for innovating the reactor configuration for
(highly) endothermic reactions. Various interesting options are
available for bringing the necessary heat inside the reactor, no
longer suffering from the transfer limitations induced by
convection faced in conventional reactor furnaces. Joule heating
(based on resistance), microwave heating, induction heating have
emerged as the most promising techniques. Among these, Joule
heating stands out because of its efficiency for electricity
conversion into heat. The related challenge is to properly contain
the electrical current where the heat needs to be generated.
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The ElectroThermal Fluidized Bed (ETFB) reactor is a recently
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Intended gas conversion applications for an ETFB reactor involve methane pyrolysis for hydrogen
production with solid carbon formation as byproduct [2]. It concerns a widely investigated reaction,
relevant not only for stranded gas valorization, but also for the upgradation of locally produced
biogas. Another, even more innovative, reaction entails COS decomposition into CO and elemental
sulphur [3] as the second step in the treatment of mixed CO; and H.S. This e- CODUCT technology
represents a major step forward in the efficient reduction and valorization of refinery off-gases [4].
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Development of Waste Biorefineries Towards a Circular Bioeconomy
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Food waste is a global problem, as the high water content and low heating value of food waste
limited its valorisation options. Therefore, our research team aims at valorisation of organic waste
materials through bioconversion processes to recover their inherent nutrients for transformation into
value-added products. Waste-based biorefinery not only provides a mean for waste treatment, but
also promotes the development of circular economy by valorisation of wastes into value-added
products [1]. In this talk, we aim to provide an overview of recent efforts from our group in leading
the future of global researchers. In this talk, two recent projects which serve as examples to
demonstrate the recent development of integrated biorefinery strategies for production of value-
added products, namely microbial biosurfactants and non-woven medical textiles for healthcare
apparel.

Our research group developed a green production process to produce value-added microbial
biosurfactants, namely sophorolipids (SLs), using food waste and Starmerella bombicola [2].
Although the adoption of food waste to produce SLs has shed light on the mutual benefit of
simultaneously resolving the environmental problem and producing a value-added product, several
key hurdles have increased the SL production cost: (i) Inhibition effect of second-generation
feedstock on SL production. (ii) Operational costs for hydrolysate preparation. (iii) High enzyme
cost for food waste hydrolysis. To overcome these, the inhibitory components in food waste
hydrolysate are identified first, then several strategies including adaptive laboratory evolution,
biorereactor design, genetic engineering, and one-pot hydrolysis-fermentation are used to increase
SL productivity as well as reduce the SL production cost. This study not only facilitate the SL
production to benefit the market, as well as lead to a carbon-neutral biorefinery and positively affect
society.

The demand for environmentally friendly personal protective equipment (PPE) is high due to the
coronavirus pandemic. However, conventional slectrostatic-based surgical masks and healthcare
apparel are single-use, non-biodegradable and ofren end up as mismanaged waste. Therefore,
development of sustainable and biodegradable non-woven texitiles is essential. In this talk, a novel
sustainable approach for the fabrication of medical textiles for surgical mask from a substitute of
food waste derived polymers polylactic acid (PLA) and poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) via electrospinning process will be presented [3].
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Unraveling Charge Transfer Dynamics in Solar fuels production: From
Microscopic Insights to Holistic Mapping
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Understanding the charge transfer process at the spatiotemporal scale is a central challenge in
converting renewable energy into chemical bonds. To address this crucial issue, our focus is on
developing advanced characterization methods with the capability to track the entire charge transfer
process into the chemical bond across the interface. Using the surface photovoltage microscopic
method, we quantitatively studied the charge distribution on the photocatalytic particle at the
nm/pum scale. Additionally, we revealed the vector addition effect of the built-in electric field on
efficient charge separation.

Building on this understanding, we proposed electric field management through asymmetric tuning
strategies to precisely align the electric field with the catalytic reaction site, resulting in improved
photocatalytic performances. Furthermore, we developed spatiotemporally resolved surface
photovoltage (SPV) techniques to holistically map charge transfer processes from the femtosecond
to second timescales at the single-particle level. Our findings include the discovery of new
processes such as ultrafast hot electron transfer and anisotropic trapping regimes, challenging
classical models and contributing to efficient charge separation in photocatalysis.

Recently, with the development of AFM-based techniques, we are now able to understand the
detailed charge transfer and utilization processes across the electrode and catalytic center interface
through multidimensional imaging methods operated under working conditions. Our new findings
on the spatial and energy convolution between charge transfer and catalytic centers provide
valuable insights into the intricate world of photocatalysis.
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Catalytic Conversion of Cellulosic Biomass to Chemicals
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Cellulose and hemicellulose are naturally occurring carbohydrate polymers, and provide carbon-
neutral alternatives to fossil resources for the sustainable production of fuels and chemicals. This
work reports our recent progress in the reactions of cellulose and its derivatives, such as sugars and
furan compounds, to diols, dicarboxylic acids and other oxygenated chemicals, with focus on the
understanding on the catalytic functions and reaction mechanisms for the site-selective cleavage of
the C-O and C-C bonds.

This work was carried out mainly by Drs. Y. Liu, C. Chen, Q. Sun, F. Wang, Z. Li, K. Liu and C.
Hong under the financial support from the National Natural Science Foundation of China and
National Basic Research Project of China.
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Hydrides for catalytic ammonia synthesis
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With a high hydrogen content (17.6 wt.%), high energy density (4 kWh kg-1), facile storage
and transportation, NHs has been regarded as a potential energy carrier. The key issue for NHs
synthesis and decomposition is the development of non-noble metal based, highly active and stable
catalysts that can be operated under mild condition. Reduction of dinitrogen to ammonia needs the
supply of electron and proton which hydridic hydrogen H could supply; the -NxHy intermediates,
on the other hand, can be stabilized by alkali or alkaline earth metal cation to lower Kinetic barriers
in the transformation. The inherent properties of alkali/alkaline earth metal hydrides (denoted as
AH) endow them a unique functionality in mediating ammonia synthesis.[1] We developed AH-3d
metal composites and AxRuHs complex hydrides for catalytic ammonia synthesis (A = Li, Ca, Ba
etc.).[2, 3] These electron-rich and multi-component catalysts favor non-dissociative N activation
and lattice hydride-involved hydrogenation. We further disclosed unique behaviors of AH under
UV illumination, which enable AH catalytic functional in photo-driven ammonia synthesis.[4]
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Plasma electrification for decentralized production of fuels and chemicals
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The conversion of inert molecules, such as CO., CHa, and N2, with strong chemical bonds for the
synthesis of value-added synthetic fuels and platform chemicals has attracted significant interest.
However, activating these molecules remains a great challenge due to their thermodynamic
stability, requiring a substantial amount of energy for activation. Non-thermal plasma (NTP) has
emerged as a promising technology for electrifying a range of challenging chemical reactions under
ambient conditions [1]-[4]. The combination of NTP with heterogeneous catalysis has great
potential for achieving a synergistic effect through the interactions between the plasma and
catalysts, which can activate catalysts at low temperatures, improve their activity and stability, and
lead to a notable increase in conversion, selectivity, and yield of end-products, as well as the energy
efficiency of the process. Furthermore, plasma processes can be switched on and off instantly,
offering great flexibility in decentralized production of fuels and chemicals using renewable energy
sources, particularly intermittent renewable energy. This presentation will discuss the opportunities
and challenges in plasma-catalytic electrification for gas conversion to fuels and chemicals,
including various chemical processes such as CHs activation, CO. hydrogenation, and ammonia
synthesis.

Keywords: Non-thermal plasmas; Plasma catalysis; CO, conversion; NHsz synthesis; CHa
conversion
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Ethylene Methoxycarbonylation over Heterogeneous Single-Atom Catalyst
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Ethylene methoxycarbonylation (EMC, CoHs+CO+CH30H - C,HsCOOCH:s3) is the key process
in the o-route to produce methyl methacrylate (MMA)--monomer of PMMA and important
intermediates for coatings, adhesives, and other fine chemicals. Currently, EMC still uses
homogeneous Pd-P complexes as catalysts and strong acids as promoters, suffering from the
difficulty in catalyst separation and environmental issues. Great efforts have been devoted to
developing heterogeneous catalysts. Nonetheless, the catalytic efficiency is much inferior to the
homogenous counterparts, owing to the low atomic efficiency of nano-catalysts and the lack of
multi-functional sites that are necessary to simultaneously activate the three reactants (i.e., CoHa,
CO, and CH3OH). Herein we report an efficient Pt//MoS; single-atom catalyst for EMC without
any acid promoters. Pt atoms were anchored to the support forming a pocket-like Mo-S-Pt;-S-Mo
structure, where Pt and the nearby coordination-unsaturated Mo sites cooperate to catalyze the
reaction, affording a TOF of 320 h, one order of magmtude higher than that of the reported Ru
nps/CeQ2 catalyst.

The Pti/MoS; catalyst was prepared by the
adsorption of Pt-thiourea complexes onto 2D
MoS: nanosheets, followed by a rapid thermal
treatment at 650 °C under Ar [1]. HAADF-
STEM, XAFS characterization, and DFT
calculation revealed that Pt existed exclusively
as single atoms, and occupied the Mo Energy / eV
vacancies sites along the Mo edge of MoS; Figure. (a) HAADF-STEM image of Pt2/MoS; catalyst.
nanosheets (Figure a), forming pocket-like (b) The experimental (black line) and theoretical (red line)
Mo-S-Pt;-S-Mo ensembles (Figure b, inset). XANES spectra at Pt Lu-edge of Pt/MoS; catalyst. The

. red line is acauired with the inset structure.

The Pt/MoS; catalyst was then evaluated in
EMC. Under reaction conditions of 1 MPa CO, 1 MPa CzH4, and 160 °C, the production rate of MP
achieves 0.35 gwmp-gear*-h* with MP selectivity of 91.1%, which was doubled at 2 MPa CO. The

TOF reached as high as 320 h, which was ~14 times that of the reported Ru nes/CeO- catalyst. In
addition, the catalyst was easily recovered by filtration from the reaction mixture and could be
reused for 4 times without significant decay in catalytic activity. An extensive screening of the
other noble metals (Ru, Pd, etc.) or support materials (e.g., MoOgz, ZSM-5, and bulk MoS>) showed
that only the combination of Pt and MoS: nanosheets was efficient, suggesting the distinctive role
of Pt and 2D-MoS: for the reaction. Accordingly, DRIFTS (Diffuse Reflectance Infrared Fourier
Transform spectra) of CO adsorption, in situ ATR (Attenuated Total Reflection Infrared spectra),
and DFT calculations were conducted to elucidate the catalytic mechanism. Initially, methanol is
dissociated on Mo sites, and the produced H spillovers to the adjacent Pt site forming Pt-H species
which then activate ethylene, yielding Pt-ethyl species. Subsequently, CO adsorbed on the other Mo
site inserts into the Pt-ethyl species, yielding propionyl species, and this carbonylation is the rate-
determining step. Finally, the nucleophilic attack of propionyl species by -OCHz affords the product
methyl propanoate.

(b) Pt,/MoS, (model.)
Pt /MoS, (exp.)

f
11550 11600 11650 11700
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Rates and Reversibility of CO, Hydrogenation on Cu-based catalysts
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Direct valorization of CO, to methanol on Cu-based catalysts inevitably forms H.O and CO as
byproducts through an interconnected reaction network involving methanol synthesis and reverse
water-gas shift (RWGS) reactions, necessitating the identification of relevant surface species for
each pathway [1]. Kinetic analyses, however, are hampered not only by the potential participation
of both CO, and CO hydrogenation pathways for methanol synthesis but also by the reversible
nature of this system [2]. A corollary to the complex network connectivity of CO, hydrogenation is
the relevant active formulation of Cu-based catalysts, specifically Cu/ZnO catalysts, for methanol
synthesis. Dynamic interactions between Cu and Zn centers that vary with reduction potential have
been invoked based on thermodynamic calculations [3] to explain the enhanced methanol selectivity
of Cu/ZnO catalysts in comparison to Cu/SiO., but the relevance of these changes under reaction
conditions remains unclear. We combine in situ chemical titrations, steady-state Kinetic
measurements, and mathematical formalisms grounded in thermodynamics to elucidate the reaction
kinetics and, pursuant to this analysis, improve the methanol selectivity during CO hydrogenation
on Cu/ZnO/Al>O3 by identifying species that influence the forward and reverse rates of methanol
synthesis and RWGS [4].

Across a range of H2:CO, = 1:1 to H2:CO2 = 80.5:1, active site density determined from in situ
chlorine uptake remained invariant; hence, observed trends in rates can be interpreted as only
arising from reaction kinetics and not from changing active site density. Kinetic and
thermodynamic contributions to rates were decoupled to evaluate forward and reverse rates of
methanol synthesis and reverse water-gas shift (RWGS) reactions. These kinetic analyses show that
the forward rates of methanol synthesis exhibit persistent first order dependence on Px. and are
inhibited by H20 more significantly than the forward rates of RWGS. In contrast, the reverse rates
of methanol synthesis and RWGS are both inhibited by H,. Consequently, without any
modifications to the Cu/ZnO/Al;O3 catalyst formulation, methanol selectivity can be increased
to >80% by increasing inlet Hz partial pressure and methanol yield can be enhanced by ~20% by
adding water adsorbents even under conditions far from equilibrium. The Kinetic treatments
presented herein demonstrate a dearth of H* species during catalysis, provide thermodynamic
constraints precluding sequential RWGS and CO hydrogenation as the pathway for methanol
generation, reveal Py and Phoo as salient in determining methanol selectivity and yield by
impacting both the forward and reverse rates of CO2 hydrogenation on Cu/ZnO/Al>Os, and
explicate the fundamentals of novel sorption-enhanced methanol synthesis, which not only
alleviates equilibrium constraints but also alters the intrinsic rate at which the system approaches
equilibrium.
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In Situ Spectroscopic Studies on CO; reduction

Minhua Shao”

Department of Chemical and Biological Engineering, Energy Institute, The Hong Kong University
of Science and Technology, Clear Water Bay, Kowloon, Hong Kong, P.R. China
* E-mail: kemshao@ust.hk

The reaction pathways of CO; electrochemical reduction reaction have been barely understood due
to lack of direct molecular level information. In this study, we use the surface-enhanced infrared
absorption spectroscopy with the attenuated total reflection configuration to directly monitor the
reaction intermediates of CO2 reductions on both model and nanocatalysts. Reaction mechanisms
according to the spectroscopic and theoretical calculation results will be proposed. Rational design
of electrocatalysts for these reactions will be presented.
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Single-atom catalysts for C1 conversion: performance and evolution
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Metal single-atom catalysts (SACs) have emerged as a focal point of research, captivating the
scientific community due to their distinctive electronic properties and unparalleled catalytic
prowess in the realm of heterogeneous catalysis. Currently, low-temperature reactions have been
tested over metal SACs, such as CO oxidation, and some impressive results have been reported.
However, many important catalytic reactions take place at elevated temperatures (> 200 oC), such
as cracking and reforming, syngas conversion and ammonia synthesis. The applicability of the
metal SACs in these important catalytic reactions have not well addressed due to the stability issue
of SACs.

In this talk, I will present our recent progress on the studies of the Single-atom catalysts used
for C1 molecule conversion, such as syngas conversion and methane dry reforming. | will firstly
show you the preparation of stable single atom catalysts. | will also discuss the stability of the
single atom catalysts in these reactions. The evolution of the SACs will be studied in the reaction
and the relation between the structure and performance of the SAC will be discussed.
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Zeolite Catalysis for activation of C1 molecules
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Zeolites have widely been used as solid acid catalysts in the production of chemicals and fuels. The
acidity of zeolite originates from the protons of the bridging OH groups between the framework Si
and Al atoms. Since the control of environment of active sites in heterogeneous catalysts is one of
the important factors for affecting the catalytic activity, the zeolites with framework Al distribution
controlled have attracted much attention. We have developed several approaches to its control by
means of different types of the organic-structure-directing-agents (OSDASs) [1, 2], the starting
materials [3] and so on. Besides, metal-containing zeolites have received much attention because
they have diverse catalytic functions such as hydrogenation, dehydrogenation, oxidation, and C-H
activation. We have also succeeded in controlling the location of metal cations in zeolites [4-6].
Thus, zeolites have been considered as a key material for achieving a Carbon Neutrality 2050. In
this presentation, our recent research on the zeolite catalysts with location and state of active sites
controlled will be focused. The methanol to olefins reaction, methane to methanol, biomass
conversion and hydrogenation of carbon dioxide to methanol will be introduced.

[1]  Yokoi, T.; Mochizuki, H; Namba, S.; Kondo, J. N.; Tatsumi, T, The Journal of Physical Chemistry C,
2015, 119, 15303-15315
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Will Machine Learning Really Tell Us Anything About Catalysis?
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With increases in computational speed, the age of big data enables society to apply machine-
learning algorithms to all aspects of life. Recently, even scientists have utilized the age of big data
to understand and control nature whereby to improve our understanding of materials as well as
design new materials. Machine learning, a computational dream for decades, has now been realized
—or has it?

Our research group has endeavoured to participate in this exciting direction by applying machine-
learning tools to several physical chemistry and materials science - fundamental research problems
including catalysts. With machine learning, our research has expanded to new directions such as
predicting global reaction mechanisms, understanding adsorbate interactions on catalysts, and to
further improve neural network potentials for rapid structure evaluations that are needed for
materials structure prediction. Fast and efficient computational chemistry and materials science
software has further enabled rapid accumulation of data from which machine learning algorithms
can recognize patterns and make predictions. The application of machine learning tools to catalysis
is not as straightforward as one might anticipate and we will discuss our journey where machine
learning meets quantum chemistry in catalysis.'

We will discuss two prominent examples of our recent success with machine learning: 1) The first
example is a machine-learning approach to evaluate global reaction coordinates. We report on a
global reaction coordinate (containing all internal coordinates) to thoroughly describe the reaction
mechanism for azobenzene photoisomerization. The formalism can be easily applied to any reaction
mechanism in catalysis. the role of other proposed reaction mechanisms; 2) The second example is
a machine-learning approach to predict adsorbate interactions of alloyed catalysts. Here, we utilize
a machine-learning model, based on the random-forest method, to predict CO adsorption in thiolate
protected Au-based nanoclusters. One advantage to our machine-learning approach is that
correlations in defined features disentangle relationships among the various structural parameters.
Our machine-learning adsorbate model is easily extended to other metallic nanocluster catalysts.

We present some philosophy regarding when machine learning is appropriate in assisting
researchers about catalytic research. We also express the role of dynamics when exploring catalytic
systems.
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Coupling photocatalysis with thermocatalysis is considered as the best way for CO2 reduction to
produce useful hydrocarbons. Particularly, photocatalytic CO> reduction activity could be improved
via photothermal effect induced by local heat from and the enhanced visible light harvesting from
noble metal nanoparticles. However, the sluggish hot electron transfer between noble metal and
semiconducting materials remains an achilles heel to achieve an applicable CO. reduction. Herein, a
highly efficient “Pt---Ti” hot electron transportation bridge is paved between Pt nanoparticles and
hierarchically porous TiO2 (HP-TiO2) conquer the barrier of charge migration, effectively boosting
the CO- reduction. Such photothermocatalyst can lower the barrier of charge migration and exhibits
an outstanding hydrocarbon productivity of 29.68 umol-h-g™*, being around 21 times higher than
that of bulk-TiO2, and an extraordinary selectivity to CHs over 99% under simulated sunlight
irradiation. In-situ characterizations and first-principle calculations confirm that the manufactured
“Pt---Ti” hot electron transportation bridge exerts significant role in promoting CO. molecule
activation and conversion. The innovative concept of paving efficient hot electron shift bridge can
act as a crucial springboard in practical application of advanced photothermocatalyst for efficient
COz2 reduction and high-valued chemical production.
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Methane (CHa), the main component of natural gas, is considered to be a cheap and abundant
carbon feedstock. Natural gas is often recovered as byproduct of crude oil extraction. Since gas
transport is inefficient and economically unattractive, this ‘stranded’ methane is often flared as
waste, releasing CO2 gas into the atmosphere. Furthermore, next to methane, these natural gas
streams also contain light alkanes, including ethane and propane. For example, shale gas reservoirs
are considered to contain considerable amounts of ethane and propane, which also needs further
valorization. As a result, both methane and light alkanes utilization processes are of high
importance. Unfortunately, C-H chemical conversion processes are often costly and complex due to
the large amount of energy required to activate C—H bonds and the high reactivity of the related
reaction products (e.g., methanol, ethylene and propylene) relative to the reactant. Therefore, there
is considerable interest in the development of efficient catalytic technologies for the selective
conversion of methane and light alkanes into valuable chemicals, such as light olefins. In this
lecture, two scientific topics on the selective C-H chemical conversion processes will be discussed.

The first topic involves the methane dehydroaromatization reaction (MDA) in which we have
studied Mo- and W-containing ZSM-5 zeolites and investigated the mechanistic aspects of catalyst
activation and deactivation, thereby making use of various in-situ and operando analytical methods
to disentangle the different experimental variables of importance to steer both the catalyst
selectivity and activity. The experimental setup constructed consists of a cascade process in which
we have combined the CO2 methanation reaction (Sabatier process) reaction with the MDA process,
thereby capable of converting CO/CO: streams, originating from e.g. a steel manufacturing plant,
into aromatics, such as benzene, toluene and naphthalene. As one of the reaction products of the
CO2 methanation process is water it is important to improve the hydrothermal stability of the zeolite
materials. Further attention has been focused on the active phase formation and determination.

The second topic focuses on the selective dehydrogenation of propane into propene, thereby
focusing on the coke deposits formation, as assessed with operando time-gated Raman spectroscopy.
Time-gated Raman spectroscopy, based on pulsed excitation and time-gated detection, suppresses
background fluorescence based on its slower time dynamics compared to Raman scattering. In this
lecture, we demonstrate and quantify the benefit of time-gating for operando Raman spectroscopy,
using the propane dehydrogenation reaction over Pt-Sn-based catalyst materials as a case study. We
demonstrate the benefit of time-gating to obtain more distinct Raman features, especially in the
early stages of coke formation where the Raman spectra are dominated by background fluorescence.
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Understanding the Catalytic Conversion of Light Alkanes into Oxygenates over
Zeolite Encaptulated Fe Centers
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Selective oxidation of light alkanes (e.g. methane and ethane) to value-added oxygenated chemicals
using zeolite encaptulated Fe catalysts at low temperatures provides an environmentally benign and
energy-effective approach for efficient ultilization of natural gas resources [1]. Although great
experimental and theoretical efforts, reaction pathways, the nature and structures of active Fe
centers sites are still not fully understood [2, 3]. Herein, complex reaction networks for selective
oxidation of methane and ethane to various oxygenated products over HZSM-5 zeolite encaptulated
mononuclear and binuclear cationic Fe centers in the aqueous hydrogen peroxide solution have
been systematically investigated using first-principles based density fucntionbal theory calcuaitons.
It has been found that the major reaction route in the catalytic cycle of methane to formic acid on
the mononuclear [(H.0)O=FeV-(OH).]" site follows CH4(g) — CHsOH (¢CH3) + (*OH or «OOH)
— CH3OOH/CH20OH* + (*OH or «OOH) - (*CH30)/HOCH,OH*/HOCH,O0H - HCOOH. Four
products including CH3zOH, CH:O0H, HOCH>OOH and HCOOH are identified, where HCOOH is
the major product. The rate-limiting step in the selective oxidation of methane is the
dehydrogenation of CHzOH to CH.OH* via the C-H bond breaking with the activation barrier of
32.0 kJ/mol. We also examined the effects of Fe spin states on the C-H bond activation of methane
using ab initio molecular dynamics simulations combined with advanced sampling technique. The
dynamic evolutions of charge and spin density for the catalytic Fe center have been monitored. The
free energy barrier for the C-H bond activivation over the high spin density Fe center is lower. The
present work not only provides valuable insight into complex mechanism network of selective
oxidation of light alkanes but also offer a new solution for rational design Fe-based catalysts for the
activation of C—H bonds of light alkanes.

+-00H R
—> HOCH,00H —» HCOOH

+-OH Fe=0
—> CH;0H —> -CH,0H (+Fe-0H)

+-0H +-OH
H Fe=0 CH. (+Fe0m —> HCHO (+H;0) = CHO —>» HCOOH
s —> -CH,3 e-

+-00H +-OH
—> CH;00H —>» HCHO (+H:0) —> .CHO —>» HCOOH

Figure 1 Reaction routes of methane to foirmic acid over the H-ZSM-5 encaptulated mononuclear Fe site.
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Design of Zeolite-Based Catalysts for Efficient Conversion of Natural Gas into
Valuable Products
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Metal species including metal nanoparticles, metal clusters and even isolated metal species are
dominant among catalysts used for technological applications. Because they are expensive,
dispersions in the form of nanoparticles on porous supports are often used to maximize the metal
surface area and the number of atoms accessible for catalysis. A major challenge during application
is deactivation of metal nanoparticles and metal clusters, which results from metal sintering and
surface area loss, accompanied by the formation of surface-covering deposits of coke. Regeneration
of supported metal catalysts is complex and expensive, often requiring metal leaching, purification,
and re-deposition.

Here, we demonstrate a general methodology for zeolite encapsulation of metal nanoparticles to
prevent metal sintering. The resultant catalysts exhibit extraordinary sinter resistance in the high-
temperature water-gas shift (WGS) reaction at 300 °C, CO oxidation at 200 °C, oxidative reforming
of methane at 600 °C and CO; hydrogenation at 350 °C. In addition, the zeolite micropores are
selective for molecular diffusion, which are very favorable for selective catalytic conversion of
reactants and selective formation of products. As a result, metal nanoparticles enveloped within
zeolite crystals are very stable and selective catalysts [1], compared with those reported previously.
In addition, after modification of the external surface of the zeolite with organosilanes, it is
achieved for enhanced methanol productivity in methane oxidation by in situ generated hydrogen
peroxide at mild temperature. The silanes appear to allow diffusion of hydrogen, oxygen, and
methane to the catalyst active sites, while confining the generated peroxide there to enhance its
reaction probability. At 17.3% conversion of methane, methanol selectivity reached 92%,
corresponding to methanol productivity up to 91.6 millimoles per gram of AuPd per hour [2].

In addition to the nanoparticles and clusters, isolated metal species are also very active for catalytic
reactions, but their relatively low stability is a key issue for practical applications. For example,
Boron-based catalysts were recently found to be selective for oxidative dehydrogenation of propane
(ODHP), where B-O-B oligomers are generally regarded as active centers [3]. When dealuminated
Beta zeolite was used to support copper nanoparticles (Cu/Beta-deAl), it is found that these
particles become smaller in methanol vapor at 200°C, decreasing from ~5.6 to ~2.4 nanometers in
diameter, which is opposite to the general sintering phenomenon, i.e. a reverse ripening process [4],
resulting in robust catalysts for dimethyl oxalate hydrogenation performed with supported copper
nanoparticles for use in industry.
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DFT mechanistic study on catalytic conversion of CHs and CO;
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One of the challenges toward carbon neutrality would be technological conversion from our
gold standard, petroleum chemistry, to C1 chemisty. In this context, catalytic conversions of CH4
and CO2 into useful chemical compounds would be practically important, and the underlying
mechanistic research would accelerate the catalyst development. In this presentation, our recent
studies on this direction will be introduced.

Conversion of methane to valuable hydrocarbons is one of the alternatives to petrochemical
production of higher hydrocarbons. Yamanaka et al. reported direct dehydrogenative conversion of
methane to higher hydrocarbons by liquid metal indium. The reaction mechanism was investigated
with density functional theory (DFT) calculations and DFT molecular dynamics (MD)
calculations.[1,2] We concluded that small indium cluster on the gas-liquid interface is able to
activate C-H bond to form CHzs-In species. This metastable species couples to generate CoHs on the
interface via Langmuir-Hinshelwood (LH) mechanism.

Polycarbonates synthesized from epoxides and CO. have attracted much attention not only to
utilize COz but also to synthesize biodegradable materials. Bifunctional Al(II1)-porphyrins with
quaternary ammonium halides worked as excellent catalysts for the copolymerization of
cyclohexene oxide (CHO) and CO; at 120 °C. We performed a DFT mechanistic study and found
that the high polymerization activity and carbonate-linkage selectivity originate from the
cooperative actions of the metal center and the quaternary ammonium cation, both of which
facilitate the epoxide-ring opening by the carbonate anion to form the carbonate linkage in the key
transition state.

PCHC O R = O{CH,)N*BusX

Figure. (a) Dehydrogenative conversion of CHs4 to C:Hs on liquid indium surface. (b) Co-
polymerization of CO2 and cycohexaneoxide by Al(ll1)-porphyrin catalyst.
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Recent Theoretical Progresses in Heterogeneous Catalysis

Peijun Hu
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Abstract

Theoretical catalysis has become more and more important in the last thirty years or so. It
is now an irreplaceable tool in heterogeneous catalysis. In this talk, I will briefly review the
progresses made recently in the field. I will focus on ab initio kKinetic simulations. I will show
that ab initio kinetic simulations can accurately reproduce experimental results if the
following conditions are satisfied; (i) the free energy barriers of adsorption/desorption
processes are obtained from first principles calculations and (ii) the interactions among the

adsorbates are taken into account.
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DFT & kinetic modeling of the methanol to olefins process
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The methanol-to-olefins (MTO) process over the acidic zeolite H-SSZ-13 is investigated using
periodic density functional theory (DFT) calculations corrected by higher level calculations (e.g.
DLPNO-CCSD(T)) [1], which are found to be crucial for sufficient accuracy [2]. Using these data,
a kinetic model of the autocatalytic carbon pool mechanism is employed to investigate the
mechanistic details of the initiation Kinetics through a batch reactor model [3]. This model shows
that initiation proceeds via oxidation of methanol to carbon monoxide, which subsequently forms
the first carbon—carbon bond via carbonylation of methanol. The kinetic model also shows that only
extremely small amounts of an olefin need to be formed for autocatalysis to start, implying that
small impurities will dominate over initiation mechanisms. Further work explores the autocatalytic
cycles via either olefins [4] or aromatics [5] and sheds light on the differences between Lewis and
Bransted acid sites [6].
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Confinement of oxide nanolyers on oxide supports for enhanced hydrogenation
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Supported oxides are widely used in many important catalytic reactions [1-3], in which the
interaction between the oxide catalyst and oxide support is critical but still remains elusive. Here,

we construct a chemically bonded oxide— oxide interface by chemical deposition of Coz04 onto

ZnO powder (Co304/Zn0), in which complete reduction of Cos04 to Co® has been strongly
impeded. It was revealed that the local interfacial confinement effect between Co oxide and the
ZnO support helps to maintain a metastable CoOx state in CO> hydrogenation reaction, producing
93% CO [4]. We also show that the open surface of TiO> creates a confined environment for In,O3
which drives spontaneous transformation of free In.Os nanoparticles into In oxide (InOx) nanolayers
covering onto TiO> particles during CO2 hydrogenation to CO. The formed InOx nanolayers are
easy to create surface oxygen vacancies but are against over-reduction to metallic In in the Ho-rich
atmospheres, which thus show significantly enhanced activity and stability in comparison with the
pure In2Os catalyst [5]. The CoOx and InOx overlayers with distinct chemistry from their free
counterpart can be confined on various oxide surfaces, demonstrating the important confinement
effect at oxide/oxide interfaces.
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Structure sensitivity of Cu and ZnO-Cu catalysis in COx hydrogenation and
WGS reactions
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Cu-ZnO based catalysts are widely used to catalyze COyx hydrogenation and WGS reactions, which
have been all demonstrated to be structure-sensitive catalytic reactions. Using Cu nanocrystals
predominantly enclosed by different Cu facets and corresponding ZnO/Cu nanocrystals, we
comprehensively demonstrate the Cu facet effects on Cu and ZnO-Cu catalysis in COx
hydrogenation and WGS reactions, and identify the CuxO-Cucu(oo) interface, the hydroxylated ZnO-
Cucu(i00) interface, the CucueiZn alloy, and the ZnO-Cucyui0) interface as the active site in Cu-
catalyzed WGS, ZnO/Cu-catalyzed WGS and RWGS, ZnO/Cu-catalyzed CO hydrogenation to
methanol, and ZnO/Cu-catalyzed CO> hydrogenation to methanol reactions [1-5]. Following these
findings, we also attempt to fabricate ZnO/Cu inverse catalysts with enhanced performance in COx
hydrogenation and WGS reactions.
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Zeolite-catalyzed carbonylation of dimethyl ether (DME) to methyl acetate (MA) acts as the key
step in converting C1 molecules (methanol/DME) to C2 chemicals (acetates/ ethanol). Mordenite
(MOR) has been documented to be the most effective catalyst by far. Its activity is proportional to
the number of BAS in the 8-MR pore while the deactivation is linked to the BAS in the 12-MR pore
[1,2]. The BASs located at the framework of MOR are generated by Al atom positioning on the four
crystallographic inequivalent tetrahedral (T1-T4) sites. Among them, the T3 site in the 8-MR side
pocket has been proposed to be the only active site [3]. Here, we report that tuning the shape of
nano-sized MOR could alter the spatial distribution of BASs. A plate-like MOR (80-300 nm thick
and 2-3 um wide, Plate-MOR) featured by the exclusive location of Al atom on the T3 site in the 8-
MR pore, allowing elucidate its intrinsic activity for DME carbonylation [4].

The Plate-MOR and a benchmark MOR (Zeolyst-MOR) were comparatively studied. They had
approaching total amounts of BAS (1.53-1.62 mmol-g!) and almost identical framework Si/Al
ratios (9.6-9.9), while the distribution of Al atoms at the T1-T4 sites changed considerably. The
Zeolyst-MOR had a population of T3 (22%) and an equally distributed T4 (21%) in the 8-MR pore,
while the Plate-MOR possessed a much higher T3 population (43%) but undetectable T4; they had
similar populations (57%) of Al atoms on the T1 and T2 sites in the 12-MR pores.

When tested for DME carbonylation at 473 K, the activity, expressed by the formation rate of MA
at the peak conversion of DME, was 0.36 gMA-gcart-h! for Plate-MOR but only 0.22 gma-gea*-h?
for Zeolyst-MOR. These MA formation rates over the two samples could be positively correlated to
the amount of BAS in the 8-MR pores, but the large variation is associated to the distribution of Al
atoms on the T3/T4 sites. The specific activity of the T3 site, which presented as the solely BAS on
Plate-MOR, was estimated to be 7.2 molua-molai.ts?-ht. By assuming that the T3 site held the
same specific activity on Zeolyst-MOR, the specific activity of the T4 site was derived to be 1.8
molma-molaitat-h. In other words, the activity of the T3 site was about 4 times greater than that of
the T4 site. To verify this, additional experiments using other MORs with close total amounts of
BAS but significantly changed Al populations on the T4 sites found a linear relationship between
the formation rate of MA and the normalized number of BAS (T3 + 1/4 T4). Studies on reaction
kinetics revealed that the apparent activation energy of the T3 site was 23.7 Kca mol* while that on
the T4 site was 26.2 kea mol?, which approached those predicted by DFT calculations on CO
insertion into the O-CHs group to form acetyls [5]. The T3 site in the smaller 8-MR pore possessed
a apparently stronger spatial confinement than the T4 site locating at the border between 12-MR/8-
MR pores; this geometric configuration largely contributed to stabilize the transition state in DME
carbonylation [1,3], and thus a much higher intrinsic activity. This quantified the population of Al
atoms on the framework of MOR and accurately described the catalytic chemistry of the T3 and T4
sites for DME carbonylation. Recently, we further found that selective adsorption of pyridine on the
T1/T2 sites in the 12-MR pore of the Plate-MOR not only promoted the durability by inhibiting the
secondary reactions of MA but also doubled the intrinsic activity of the T3 site in the 8-MR pore.
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We have developed time-resolved X-ray absorption fine structure (XAFS) system in order to reveal
the relation between structure and property during reaction. XAFS technique is an element specific
photon-in photon-out probe and sensitive for local structure. These features allow us to observe
only structure change of the target element under in situ condition [1-5].

XAFS spectra were taken at BL14B1 and BL28B2 of SPring-8, Japan. Time-resolved measurement
was achieved by using dispersive optics.

Pd metal nanoparticles show different hydrogen adsorption and desorption properties from bulk
materials. The hydrogen absorption and desorption processes were observed by time-resolved
XAFS at a rate of 200 Hz. It was succeeded to observe the change of Pd-Pd interatomic distance
with 5 ms exposure time and determine the reaction
time below 10 ms [1] Temperature (°C)

5=0 1(?0 1?0 2(=)0

Hydrogen removal by passive water formation
reaction is one of the candidates for creating
hydrogen safe system. We observed structure change
of Pt metal nanoparticle catalyst during the reaction
under the presence of poisoning gas of CO. Figure 1
shows that the creation of oxidized layer (increase of
peak intensity), decomposition of CO (decrease of
peak shift), and water formation reaction on Pt metal
nanoparticles occur at the same time [3].

QMS intensity (a. u.)

;Heating
We have been constructing simultaneous XAFS 61
observation system with time-resolved mode for Cu
and Zn K-edges of Cu/ZnO methanol synthesis ;
catalysts under 0.9 MPa mixed gas flow of H2/COs.. L S S
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With the rapid progress in computer science, numerical simulations, including density functional
theory and molecular dynamics simulations become an important approach in physical science.
With density functional theory calculations, we explored reaction mechanisms of electrochemical
reactions, such as oxygen reduction and CO: reduction that play an important role in energy
conversion and energy storage. For electrochemical oxygen reduction reaction (ORR), we found
that the unconventional 20H* ORR mechanism instead of O* ORR mechanism dominates on
single-atom catalysts such as Fe-N-C, where the ORR half-wave potential of Fe-N-C from 20H*
mechanism is in good agreement with experimental results. The catalytic mechanism and activity
trends can provide the essential understanding of CO; reduction reaction (CO2RR) catalysts. We
introduce a novel mechanism of CO2RR on Fe-N-C, which was inspired by the dynamic of active
site in biological systems. By employing grand-canonical DFT and kinetic Monte-Carlo, we found
that the RDS is not fixed but changing with the applied potential. We demonstrated that our
proposed dual-side reaction mechanisms could clarify the reason behind the high catalytic activity
of CO-poisoned metal centers, as well as the high selectivity of HER over CO2RR at high potential.
We further demonstrated that our proposed mechanism can aslo be applied for Ni-N-C SAC. This
study provides a fundamental explanation for long-standing puzzles of an important catalyst and is
important for understanding the mechanism of electrocatalytic CO2RR and designing efficient
electrocatalysts.
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Catalyst development and mechanistic understandings on Co-catalyzed FTS for
selective synthesis of long-chain a-olefins
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The syngas (H>+CO), which bridges the carbon-containing resources of coal and biomass with the
chemicals and fuels traditionally derived from the petroleum, is important platform molecules for
the efficient and sustainable development of the chemical industry [1]. Among the diverse routes
for converting the syngas, the Fischer-Tropsch synthesis (FTS) characterizes the efficient
production of hydrocarbons with highly varied carbon numbers via the polymerization of the
methylene unit adsorbed over the catalyst surface [2,3]. As a result of this characteristic, regulating
the product distribution of FTS for selectively synthesizing the specific target hydrocarbon or a
group of hydrocarbons currently becomes the main R&D trend of the century-long studied reaction
[1,3].

Although Co-based catalysts show higher specific activity and chain-growth probability than Fe-
based counterparts for the FTS reaction, saturated straight alkanes are dominant products for Co-
catalyzed FTS due to the higher hydrogenation activity of cobalt [1]. Moreover, manganese is found
to be one of the most efficient promoters of Fe or Co FTS catalysts in enhancing the selectivity of
a-olefins [4,5]. Thus, the Mn promoted Co catalysts are concentratedly studied for the synthesis of
a-olefins via the FTS route in recent years, and lower alkenes are generally as the target product
[4,5].

In recent ten years, my research group pays more attention on the selective synthesis of long-chain
a-olefins (Cs+7) via the Co-catalyzed FTS process, and a facile carbon-mediated strategy is
developed to construct Co-MnOyx nano-interfacial catalysts. For the optimal catalyst, the Cs.~
selectivity as high as of ~37% accompanied by a cobalt time yield of Cs: (0.79 g-gcot-h?) is
achieved with a stable performance for a time on stream of over 200 h. The detailed strategy, the
characterization of catalysts, and the kinetics results will be presented in this talk.
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Fully exposed metal cluster catalysts for hydrogen production reactions
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To reduce the cost of noble metal catalyst, it is important to find the balance point between higher
atomic utilization and catalytic ensemble-requirement.l%? The ensemble requirement could be
described as the minimum number of metal atoms and the corresponding spatial arrangement that is
needed to catalyze a specific reaction most efficiently. The famous examples for ensemble
requirement include the so-called C; center over iron and the B5 center over Ru for N activation.
There is a type of catalyst, namely fully-exposed cluster catalyst (FECC), which can not only
provide the catalytic sites with multiple metal atoms but also maintain a full atomic utilization
efficiency.Bl FECC is so highly dispersed that all the metal atoms within it are available for the
adsorption and transformation of reactants. Here, with dodecahydro-N-ethylcarbazole (DNEC) as a
representative substrate of liquid organic hydrogen carrier, we identified that the fully-exposed Pd
clusters with an average Pd-Pd coordination number around of 4.4 acting as the optimal sites
towards efficient hydrogen recovery. [ The extension of the concept of fully-exposed metal
clusters (FECC) would allow for the design of advanced metal catalysts to achieve a higher mass-
specific activity without wasting the metal loading inside particles or as inactive single-atoms. [l
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Principle of Metal-Support Interaction for Rational Design of Stable Catalysts
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The Sabatier principle and classic volcanic dependence of catalytic activity on the descriptor of the
metal-reactant interaction profoundly shapes the rational design of modern metal catalysts on
supports. For industrial practitioners, the stability of metal catalysts on supports is “a matter of
life(time) and death” for commercialization toward efficient catalytic conversion to meet chemical
production, energy, and environmental requirements. Among others, metal-support interaction
(MSI) is thought as one of the most fundamental concepts and vital to the stability since strong MSI
was proposed in early 1970s. Though it receives a long-standing and increasing attention, a
quantitative and predictive theory of MSI for supported metal nanoparticles (NPs) against growth
and sintering remains much sought after and is addressed in this work.

Here we report a predictive Sabatier principle of MSI on stability against sintering of supported
metal nanoparticles. To achieve this, we established first the linear scaling relationships of the metal
atom diffusion and the metal particle diffusion on MSI, which allows us to describe the OR and
PMC Kkinetics in a huge phase space. Through kinetic simulations of 10 transition metals and 91
supports (323 metal-support pairs in total) based on 800 energetics data, a universal volcano
dependence of the sintering kinetics on MSI is found, where the optimal MSI corresponding to the
highest stability should be neither too strong nor too weak. Too strong MSI triggers rapid OR,
whereas too weak MSI stimulates facile PMC, both which are catastrophic to the stability. The
revealed Sabatier principle and scaling relations enable the high-throughput screening supports with
optimal MSI to boost the sintering-resistance temperature of 3 nm metal NPs reaching the
corresponding Tammann temperature (T¢), an empirical temperature necessarily to initiating the
sintering, a fact that corroborates excellently the theory.

For cluster and single atom catalysts, catalysts suffering the chemical stability under operando
conditions, and high-temperature catalytic reactions, strategy beyond the volcano peak identified
above was proposed. Using 3 nm Au NPs as an example, we constructed 6724 bifunctional
supports. It was found that one quarter of them can stabilize the Au NPs higher than corresponding
Tt and even close to the melting temperature. The resulted bifunctional supports consist of strong
MSI domains to anchor the mobile NPs and weak MSI domains to prevent the Ostwald ripening.
Considering numerous bifunctional supports can be constructed and formation of new active sites at
their perimeter sites, this provides a platform to optimize the activity, selectivity, and stability of the
supported metal catalysts.
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Photocatalytic cleavage of polyols to carbon oxides and hydrogen
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Biomass and derived polyols are essential renewable hydrocarbon resources for the large-scale
production of fuels and chemicals. The low energy density of biomass (17 MJ kg') decides the
requirement of additional energy input to increase the yield of high-energy-density chemicals.
Photocatalysis can drive thermodynamical uphill reactions at room temperature, which is expected
to realize the mild conversion of biomass and obtain syngas or hydrogen with a high vyield.
However, achieving efficient interfacial charge transfer to generate carbon radical intermediates and
fully breaking the C—-C bonds of the radical intermediates to produce these gas products are
challenging.
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Figure 1. Photocatalytic production of carbon oxides and hydrogen from polyols

To accelerate the photocarrier separation and migration to the surface, we report the surface
oxidative reconstruction of CdS to form CdO quantum dots (QDs)/CdS intimate heterojunction. The
semi-coherent interface and the quantum size of CdO-QDs efficiently promote charge separation
and migration to the surface, accelerating the photocatalytic bio-CO evolution. The C-C bond
cleavage of biomass-derived polyols initiated from the C—H bond oxidized cleavage. However, the
lack of efficient electron-proton transfer limits its efficiency. We report an unprecedented method to
simultaneously increase electron and proton transfer by creating surface sulfate ions on the CdS
catalyst ([SO4)/CdS). Surface sulfate ion [SO4] is bifunctional, serving as the proton acceptor to
promote proton transfer, and increasing the oxidation potential of the valence band to enhance
electron transfer.

One reason for the poor efficiency of C—C bond cleavage is that the reaction is thermodynamically
unfavorable (AG >0) in an inert atmosphere. Targeting this problem, we report an oxygen-
controlled photo-reforming process to convert biomass-derived polyols into CO at room
temperature. A CdS@g-CsN4 composite shows a 48% yield of CO from glycerol in an appropriate
O2 atmosphere, which is 13-fold that in an inert atmosphere. The C-C coupling is the competing
reaction of C-C cleavage, which has a lower activation energy. Elevating the reaction temperature
favors the reaction with a larger activation energy according to Arrhenius Law. We report a
thermal-promoted photocatalytic C-C bond cleavage over Ta-CeO:, realizing the complete
decomposition of carbohydrates into C: liquid hydrogen carriers. The C: liquid hydrogen carriers
can release H: on-site where needed by either photocatalysis or thermocatalysis.
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Dynamics of Supported Metal Catalysts
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Supported single-atom/nanocluster catalysts exhibit dynamic behavior in reactive environments,
offering potential performance improvements. Our research presents recent findings on the
reactant-modulated structural transformations of single-atom Pd on CeO> under conditions
typical of natural gas-powered vehicle exhausts. During engine start, inactive Pd; single atoms
are transformed to PdOx sub-nanometer clusters (SNCs), even at room temperature with excess
O2 present. This transformation enhances low-temperature (<400°C) CH4 oxidation,
outperforming a benchmark PdO/Al,Oz catalyst. Conversely, oxidative redispersion of PdOx
SNCs into Pd; at higher temperatures (>650°C) regenerates single-atom Pd:/CeO>, preventing
irreversible Pd metal sintering. This reversible process results in a self-healing catalyst. In
contrast, conventional PdO/Al>Os with small PdO nanoparticles (2-5 nm) on high-surface-area y-
Al>03 undergoes severe Pd sintering to 10-20 nm and significantly reduced activity after
hydrothermal aging at 750°C. Additionally, we observed self-sustained non-isothermal rate and
selectivity oscillations in the complex CO hydrogenation reaction (Fischer-Tropsch synthesis)
over a catalyst with Co>Ce: atomic composition at 220°C and equal partial pressures of reactants.
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Study on Direct and Selective Conversion of Methane and Other Low
Carbon Alkanes over Confined and Highly Dispersed Catalysts
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The confined catalysts with highly dispersed and isolated active sites exhibit
excellent and unique catalytic performances for heterogeneous catalytic reactions due
to their homogeneous and single active center. In the selective conversion of low
carbon alkanes such as methane, the isolation of the active center in the highly
dispersed and isolated active site catalyst inhibits the further conversion of the
intermediate or target product, especially the isolation of the active site is conducive
to reducing or inhibiting carbon deposition, and occurrence of deep oxidation
reactions or side reactions. Thus, it improves the selectivity of the target product. In
this talk, | summarize a series of research results of our R&D team in recent years on
the design and construction of the confined catalysts with highly dispersed and
isolated active sites and their catalytic performances for the conversion and optimal
utilization of methane and other low carbon alkanes [1-7].

The framework confined Mo/V-SBA-15 and Mo-KIT-6 catalysts were prepared
by in-situ self-assembly synthesis. Among them, the Mo/V active components are
confined to the mesoporous SiO> framework, forming a stable structure of highly
dispersed isolated active sites. The active site structure showed excellent selectivity of
formaldehyde, acetaldehyde, acrolein and propylene in the direct selective oxidation
reactions of methane, ethane and propane, respectively. Especially, compared with the
supported catalyst, the isolated active site catalyst in the framework-confined catalysts
do not accumulate carbon (or the carbon elimination rate is fast) during the
conversion process of low carbon alkanes, which ensures the activity stability of the
catalysts [1].

The transition metal sites in the carrier-confined domain were used to achieve
high dispersion and efficient anchoring of precious metal platinum, thus effectively
improving the stability of platinum-based catalysts. The deactivation rate constant of
Pt/Mn-DMSN catalyst for the catalytic dehydrogenation of propane is 1/9 of that of
Pt/DMSN catalyst [2]. We found that cheap TiO. and Al>Os nano-oxides have
excellent catalytic performance for propane dehydrogenation after reduction. The
absence of partial lattice oxygen on the surface reduces the coordination number of
the adjacent metal, forming a variety of highly dispersed coordination unsaturated
titanium-oxygen (Ti-ucus-O) or aluminum-oxygen (Al-ucus-O) Lewis acid-base pairs
and some oxygen vacancy, which can effectively regulate the adsorption energy
barrier of intermediate products and the energy barrier of key steps (the first C-H
activation and H formation). The rate of CsHe formation was linearly related to the
surface oxygen vacancy concentration.[3.4]

Very recently, the surface modification of Cu-BTC and MIL-100(Fe) MOFs by
hydrophobic polydimethylsiloxane (PDMS) not only significantly improves the cycle
stability for catalytic methane oxidation of MOFs catalysts in the liquid phase, but
also generates unsaturated Cu(l) and Fe(ll) sites, respectively. The catalytic activities
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of Cu-BTC and MIL-100(Fe) catalysts were both significantly improved. For
Cu-BTCMOFs catalyst, the high yield of C1 oxygenate (CHsOH, CH3OOH) reached
10.67 mmol g cat.*h. The selectivity of Cu-BTC-P-235 catalyst for C1 oxygenate
reached 99.6%[5]. For MIL-100(Fe) MOFs catalysts, the high yield of C1 oxygenates
(CH30H, CH3s00H, HOCH,0O0H and HCOOH) reached 83.13 mmol g cat.*h. The
selectivity for C1 oxygenate is close to 100%[6]. We also studied and developed a
new type of catalysts of ultralight BN nanoribbon aerogels-supported highly dispersed
5-10 nm PtOx nanoparticles and they are suitable for plasma-assisted partial oxidation
of methane reaction in a CHs —O> flow system with H>O vapor cofeed at low
temperature. The synergistic effect of H.O vapor and Pt./BN-nanocatalyst overcomes
a tradeoff problem between CH4 conversion and oxygenate selectivity [7].
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Joule heated structured reactors for electrification of endothermic catalytic processes
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The energy demand for producing chemical commodities causes a substantial contribution to
greenhouse gases (GHG) emissions. Endothermic, equilibrium limited reactions typically require high
temperatures and input energy flux, which are conventionally provided by combustion. Electrification
of these processes is gaining growing interest as an effective method to mitigate their GHG impact [1].
Among different electrification methods joule heating allows to efficiently convert electrical power into
heat, which can be delivered in a close coupling configuration with the actual enthalpy demand of the
chemical process. Structured catalytic reactors are a powerful tool to fully exploit the potential of
debottlenecking heat transfer limited chemical processes by properly designed joule heating solutions

[2].

In recent years two different configurations based on open cellular structures (foams and periodic open
cell structures) have been investigated at Politecnico di Milano aiming at intensification of joule heated
catalytic processes.

The first configuration uses Si infiltrated SiC foams with tuned electrical resistivity properties both as
joule heating elements and as catalyst supports. The reactor has been tested at lab scale in different
endothermic processes, i.e. steam reforming [3], dry reforming and r-WGS [4]. Experimental results
demonstrated that SiSiC foam electrified rectors with Rh based catalyst allow to reach high equilibrium
conversion value under quite intensified conditions (e.g. 13000 h*' GHSV with 8 MW/m? power
density in steam reforming tests) with an energy conversion efficiency of about 80% (specific energy
demand of 1.24 kWh/Nm?3u2). A preliminary scale up by mathematical modelling demonstrated the
potential to design compact methane steam reforming unit for distributed H> production with
productivity in the order of hundreds Nm3u2/h.

A second structured electrified reactor configuration has been developed based on copper cellular
structures able to conductively distribute the heat generated by standard resistive elements properly
placed within the metal lattice [5]. The concept was experimentally demonstrated at the lab scale
showing high power density and energy efficiency in the steam reforming of biogas.
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Due to the high stability of methane, converting it to value-added chemicals has been a
critical challenge in C1 chemistry. Oxidative coupling of methane (OCM), which uses gas-
phase oxygen to selectively oxidize methane into higher hydrocarbons (C>-+), has garnered
significant attention since its inception in the 1980s. More than 2,000 OCM catalysts have
been identified so far.! Nevertheless, the single pass yields of C2+ hydrocarbons are limited
by a strong inverse relationship between conversion and selectivity. Through analysis of
relative reaction rates and optimization of the thermochemistry of the surface species on an
idealized catalyst, Green et al. predicted that C+ yield is limited to ~28% in catalytic OCM
with gaseous oxygen.? This upper limit has been supported by all verifiable experimental data
reported to date. One potential approach to overcome this limit is chemical looping OCM
(CL-OCM), which utilizes a reducible metal oxide operated through cyclic redox steps under
alternating methane and Oz environments. The current study reports Pr-containing lanthanide
oxides promoted with a Li-COz shell for CL-OCM, which exhibited up to 30.6% single-pass
Ca+ yield with stable performance at 700°C (Figure 1). The roles of the mixed oxide core and
Li>COs shell, as well as the effect of Pr oxidation state, were determined by ex-situ X-ray
absorption near edge structure (XANES), in-situ Raman, in-situ X-ray diffraction (XRD), in-
situ XPS, and quantum chemistry calculations. In addition to OCM, this presentation will also
cover a generalized strategy to promote redox-active mixed oxides for chemical looping
oxidative dehydrogenation (CL-ODH) of C2 — C4 light alkanes.
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Figure 1. (a) TEM-EELS on the LaPrOs+x@5Li.COs redox catalyst; (b) Catalyst performance
for CL-OCM at varying space velocities: T = 700°C, Pcrs = 1.0; (c) Involvement of Ox*
created by LaPrOs.x and summary of the possible reaction products of H,O + O2*.
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CO; Capture Technology and Its Utilization with Photo/electrocatalysis Method
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The long-term global dependence on fossil fuels has resulted in a continuous increase of carbon
dioxide (CO2) emission, a primary driver of climate change. As the world's largest CO2 emitter,
China announced the climate goal to achieve carbon neutrality before 2060, which is of great
significance to promote net-zero emissions in the world. Considering limited improvement in
energy efficiency and the instability led by large-scale deployment of renewables in the near term,
carbon capture, utilization, and storage (CCUS) is expected to play an important part in achieving
net-zero emissions both in China and global. For CO. capture, post-combustion CO. capture,
especially through chemical absorption using an aqueous amine-based solvent, is considered as the
most established and effective approach for CO; capturel!l. Chemical absorption is more suitable for
high-flow, low-concentration flue gas carbon capture processes, compared to solid adsorption and
membrane separation. For CO; utilization, photo/electrochemical CO> reduction is one promising
strategy that can fix COz in a mild and clean manner combined with sustainable energies. However,
both photocatalytic and electrocatalytic CO> reduction performances are highly dependent on the
catalysis system because of the difficulty in CO activation, low mass transfer, poor product
selectivity, and competitive hydrogen evolution reaction[?,

Here, we will introduce the latest achievements of our group in carbon capture, and focus on the
highly selective reduction of CO; into high value-added products under ambient conditions by
photocatalytic or electrocatalytic method. For CO: capture, developing from the existing organic
amine chemical absorption, our group proposed a systematic approach focusing on a novel biphasic
absorbent-catalytic desorption-process optimization to reduce energy consumption. Moreover, we
have formulated an industrial flue gas carbon circulation process plan based on the demonstration
project of CO> capture and utilization from coal-fired flue gas in Jiantao company, Xingtai city,
Hebei Province, to gradually address key technological bottlenecks. For CO: utilization, in
photocatalytic CO> reduction, we develop several photocatalysts, such as single atoms (Figure 1a)
or alloys nanoparticles coupled semiconductors (HxMoOz.y or TiOz), which show almost 100% CO
selectivity. In electrocatalytic CO. reduction, we report that Cu single atoms achieve C> liquid
products Faraday efficiency of 58.62% and ethanol FE of 46.28%. These studies offers deeper
understanding at the atomic scale for designing high-performance photo/electrocatalysts for CO:
conversion to valuable liquid fuels.
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Figure 1. (a) Photocatalytic CO> reduction to CO and (b) electrocatalytic CO> reduction to Co.
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Cold plasma enhanced CH4 and CO2 conversion over Ni-Mo2C interfaces
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Cold plasma coupling with catalysis is promising to activate thermodynamically stable
molecules because of its non-equilibrium character. Though the synergy between plasma and
catalysis has been long noticed, but how to further improve the synergy efficiency remains
challenging 4,

Herein, cold plasma, being able to driven by renewable electricity, was coupled with Ni-Mo
catalyst to enable such a strong endothermic DRM reaction occurring without extra thermal input,
and establish a zero-carbon emission processs 3. An efficient Al,O3 supported NiMo catalyst with
mesoporous structure and abundant Ni-Mo2C interfaces was developed to maximum the synergy
efficiency between plasma and catalysis. Mo,C was employed as an effective component to activate
CO; and collaborated with Ni/y-Al.Os for the plasma-assisted DRM reaction *51, Mo,C facilitated
the charge deposition, and Ni-Mo.C interface was in-situ generated due to the strong interaction
between Ni and B-Mo,C 281, The rationally designed 10Ni4Mo@AIl.O3 (SA) catalyst rendered an
outstanding H2 production rate of 44.4 kgH2/gca/h at an input power of ca. 60 W, and the in-situ
derived B-Mo2C facilitated the CO, activation and ensured an extraordinary stability upon running
for 550 hours without deactivation, being never realized in plasma-catalytic system.

The present study proposed a way of cold plasma coupled with catalysis for CHs-CO>
reaction to establish a zero-carbon process, and the strategy of catalyst design for structure
and interface modulation to enhance the synergy and energy efficiency.
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Advancing Olefin Production: Integrating Microkinetics and Experimental
Insights in CO2 Hydrogenation
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The escalating demand for olefins, coupled with increasing environmental concerns, has intensified
the search for sustainable and efficient production methods. This study presents an approach to
olefin production through the hydrogenation of carbon dioxide (CO2), a process that not only
addresses the need for greener chemical processes but also utilizes CO2, a prevalent greenhouse
gas, as a raw material. By integrating microkinetic modeling with comprehensive experimental
investigations, we unveil the intricate dynamics of CO2 hydrogenation pathways leading to the
selective production of light olefins, such as ethylene and propylene.

Descriptor-based microkinetic modeling is utilized to explore the metal-dependent activity and
mechanisms, enhancing catalyst screening for the hydrogenation of CO and CO2 across various
transition metal surfaces. This approach leverages refined scaling relations to expedite the
estimation of input parameters, streamlining the analysis of metal catalysts' efficiency. The
microkinetic framework encompasses 90 elementary steps, encapsulating processes such as the
reverse water gas shift reaction, and the conversion of synthesis gas to methane, methanol, ethanol,
propanol, alkanes, and alkenes.

Experimental validations, encompassing methanation, olefin production, and Fischer-Tropsch
synthesis reactions, corroborate the microkinetic model's predictions. Through an examination of
detailed reaction mechanisms, the model sheds light on reaction intermediates, rate-determining
steps, and the influence of catalyst properties on kinetics. Notably, the modeling identifies a
significant challenge in chain growth to heavier hydrocarbons during CO2 hydrogenation, attributed
to low CO surface concentrations. However, it highlights a propensity for olefin production under
these conditions.

Furthermore, the descriptor-based microkinetic model adeptly identifies bimetallic catalysts such as
Cos-M(M: Sb, Ge, Ga, Rh, Ni, Fe, As, Al) and Nis-(M (M: Cu, Zn, In, Ir, La, Mn), that show
promise for olefin production. Leveraging low cost, a bimetallic CoFe catalyst supported on ZrO:
was developed for CO> hydrogenation. The effects of the Co:Zr:Fe ratio in terms of activity and
selectivity as well stability were studied, and CoZrFeOx (1:1:8) was optimized to achieve 50%
selectivity of C.-Cs™, 7.6% selectivity of C»-Cs paraffin, 11.8 % CH4, 5% liquid (mainly methanol
and ethanol), 40% conversion of CO; at 5000 mL h-! g, 3MPa, 320 . and H2:CO.=3:1. The
fresh and spent catalysts were characterized by various techniques to better understand the
structure-properties-performance relationship. This comprehensive approach not only advances our
understanding of CO and CO: hydrogenation but also accelerates the development of efficient
catalysts for sustainable chemical synthesis. It offers a promising route to mitigate CO2 emissions
while fulfilling the industrial demand for olefins, marking a significant step towards sustainable
chemical manufacturing.
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Selective synthesis of value-added oxygenates by tandemly coupled CO:
hydrogenation with carbonylation
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Direct thermocatalytic synthesis of C,* oxygenates such as ethanol and methyl acetate (MA) by
CO- hydrogenation has been largely attractive to realize carbon-carbon coupling reaction by using
tendem coupled heterogenous catalysts [1-3]. In the present study, we tried to develop a tandemly
coupled CO- hydrogenation and carbonylation reaction to carry out one-step synthesis of methyl
acetate and ethanol from CO; feedstock. For more detail, gas-phase CO, hydrogenation to methanol
and reverse water-gas shift reaction (RWGS) were simultaneously carried out to form methanol and
CO intermediate on the core-shell structured SiOz-encapsulted Cu-ZnO nanoparticles (CZ@Si)
(Figure 1(A)), and successive gas-phase carbonylation reaction with CO and dimethyl ether (DME)
formed by methanol dehydration was carried out over nano-sized ferrierite zeolite (NFER) to
synthesize MA (Figure 1(B)), where the MA can be futher hydrogrnated to for ethanol over CZ@Si
catalyst through integration of catalyst-beds. The contribution of the thermally stable Cu-ZnO
nanoparticles in the CZ@Si nanostructures and active 8-membered ring (8-MR) channels in the
NFER was found to be crucial to produce an optimal CO/DME ratio by CO, hydrogenation, which
were found to be proper for carbonylation reaction to methyl acetate and its further hydrogenation
to ethanol through triply coupled tandem catalysis. As shown in Figure 1(C), the higher MA
selectivity was obtained more than 50% with a considerable CO> conversion of ~20% over the
CZ@SiO2(0.5)/NFER tandem catalysis. Furthermore, one-step ethanol synthesis was realized by
MA hydrogenation over the CZ@Si(1.0) catalyst with the highest ethanol selectivity of ~50% and a
considerable CO> conversion of ~30%. The proposed present tandemly coupled catalysis can offer
new alternative approaches for the sustainable and effective ethanol production method from CO..
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Figure 1. TEM images of (A) CZ@Si(1.0), (B) NFER and (C) Catalytic activity for CO, hydrogenation to
methyl acetate (MA) and ethanol with H2/CO. feed ratio of 3/1 on the (a) CZ@Si(0.5)/NFER, (b)
CZ@Si(0.5)/NFER/CZ@Si(1.0) and (c) CZ@Si(1.0)/NFER/CZ@Si(1.0)), where the CZ@Si(X) represents
encapsulated Cu-ZnO@Si catalysts prepared with different concentration of metal precursors (X = 0.5 and
1.0 for Cu/Zn ratio) amd NFER represents the nano-structured FER zeolite.

References

[1] J. Kang, S. He, W. Zhou, Z. Shen, Y. Li, M. Chen, Q. Zhang, Y. Wang, Nat. Commun. 2020, 11(1), 827.
[2] Y. Wang, W. Wang, R. He, M. Li, J. Zhang, F. Cao, J. Liu, S. Lin, X. Gao, G. Yang, M. Wang, T. Xing,
T. Liu, Q. Liu, H. Hu, N. Tsubaki, M. Wu, Angew. Chem. Int. Ed. 2023, €202311786.

[3] D. Xu, H. Yang, X. Hong, G. Liu, S. C. Edman Tsang, ACS Catal. 2021, 11(15), 8978-8984.


KN-7-3


KN-7-4

Electrocatalysis based on heterogeneous molecular catalysts

Xin Wang
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ABSTRACT

Heterogeneous molecular catalysts based on transition metal complexes supported on
conductive substrate have received increasing attention for their potential application
in electrocatalysis and electrosynthesis. In this talk I will report some exemplary work
on tuning the electrocatalytic activity of such heterogeneous molecular catalysts. In one
demonstration based on Ni molecular catalyst, we found for the first time that the
presence of Fe** ions in the solution could bond at the vicinity of the Ni sites, generating
heterogeneous Ni-Fe dual sites anchored on doped graphene. These Ni-Fe sites
exhibited drastically improved oxygen evolution activity. Using CO; reduction on well-
defined molecular catalysts as a probe, we also demonstrated the importance of axial
ligand, relay molecule and microenvironment in improving interfacial electron transfer

and subsequent electrocatalytic activity.
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Electrochemical CO2 Reduction Chemistry over Model Single-Atom Catalyst
Prof. Liu Bin
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Abstract: Noble-metal and transition-metal based materials have been demonstrated
as promising catalysts for selective electrochemical CO- reduction reaction (CO2RR),
however, neither the detailed structures of catalytic intermediates nor the key surface
species have been unambiguously identified. In this work, a series of single transition-
metal atom catalysts with well-defined structures were developed as model systems to
explore the electrochemical CO2RR chemistry. Employing a combination of operando
X-ray absorption spectroscopy, attenuated total reflectance surface enhanced infrared
absorption spectroscopy, Raman spectroscopy and Md&ssbauer spectroscopy, we
successfully captured the dynamic evolution of the catalytic centers during the CO2RR
process.
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New processes for catalytic conversion of carbon dioxide
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Professor Jie Zeng focuses on catalytic conversion of CO;, and has made breakthroughs in
catalyst design, reactor development, and process design. He developed a Pbi/Cu catalyst that
enabled efficient transformation of CO; into value-added chemicals such as formic acid. A strategy
of "nano glue" was proposed to stabilize single-atom catalysts even under harsh reaction conditions.
Through the design of solid electrolyte reactor, the continuous production of high purity chemicals
such as formic acid and acetic acid from CO. was realized. He also proposed a novel way of
producing food molecules via a hybrid electro-biosystem, coupling spatially separate CO;
electrolysis with yeast fermentation, that efficiently converts CO- to glucose and fatty acids with a
high yield.
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CO: Sorption/Reduction Systems for Direct Air Capture/Utilization (DAC-U)
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Carbon dioxide removal (CDR) is a new
concept for removing CO> from the atmosphere.
Direct air capture (DAC) is an important CDR
technology which removes ultralow
concentrations of CO. (~ 400 ppm) from the air.
On the other hand, CO: capture and reduction
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with H> (CCR), which has been recently studied
in catalysis community, targets at capturing high
concentration CO, from combustion exhaust gas
and then converting it to CO or CHs. Several
dual functional materials (DFMs) for CCR have
been reported, but to the best of our knowledge,
the CCR of CO. from the air has not yet been
reported. In this study, the CCR system and a
membrane DAC were combined to demonstrate
the first example of direct air capture and
utilization (DAC-U) for continuous production
of CH4 or CO from the air [1,2].

The screening tests for model CCR system
showed that Ni nanoparticle (NP) on Ca-loaded
AlbO3 (Ni-Ca/Al;03) was the best DFM for
methanation. Pt NPs on Na-loaded Al,Oz (Pt-
Na/Al>Os3) was the best DFM for CO formation.
The active site structure and CCR mechanism
were proposed based on the results of XRD, ¢
XPS, STEM/EDS, TPD, XANES/EXAFS, and
operando IR.

Fig. 1 shows the schematic of the DAC-U
system. A membrane DAC module was
connected to a vacuum pump, and the outlet of Fig. 1 Apparatus (top) and results (bottom) of DAC-U.
the pump was connected to the CCR system via
a water trap (cold trap and molecular sieve units). The DAC unit feeds approximately 2000 ppm
CO- to the CCR unit. The CCR system consists of parallel double fixed-bed flow reactors (A and
B) at 350 °C and timer-controlled 4-way valves. Each reactor contains 0.5 g Ni-Ca/Al;O3. CO-
(2000ppm)/air mixture was fed to the reactor A for 60 s, while H, was fed to the reactor B for 60 s.
Then, the inverse gas was fed to each reactor by simultaneously switching the two the 4-way
valves. During a long-term (6000 min) DAC-U operation, the system continuously captured CO; in
the air and converted it to CHs with the repetition of a few thousand cycles of CCR operation.
Continuous and selective production of ca 2000 ppm CO from the air was demonstrated using a
similar DAC-U system with a Pt-Na/Al2Oz3 catalyst.
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Tailoring Ni based Nanocatalysts for CO2 upcycling
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CO: hydrogenation to C1 chemicals has attracted significant interest due to the increasing demand
of energy and global warming. Continuous efforts in the field of heterogeneous catalysis have
revealed that the CO, hydrogenation is structure-sensitive in monometallic catalysts. However, the
structure-performance relationship fundamental research in bimetallic catalysts is a big challenge
because the well-defined bimetallic structures and the corresponding mechanism are more complex
than monometallic ones. Here, with the construction of TiO. supported Ni-Ru bimetallic catalysts,
evidenced by advanced microscopy characterizations, the alloyed and non-alloyed structures have
been synthesised for the hydrogenation. The in-situ experiments show that the Ni-Ru bimetallic
structures act like an ‘H atom-valve’ via controlling the Hz spillover which can completely switch
the CO; hydrogenation selectivity during the reaction. These findings bring a fundamentally new
understanding of the selective hydrogenation on bimetallic nano-catalysis and the structure-
performance relationship in controlling the “H atom-valve’ for many important chemical processes.
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Bio-based CO and CO2 for sustainable fuel production
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Currently, the energy system is in a critical period of green and low-carbon transformation.
Countries around the world are actively developing renewable energy (e.g., biomass, solar, wind,
etc.) industries. Biomass is the only renewable carbon resource in nature that can replace fossil
resources, and it is also internationally recognized as “zero carbon" renewable energy [1]. The
efficient conversion of biomass to prepare biofuels and high value-added chemicals is one of the
important directions for the development of circular economy [2-3].

This report summarizes the technological research and development progress of biofuels in recent
years, the current status of industrial development, and future trends. The preparation technologies
of bio-kerosene, biodiesel and bioethanol are compared and selected from the dimensions of
feedstock adaptability, carbon conversion efficiency, technology maturity, product regulation
capability, potential application prospects and technology economics. Focus on the exploration and
practice of biomass gasification, bio-based CO and CO2 preparation of sustainable fuels through
Fischer-Tropsch synthesis. We believe that the preparation of high value-added biofuel
technologies through the biomass gasification-Fischer-Tropsch route has great potential for
development. The paper analyzes the technical difficulties of the biomass gasification-Fischer-
Tropsch synthesis route and suggests research directions for this technology route.

Reference to publications:
[1] Kumar, A.; Daw, P.; Milstein, D., Chem. Rev. 2022, 122 (1), 385-441.
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Structural cage effect of 3D ordered meso-macroporous Ni-based catalysts for
boosting carbon-resistant dry reforming of methane
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Methane and carbon dioxide are the main gases in industrial emissions and automobile exhaust. Dry
reforming of methane (DRM) is a traditional and efficient reaction for the conversion of methane
and carbon dioxide, the product of syngas has an H>/CO ratio close to 1, which is a more suitable
feedstock for Fischer-Tropsch synthesis to synthesize high value-added products. The carbon
deposition resistance of Ni-based catalysts in DRM reaction is still a challenge to industrial
application. y-Al>Os3 is one of the desirable supports for DRM reaction due to its suitable acid-base
property, excellent thermal stability and cheapness. Herein, the hierarchical porous catalysts of 3D
ordered meso-macroporous y-Al,Osz-supported Ni nanoparticles (Ni/3DOMM-ALI) were elaborately
constructed by the two-step methods of evaporation-induced self-assembly colloid crystal template
and incipient-wetness impregnation [1]. The cage effect of unique 3DOMM structure can increase
collision probability between reactants and active sites in one spherical cavity, and its large specific
surface can improve the dispersion of Ni-based active components. Ni/3DOMM-AI catalysts
exhibited super catalytic performance and stability during dry reforming of methane, i.e., its
conversion rate of CH4 and CO; at 650 °C is 90% and 93%, respectively; and its catalytic activity
was almost unchanged during 100 h. Combined with the results of experiment characterizations and
density functional theory calculations, Ni-based nanoparticles can boost the key dissociation steps
of C-H and C-O bonds [2], and the structural cage effect of Ni/J3DOMM-AI catalysts restrain the
formation of nanotube-type carbon deposition in each spherical cavity via the increasing contact
efficiency between carbon and pore wall [3]. This work provides a monumental solution for carbon
deposition resistance of Ni-based catalysts during DRM in practical industrial applications.
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Selective activation of C—H bonds in light alkanes at mild conditions is challenging but holds the
promise of efficient upgrading of abundant hydrocarbons. In this talk, we discuss our recent
discovery of selective activation methane, ethane and propane on metallic Cu with Oz in the
presence of an aqueous phase acid. Cu” was identified as the likely active center, which led to the
discovery of Cu" stabilized in zeolites capable of propane activation at ambient conditions with a
~95% selectivity for propylene. Diffuse reflectance ultraviolet spectroscopy indicated the presence
of both Cu™0> and Cux( -(2522+ Msapecies in the zeolite pores during reaction and electron
paramagnetic resonance resl-l‘llﬁs sﬂl%owed that propane activation occurred via a radical-mediated
pathway distinct from that with H>O> as the oxidant. Correlation between spectroscopic and
reactivity results on Cu(I)-ZSM-5 with different Cu loadings suggested that the isolated introporous
Cu(I) species was the main active species in the propane activation.
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Simultaneous Conversion of CH4 and Nz by Microwave Catalysis and
Microwave Plasma Catalytic Processing
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The chemical processing industry is substantially dependent on natural gas as a feedstock [1]. In
the process, it has become one of the major contributors of green-house gas emission.
Electrification and process intensification can substantially upgrade chemical industries to
carbon free and zero waste systems [2]. The basic definition of an intensified chemical process
has broadened from merely reducing the size of the processing plant to a holistic undertaking
that can reduce waste and energy consumption with improved product yield. Microwave-driven,
direct conversion of methane (CH4) to value-added chemicals can be qualified as an intensified
process, if it is energy efficient, free of unwanted side products (CO), and leads to maximum
conversion of CH4 to useful products. In this work, we demonstrate that by tuning H-field or E-
field heating modes in microwave, it is possible to achieve co-benefits of increasing energy
efficiency and product selectivity.

Two highly stable molecules, CHs and N> were simultaneously activated in a single-stage
microwave-heated catalytic reactor to form ammonia, ethane, ethylene, and acetylene at
atmospheric pressure. Density functional calculations and micro-kinetics modelling were used to
predict the reaction behavior at temperatures ranging from 573 K to 973 K and validated with
experimental analysis. The influences of terrace (111) and step (211) sites on K promoted Ru
crystals were established in product formation and catalyst coking. NH3; formation occurs
predominantly on the step (211) sites while Cz product formation can occur on both the sites. It
was found that the elementary reaction steps leading to NHj3 synthesis occurs due to the non-
thermal effects of microwave irradiation while C» products formed simultaneously are due to the
thermal effects only. A reaction mechanism is postulated on the catalyst coking and validated
experimentally by in-situ regeneration using H> and O-.

The main challenge in simultaneous conversion of methane and nitrogen to ethylene and
ammonia under plasma conditions is the low selectivity. This is largely due to the difficulties in
controlling the reactions among the intermediates. To address this challenge, this article
explored an innovative strategy - post-plasma catalysis in microwave-enhanced plasma. After
placing the thermally heated CeO: catalyst in the post plasma region, the active nitrogen-based
species generated a steady amount of ammonia. The selectivity of ethylene increased from 3% to
37%, the highest among the C, products. While under conventional thermal heating, in the
absence of plasma, the catalyst over-hydrogenated the acetylene to ethane and no ammonia was
produced from nitrogen.
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Ethylene, the key feedstock of the chemical industry, is primarily produced by steam cracking
of naphtha [1]. With the accelerating depletion of petroleum resources and the increasing demand of
global ethylene, the development of sustainable ethylene production with nonpetroleum resources
has become imperative. In particular, the selective coupling of C1 molecules (e.g., CH4, CH30H,
CO and COy) to ethylene has been recognized as a promising alternative [2]. Herein, we
demonstrate two examples of sustainable ethylene production via controllable C-C coupling. (1) We
develop a selective methanol-to-ethylene conversion that successfully addresses the long-standing
selectivity and stability issues in the traditional methanol-to-olefins (MTO) process. The key
innovation is the integration of a selective alkylation of phenol with methanol and a selective
pyrolysis of anisole into ethylene and phenol. Owing to the spatial control, the direct C—C bond
formation is imprisoned on the external surface of zeolites. The potential formation of large
hydrocarbons inside the zeolite pores is avoided so that the reaction pathway can be redirected to
improve ethylene selectivity (> 99%) and stability (catalyst lifetime > 1440 min). (2) We propose a
selective oxidative coupling of methane via surface-confined methyl-radical transformation. The
uncontrollable homogeneous transformation of ‘CHs in oxidative coupling of methane (OCM)
places an inherent upper bound on single-pass C; yield (~ 28%) independent of catalyst, which is
the major obstacle for its large-scale utilization [3-5]. We show that supported tungstate sub-
nanoclusters enable controllable selective C—C coupling of CHj3 with significantly reduced CO>
formation under OCM reaction conditions. Experimental results and kinetic modeling
unambiguously show that combining catalysts for -CH3 generation versus capture can be an
effective approach for improving OCM catalyst performance and breaking away from limits
imposed by gas-phase kinetics.
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Metal-modified acidic zeolites have been identified as efficient catalysts for the conversion of
alcohols and alkanes. Insight into the active sties and reaction mechanism is critical for efficient
catalyst design and catalytic process optimization. Solid-state NMR is a powerful tool in the field of
heterogenous catalysis due to its high sensitivity to the local structure of catalyst and molecular
dynamics in the reactions.!!?! In recent work, the active sites on metal (Zn, Ga, Mo, etc.) modified
zeolites and catalyzed light alkanes conversion were investigated by using solid-state NMR
spectroscopy.®! By using 'H-{metal} double-resonance solid-statt NMR experiments, we
identified proximate dual active sites on these meal zeolites. The active ensembles compose of Mo
site and proton containing compounds in Mo/ZSM-5 zeolite channels were identified by 2D 'H-
{**Mo} correlation NMR spectra. Their dynamic evolution in dehydroaromatization of methane
was followed and correlated with catalytic performance. The acidic proton-metal spatial interaction
was correlated with methane C-H bond activation and conversion. By using in-situ '*C NMR
technique, cyclopentenyl cations were for the first time observed as the active carbocation
intermediates in propane aromatization on Ga/ZSM-5 zeolite. Autocatalysis of propane to aromatics
was identified in the initial reaction stage. A dominant hydrocarbon pool process was revealed in
propane conversion.
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Propane and butanes are present in natural/shale gas, and they are also abundantly by-produced in
petrochemical industry. Efficient conversion of such light alkanes is of essential significance for
enhancing the utilization efficiency of resources and studying the activation and evolution
regulation of C-C and C-H bonds in stable molecules. Compared with conventional oil-based
cracking, using gas-based feedstocks of propane and butanes to produce ethene and propene via
non-oxidative dehydrogenation and catalytic cracking process has been considered as economic and
environmentally friendly routes'!). From the viewpoint of catalysis, how to construct catalysts with
industrial application potential and reveal the structural-property relationship in molecular level is a
key issue in this field.

Due to its tunable acidity, high hydrothermal stability and excellent shape selectivity, Silicalite-1
and HZSM-5 zeolite with MFI topology has been one of the most extensively used carriers and/or
catalysts in alkane dehydrogenation and cracking reaction>*. Herein we will summarize and report
our very recent progress in the construction of Zn, Ga, Co-based catalysts via regulation of
defective OH groups of Silicalite-1 for non-oxidative propane dehydrogenation>®!. On this basis,
such a strategy will be further broadened into fabricating metal/ZSM-5 bifunctional catalysts for the
catalytic cracking of butane. All the catalysts show superior catalytic performances in the targeted
reactions. The present study helps to present insight and basis for bottom up design of efficient
catalysts for the conversion of light alkanes and promote the understanding the fundmentals of
activation of C-C and C-H bonds.

Reference to publications:

[1] T. Otroshchenko, G.Y. Jiang, V. A. Kondratenko, U. Rodemerck, E. V. Kondratenko, Chem. Soc. Rev.
50(2021) 473-527.

[2] N. Rahimi and R. Karimzadeh, Appl. Catal. A Gen. 398(2011)1-17.

[3] Q. M Sun, N. Wang, Q. Y Fan,. L. Zeng, A.Mayoral, S Miao, R. O.Yang, Z. Jiang, W. Zhou, J. C Zhang,
T.J. Zhang, J. Xu, P. Zhang, J. Cheng, D. -C.Yang, R. Jia, L. Li, Q. H Zhang,. Y. Wang, O. Terasaki, J. H.
Yu, Angew. Chem. Int. Ed. 59(2020),19450-19459.

[4] S.J. Song, Y. Q. Sun, K. Yang, Y. M. Fo, X. Y. Ji, H. Su, Z. X. Li, C. M. Xu, G. Y. Huang, J. Liu, W. Y.
Song, ACS. Catal. 13(2023)6044-6067.

[5] D. Zhao, X. X. Tian, D. E. Doronkin, S. H. Han, V. A. Kondratenko, J. D. Grunwaldt, A. Perechodjuk, T.
H. Vuong, J. Rabeah, R. Eckelt, U. Rodemerck, D. Linke, G. Y. Jiang, H. J. Jiao, E. V. Kondratenko, Nature
599(2021)234-238.

[6] Y. M. Li, Q. Y. Zhang, S. T. Fu, V.A. Kondratenko, T. Otroshchenko, S. Bartling, Y. Y. Zhang, A.
Zanina, Y. J. Wang, G. Q. Cui, M. X. Zhou, Z. Zhao, C. M. Xu, G. Y. Jiang, E. V. Kondratenko, Chem. Eng.
J. 460(2023)141778


mailto:jianggy@cup.edu.cn

IL-1-7

Conversion of light alkanes into hydrogen and carbon nanotubes

B.F Li, C.J. Cui, and W.Z. Qian*
Department of Chemical Engineering, Tsinghua University, Bjing, 100084,China
*gianwz(@tsinghua.edu.cn

Light alkanes were widely produced as the byproducts of various catalytic processes,
such as oil-refinery, methanol to olefins/aromatics or F-T synthesis, or as the
byproducts of liquefied natural gas. Conversion of them as value-added products are
much attractive, considering their uneasy storage and the emission as VOCs. In my
groups, light alkanes were converted into olefins, aromatics and materials, with the
fluidized bed technology.

In the present work, I would like to introduce the conversion of light alkanes into
hydrogen and carbon nanotubes. The process is very interesting since two useful
products are simultaneously produced from the cheap feedstock. Hydrogen product
will be green hydrogen, since most of carbon elements were fixed as solid product, if
using green electricity as the energy supply source. However, practice suggested that
there existed the side reaction to produce methane, which is nuch thermodynamics
favorable. Thus the key of the process control turned into the strategy to suppress the
formation of methane as far as possible, considering the loss of hydrygoen and
carbon products.

During such a abnormal catalytic processes, where solid products are sustainably
increased and the texture of pristine catalyst are destroyed totally, ,we proposed some
methodology to enhance the conversion. The results would be useful for the
development of a feasible technology in the era of carbon neutrality.
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Methane (CHy) is the most stable alkane molecule with high C-H bond energy (439 kJ/mol). Its
catalytic conversion is known as the "Holy Grail" challenge. The high-valent metal species
produced by chemical or electrochemical oxidation can convert methane through electrophilic
activation, but their limited reaction activity makes these processes need to be completed at high
temperatures and high pressures. In addition, the radical species with high reactivity can activate
CHa at room temperature, but there is a problem in regenerating and replenishing them.!!! Herein,
we exploit the electrochemical oxidation of d° vanadium-sulfonic ligand (V-SO4H) molecules to
produce non-equilibrium oxygen-containing cation radicals in SO4H" ligands and the radicals can be
modulated by the central metal V through coordination bonding. This strategy breaks through the
inherent activity limit of metal V and realizes the conversion of CH4 at room temperature and
atmospheric pressure.l?! Furthermore, we found that the early transition metal complexes with d°
electronic structure in the periodic table generally show the activity of electrocatalytic CHg
conversion under ambient conditions, and there is a trend that the smaller the energy difference
between the metal’s d orbitals and the ligand’s O 2p orbitals, the stronger the orbital delocalization
for the stabilization of oxygen-containing cationic radicals, which finally show higher catalytic
activity of CHs conversion.*!
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