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Abstract

Abstract

The central point of this dissertation is a computational investigation into the structure, stability, and activity of
transition metals (Fe, Co, Ni, Cu, Pd and Pt) supported on the different terminations of the hexagonal 3-Mo2C
and cubic-6-MoC phases. The idea behind is that both transition metals and molybdenum carbides are active
catalysts in many reactions, and their proper combination will show some synergistic effects and open a new
field for the development of novel catalysts whose activity differs from that of only metals and carbides. Both
adsorption and substitution model catalysts have been investigated. It is found that the structure and stability
of supported catalysts are determined by the nature of the transition metals and their interaction with the
carbide surfaces and are dependent on the metal loading; and this in turn determines the activity of the cataly-

tic reactions.

Zusammenfassung

Der zentrale Punkt dieser Dissertation ist eine theoretische Untersuchung der Struktur, Stabilitdt und Aktivitat
von Ubergangsmetallen (Fe, Co, Ni, Cu, Pd und Pt), die auf den unterschiedlichen Oberflichen der hexagonalen
B-Mo2C und kubischen-6-MoC Phasen abgelagert sind. Die Idee dahinter ist, dass sowohl Ubergangsmetalle als
auch Molybdéancarbide in vielen Reaktionen aktive Katalysatoren sind, und ihre richtige Kombination wird
einige synergistische Effekte zeigen und ein neues Feld fiir die Entwicklung neuer Katalysatoren er6ffnen, deren
Aktivitat sich von der nur von Metallen und Carbiden unterscheidet. Sowohl Adsorptions- als auch
Substitutionsmodellkatalysatoren wurden untersucht. Es zeigt sich, dass Struktur und Stabilitdit von
Tragerkatalysatoren durch die Eigenschiften der Ubergangsmetalle und deren Wechselwirkung mit den
Carbidoberflachen bestimmt werden und von der Metallbeladung abhangig sind; und dies wiederum bestimmt

die Aktivitat der katalytischen Reaktionen.
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Introduction

1. Introduction
1.1 Supported heterogeneous catalysis and catalysts

Since Davy’s discovery in 1817 that catalytic oxidation between two gas molecules can occur on platinum
surface,! the underlying background has been discussed extensively. In 1835, Berzelius realized that many
independent and similar observations at the beginning of the 19th century could be identified as the so-called
catalytic force.’? This is probably the first time in the development of catalysis as a concept for a far-reaching
natural phenomenon. Since then, catalytic processes of accelerating and modifying chemical transformations
are at the heart of many modern industrial processes, i.e., production of fuels, commodity chemicals,
pharmaceuticals, agrochemicals, fine chemicals and consumables.® In the field of catalysis, especially
heterogeneous catalysis occurring usually at the interface between solid and gas or liquid phases plays a central
role in modern chemical industry and technology.*®

In catalysis, catalysts are the key contributors to chemical reactions and can form and break chemical bonds
during the reactions. These events occur repeatedly and usually without any significant consumption of
catalysts. Without catalysts these chemical conversions would either not occur or would occur with slower rates
or lower efficiencies. Generally, catalysis can be divided into homogeneous and heterogeneous, and bio-
catalysis belongs to its class. Homogeneous catalysis typically works in one phase, while heterogeneous
catalysis works in two or three phases. Homogeneous catalysis has the problem of separating catalysts from the
reaction media and limited activity due to their low stability, while heterogeneous catalysis has the advantage
of separating and recovering catalysts from the reaction mixture and has become more obvious and plays a
great role in industry. In fact, heterogeneous catalysis makes up about 80% of all catalytic processes currently
used in industry.® The global catalysts market was valued at 1536.58 Million USD in 2020 and will grow with a
CAGR of 5.48% from 2020 to 2027, based on newly published report.”

To date, heterogeneous catalysis has been studied in detail not only experimentally but also theoretically
along with the development of analytical techniques and quantum chemical methods. Modern density
functional theory (DFT) of the electronic structures of molecules and solids has played a growing role in
heterogeneous catalysis for over 30 years. Systematic DFT computations can play a supplementary and decisive
role in understanding the intrinsic nature of an experimental work. By comparing, or better, combining
experiment and theory, it is possible to unravel the details of the intrinsic nature of the experimental
phenomena, and so rationally develop more effective and novel catalysts.

In early stage of heterogeneous catalysis, transition metals were usually used as the unique active phases
and this is now recognized as unsupported metal catalysts; such as iron catalysts for ammonia synthesis®® and
Fischer—Tropsch synthesis (FTS) to produce fuels, ! or mixed metal oxide catalysts for the production of
acrylonitrile from ammonia and propylene.’?!® With the growing development of supports, usually solids
having large surface area and being catalytically inert,!* the use of supported metal catalysts over unsupported
metals has been found for various chemical conversions. Particularly, supports can not only facilitate the
formation of extremely small metal particles with high proportion and uniform dispersion but also enhance the
thermal stability of metal particles on support surfaces. Benefiting from the large surface area of graphene and
their strong interaction to metal, for example, Wang et al.,*> successfully prepared graphene-supported Au-Pd

bimetallic nanoparticles with uniform dispersion and found excellent catalytic activity in methanol selective
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oxidation with 90.2% conversion and 100% selectivity of methyl formate at 70 °C. In addition, supports also
enable the incorporation of useful additives, usually known as promoter. For example, Ma et al.,*® investigated
the promotion effect of Mo (0-12 wt%) on activated-carbon supported Fe-Cu-K catalysts for FTS and found that
6% Mo can improve the catalyst stability without sacrificing activity on one hand and greatly enhances the
secondary reactions of olefins on the other hand, leading to a large amount of internal olefins in the products.
Furthermore, supports can also participate in chemical reaction by combing supported metals as an effective
strategy to promote catalytic processes. For example, Zheng et al.,'” found that the Ti(lll)-O-Pd interface of the
atomically dispersed Pd1/TiO: catalyst can activate Oz into superoxide (O3) and promote oxidation reaction,
where not only supported metal atoms but also the oxide support are the active sites.
1.1.1 Preparation methods of supported catalysts

Generally, two main synthetic methods are used to prepare supported catalysts: precipitation and impreg-

nation (Scheme 1). In both cases, a metal precursor, usually an inorganic salt, is the starting point for depositing

deposition
agent

active metal on support.

co-precipitation

deposition- dried, calcined
precipitation

impregnation

Scheme 1. Schematic diagram of the process of precipitation and impregnation methods.

The common precipitation technique is co-precipitation and deposition precipitation. In co-precipitation,
salt of active metal and support are dissolved in a precursor solution, leading to the nucleation and growth of
solid precursor. During this process, various factors, i.e., temperature gradient, sufficient mixing and stirring, or
concentration gradient, should be considered and careful attention should be paid to avoid local fluctuations.
All these factors can cause an unexpected nucleation, different or uneven growth patterns, or precipitation of
different phases. Using co-precipitation technique, a Fe-Cu-K catalyst for FTS was prepared successfully from a
sulfate precursor,'® and the pretreated catalysts show significantly different activity in CO hydrogenation.

Compared to co-precipitation, deposition precipitation occurs in the presence of a support, which either
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reduces surface free energy of tiny nuclei or stabilizes the precipitate, thereby reducing the barrier of
nucleation. Similar to co-precipitation, factors such pH value (acidity or basicity), temperature or evaporation
for deposit precipitation are sensitive to the deposition in a precursor solution. Deposition precipitation has
been used frequently and successfully to produce finely dispersed metal nanoparticles with low loading. For
example, Moreau et al.,** synthesized Au/TiO: catalysts via deposit precipitation by manipulating the pH value
of the solution using NaOH followed by the addition of the support with vigorous stirring. By increasing the pH
value from 2 to 9, the catalytic performance improves as the gold nanoparticle becomes smaller. In addition,
temperature is another important factor in catalyst synthesis.

In addition to precipitation, impregnation is another common and most popular method for the synthesis of
supported catalysts due to its ease use and low waste stream. This procedure begins by immersing a porous
support in an aqueous solution of a metal precursor such as metal sulfates, carbonates, chlorides and acetates
due to their high solubility in water. Normally, the concentration of the solution below (super) saturation is
required to avoid premature deposition of the metal precursor. Depending on the amount of solution, the
process can be mainly divided into wet impregnation, solution exceeding the capacity of adsorption of support,
or dry impregnation, in which the impregnated material retains a dry character on a macroscopic scale.

Generally, adsorption of metal ion from an aqueous solution onto a support is an important step during the
impregnation process, especially when low metal loading is used. In order to complete the adsorption process,
wet impregnation is usually used, which is carried out in an excessive solution, a low concentration of the
precursor at a given pH value. In addition, adsorption is an important factor in metal distribution on support on

a macroscopic scale,?!

and equilibrium between adsorbed and solvated species can determine the degree of
distribution. Within a rapid equilibrium, metal precursor complex is mostly adsorbed on the outer shell of the
support, leading to eggshell distribution. For slow equilibrium, metal complex prefers diffusion into the center
of the support body, eventually developing into a homogeneous distribution.

The drying step normally follows the adequate distribution of metal and the subsequent separation of the
solvent and pre-catalyst. It is known that the drying step has a strong influence on the finished catalysts.?*??
Typically, an entire drying process has three stages, i.e., increasing rate, constant rate and decreasing rate. The
increasing rate period is accompanied by an increase in drying temperature until the equilibrium is reached, at
which the pre-catalyst is normally placed in a Muffle furnace or vacuum furnace. In the constant rate period,
the drying temperature is stable and drying takes place mainly on the outer surface of the pre-catalyst. While a
continuous liquid is still present in the entire sample, the solvent can be transported to the outer surface of the
pre-catalyst via capillary force. Natural cooling could normally be performed during the decreasing rate period
and the final catalyst is ready for catalytic evaluation or application when it cools to room temperature.

Although precipitation and impregnation methods are widely used, their disadvantages are also evident,
i.e., they usually result in nanoparticles with broad size distributions and compositional inhomogeneity.
Recently, capping agent-free synthesis protocols with excellent control of alloy nanoparticles have been
developed by regulating the adsorption of metal precursor on silica support.?3 The synthesis protocol is based
on strong electrostatic adsorption (SEA), a special case of wet impregnation in which the charged metal
precursor is strongly adsorbed on the oppositely charged oxide or carbon surfaces by controlling the pH value

relative to the surface point of zero charge (PZC). By comparing monometallic and bimetallic nanoparticles
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made by SEA and impregnation method, it is found that the SEA-made nanoparticles have stronger support
interaction and require typically higher reduction temperature than the impregnated nanoparticles. In addition,
the simultaneous SEA process can be potentially extended to other surfaces such as alumina, titania and
carbon, as long as oppositely charged metal precursors are available.

To better control the process and outcome of chemical reactions, confined catalysts which enclose the
active catalysts in a nanospace offer a powerful strategy. The limitation of metal nanoparticles within a
nanosized space can inhibit their sintering, aggregation, detachment and poisoning.?*?> To prepare such
catalysts, traditional methods including impregnation, self-assembly and hydrothermal synthesis are used,?* %
27 however, further strategies are needed to remove excess metal or unwanted solvents. On the contrary,
atomic layer deposition (ALD) technique has proven to be powerful for the synthesis of confined catalysts

because of its precise control at the atomic level and its excellent uniformity (Scheme 2).28-30

Catalysts confined  Catalysts confined Confined catalysts with
in porous materials in nanotubes multiple interfaces

1 /7
Atomic Layer Deposition
7/ \

é

Pore size tuning

Further modification  Further modification
of supports of active particles

Scheme 2. Application of ALD in the synthesis of different types of confined catalysts.3!

ALD is a thin film deposition technique based on the sequential use of a chemical vapor phase process and
during this process unreacted precursors and by-products are removed by a rinsing step. There are two routes
for the synthesis of confined catalysts using ALD. In the first route, active nanoparticles can be deposited
directly onto various forms of substrates, particularly porous materials, to form highly dispersed confined
catalysts. Qin et al.,3? successfully deposited Pt nanoparticles with precisely controlled size (~0.8 nm) and high
dispersion into the KL zeolite channels. Various characterization techniques, including N2 sorption isotherms,
infrared spectroscopy of adsorbed CO and DFT calculations, show that most of the Pt is in the KL channels,
while a small part of Pt is in the pore opening or the outer surface. The strong interaction between Pt and the
KL zeolite results in an electron-enriched state of Pt. The produced Pt/KL catalyst shows a highly efficient
performance in n-heptane reforming to aromatics with a high toluene selectivity of up to 67.3% (toluene/total
aromatics = 97.8%) and a low methane selectivity (0.9%) despite an extremely low Pt loading (0.21% by weight).
In addition, the small size and high dispersion of the Pt nanoparticles inhibit the hydrogenolysis. The second
route provided by Qin et al.,3 is based on a template assistance. Using this protocol, they successfully prepared
sharp-edged (less than 5 nm radius of curvature) and crescent-shaped half-nanotubes. The catalyst is initially
prepared based on the creation of crescent-shaped nanochannels in an anodic aluminum oxide (AAQ) template
by adding ZnO and Al20s (as sacrificial and filling materials, respectively), then was selectively removed from

the pore walls. The subsequent galvanic deposition of metal in the nanochannels creates the desired
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nanostructures. This method offers a high degree of freedom in controlling edge sharpness, gap size and wall
thickness.
1.1.2 Interaction between supports and metals

In catalytic reactions, active phase usually disperses on support having large surface area, such as metal
oxides, carbon materials and zeolites, to provide a satisfactory reaction rate and to prevent the aggregation of
metal nanoparticles. Supports not only offer a high loading and good distribution of metal nanoparticles but in
some cases also take part directly in the catalytic cycle and contribute to the overall catalytic activity, although
they are themselves catalytically inert. Hence, understanding the interaction and charge transfer mechanisms
between metal nanoparticles and supports is of great importance for the design and synthesis of high perform-
ance catalysts. In addition, surface defects (e.g., oxygen vacancies and impurities) and surface steps of supports
can also be the anchoring sites that can work better against sintering at high reaction temperatures.?* In this
view, the stability of metal nanoparticles can be enhanced by fine-tuning the surface structures of supports.

Strong metal-support interaction (SMSI), firstly introduced by Tauster et al., at the end of the 1970s, has
been studied in detail for various support materials modifying the catalytic properties of supported metals.
Although some SMSI mechanisms were proposed, all have ambiguities. For example, the dramatically
suppressed chemisorption of H2 and CO on TiO2-supported noble metals (Pd, Ru, Pt, Rh, Os, Ir) after high-
temperature (500 °C) reduction® can be ascribed to the charge transfer between metal and support,3-3 but
this cannot explain the effect for metal nanoparticles larger than 10 nm, since the electronic interference on the
entire particle is negligible.3%*° With the development of spectroscopic techniques such as SEM and TEM, direct
visual evidences of the spreading of metal oxides over metal surface are observed,* i.e., the reduced metal
oxide species migrates onto the metal surface during high temperature reduction and blocks the active sites.
Although the accurate mechanisms are controversial for decades, a significant role of SMSI in some reactions,
such as CO; selective reduction,”? cannot be denied. This effect is characterized by the strongly bound
adsorbates (HCOx) on the reducible oxide supports (TiO2 and Nb20s), inducing oxygen vacancy formation in the
support, causing HCOx functionalized encapsulation of Rh nanoparticles by the support. The encapsulation
layer, permeable to reactants and stable under the reaction conditions, strongly influences the catalytic
properties of Rh, e.g., a selectivity switch in CO2 reduction from 100% CHa4 production on the bare Rh surface to
90% CO production in the HCOx-mediated SMSI state.

Charge transfer between supported metal and support at the interface results in electron deficient or rich
configuration of the active sites. This directly influences the adsorption and desorption behaviors of adsorbed
species on the active sites. Campbell proposed the electronic metal-supported interaction (EMSI) to explain the
electronic perturbations between Pt cluster and ceria.*® Rodriguez et al.,** found that strong electronic pertur-
bation of small Pt nanoparticles on ceria enhances significantly H.O dissociation activity, particularly the
Pt/Ce02(111) surface can dissociate water efficiently. On the other hand, support and metal nanoparticles can
work cooperatively, proposed as synergistic metal support interaction, to alter and enhance the activity and
selectivity. By comparing the performance of Cu/ZnO, Cu/CeO: and Cu/ZnO-CeO: catalysts in CO:
hydrogenation to CHsOH, Hensen et al.,* investigated the synergistic metal support interaction and found that
the higher CH3OH selectivity can be explained by the synergistic Cu-CeO2 and Cu-ZnO interaction.

1.2 MoxC and transition metals combined catalysts
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Since the report by Levy and Boudart in 1973 that tungsten carbide exhibits platinum-like catalytic activity in
the isomerization of hydrocarbons,* transition metal carbides (TMC) have attracted great attention as they are
possibly cheap alternative to noble metal catalysts in various chemical reactions, particularly in C-H activation in
hydrocarbons (dehydrogenation,*” hydrogenation,*® and hydrogenolysis®®). Structurally, TMC are a class of
compounds incorporating carbon atoms into the interstitial sites of their parent metals, which are typically
group IV-VI metals.’® Generally, carbides of early transition metals possess unique physical and chemical
properties such as extreme hardness, high melting point and outstanding electric conductivity,>>? and
therefore, they have been applied as cutting tools®® and hard-coating materials.>* For the electronic and
chemical properties of TMC surfaces, studies indicate that carbon in TMC can induce both electronic and
structural modifications at least on three aspects: (1) electronic interaction between the valence states of
carbon and parent metal modifies the density of states (DOS) near the Fermi level; (2) incoming carbon typically
increases the metal-metal distance as compared to that of the parent metal, resulting in a tensile strain in the
metal lattice for additional modification of the metal d-band center®® and (3) the number of surface metal sites,
which are available as adsorption sites for reaction species, decreases with carbon atoms in/on the surface of
TMC.

As one of the well-known TMC, molybdenum carbides, utilized in various chemical reactions,*®%* have been
extensively studied experimentally and theoretically. In the early stage, molybdenum carbides themselves were
applied in heterogeneous catalysis as active phases for reactions originally catalyzed by noble metals such as CO

64-65

hydrogenation, water-gas  shift (WGS) reaction,®®®% hydrogenolysis,®® methane reforming,%7*

72-73

aromatization, hydrodesulfurization (HDS),’*”®> hydrodenitrogenation (HDN)’®77 and dehalogenation

(Scheme 3).7881

\ o~
N
/

Scheme 3. Molybdenum carbides involved chemical transformations.

With the development of supports for catalysis, molybdenum carbides are used as an alternative candidate.
Since pure molybdenum carbides are active phase in many reactions, combining molybdenum carbides as
supports and other catalytically active transition metals could show promise to produce more active and novel
catalysts to meet the demands of the modern chemical industry and environmental problems.

1.2.1 Structural and electronic properties of MoxC
Studying the structural and electronic properties is important and necessary to understand the interaction

and the synergy between supported metals and molybdenum carbides. The first determination of MoxC crystal
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structure was reported by Westgren and Phragmen in 1926.82 Structurally, Mo:C is divided into hexagonal (B-
Mo2C) and orthorhombic (a-Mo2C) phases (Scheme 4), although hexagonal phase as a and orthorhombic phase
as B are also used in literature. Therefore, it is better to use hexagonal and orthorhombic phases for clarity.

In the hexagonal (B-Mo2C) phase, Mo atoms are hexagonal close-packed and carbon atoms are arranged
statistically in the octahedral holes (the number of holes is twice the number of C atoms). The lattice
parameters of the hexagonal (8-Mo2C) phase were reported as a = 3.002 A and ¢ = 4.724 A by Kuo and Hagg in
1952,% and a = 3.00292 A and c = 4.72895 A by Fries and Kempter in 1960.%* According to the different
arrangement of carbon atoms,® the hexagonal (B-Mo2C) phase can be divided into two types, i.e.; the C6-type
with space group of P3m1, where carbon atoms arrange only in one layer and it is also the called Cdl:-antitype
since it is similar with the Cdlz structure; and the L'3-type with space group of P63/mmc, where carbon atoms
are arranged randomly on all possible sites but systematically in both layers. Experimental and theoretical
studies®®®’ identified the eclipsed configuration of the random carbon atoms in the hexagonal L'3-type as
thermodynamically most stable, representing the most possible candidate for the disordered hexagonal
structure.

In the orthorhombic (a-Mo2C) phase, Mo atoms are also hexagonal close-packed but deformed to an
orthorhombic symmetry and carbon atoms orderly occupy half of the octahedral holes. The lattice parameters
were reported as a = 4.724, b = 6.004 and ¢ = 5.199 A by Parthe et al.,% in 1963, and a =4.732, b =6.037 and ¢
=5.204 A by Christensen in 1977.88
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Scheme 4. Top (top) and side (bottom) views of Mo2C cells (Mo: cyan, first layer C: gray, second layer C: black).

In industrial synthesis, Mo precursors (mostly metal powder, hydrides or oxides) are mixed with certain
amount of carbon and then heated to a high temperature up to 1500 K under an inert or reducing atmosphere;
and the products obtained are mainly the thermodynamically stable hexagonal (B-Mo2C) phase with a relatively
small surface area. In 1985, Boudart et al.,® proposed the temperature-programmed carburization process to
increase the surface area. In this process, Mo precursors (normally molybdenum oxides) are introduced into the
flow of a hydrocarbon/Hz mixture. With the gradual increase in temperature, hydrocarbon decomposes and
then the generated carbon is incorporated into the reduced Mo lattice to form the specific molybdenum
carbides. This process not only increases the surface area of the carbide materials but also can load
molybdenum carbides onto various supports. On the basis of the developed synthesis, Dubois et al.,*® and
Epicier et al.,®® systematically studied the transformation of the hexagonal (B-Mo2C) and orthorhombic (a-
Mo2C) phases at high temperatures. They found that the orthorhombic (a-Mo2C) phase is most stable below
1350°C and turns to the hexagonal (B-Mo2C) (Cdlz-antitype) at 1350-1960°C, while the hexagonal (B-Mo2C) (L'3-

type) is most stable at temperature higher than 1960°C.
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In addition to the Mo2C phases, the MoC phase has also been widely studied in experiment and theory.92-%
Two types of the MoC phase are often utilized: cubic-MoC and hexoctahedral-MoC (Scheme 5), and the space
group for both is Fm3m. The cubic phase is referred as 6-MoC by the group of Illas?**? and the hexoctahedral
phase is referred as a-MoC by the group of Ma.?*% The lattice parameters of the cubic §-MoC cell are 4.278 A
from experiment®® as well as 4.444% and 4.373 A®? from computation. For the hexoctahedral a-MoC cell, the

parameters are 4.3318 A from experiment and 4.270 A from computation.®
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Scheme 5. Top (top)and side (bottom) views of MoC cells (Mo: cyan, C: gray).

1.2.2 Transition metals modified MoxC in heterogeneous catalysis

With the development of molybdenum carbides as functional supports, exploring the synthesis of doping
second transition metal onto carbides were carried out and two common methods were used. The first one is
to introduce metal precursor by impregnation or other deposition processes directly via pre-synthesized carbid-
es, and the second one is to precipitate metal precursor with molybdenum compounds (usually ammonium
heptamolybdate) to form metal-Mo-oxide composite. In recent years, the later strategy for the synthesis of
metal doped molybdenum carbides has been frequently used. By using a mixture of an aqueous solution of
metal nitrate and ammonium heptamolybdate to form the metal-Mo-oxide composite, Nagai et al.,*® prepared
Ni-Mo and Co-Mo carbides, which show satisfactory reactivity in WGS reaction at low temperature.

Utilizing pure Mo2C in methanol reforming reaction, Széchenyi and Solymosi found high methanol conver-
sion with high activity and selectivity of H> at 623 K,% but significant deactivation of the catalyst after 10 h. In
comparison with pure hexagonal B-Mo.C, Guan et al.,>®>° tested supported transition metals (Pt, Fe, Co and Cu)
on hexagonal $-Mo2C in steam reforming of methanol and found that the supported transition metal catalysts
show higher conversion of methanol and higher yield of Hz, and the supported Pt catalyst exhibits the highest
activity and selectivity with 100% methanol conversion even at low temperature (200 °C). In addition, phase
transition of molybdenum carbide, depending on metal loading, is found for supported Pt and Cu catalysts, e.g.,
more cubic a-Mo2C1x phase with the increasing of Cu or Pt loading is observed by XRD characterization.

In reactions catalyzed by molybdenum carbides, such as hydrocarbon isomerization, dehydrogenation and
ammonia synthesis, cubic a-MoC commonly does not exhibit excellent activity as hexagonal B-Mo>C due its less
metallic properties. As a result, cubic a-MoC has been not as much studied as hexagonal B-Mo.C both ex-
perimentally and theoretically. Ma et al.,>* have systematically investigated cubic a-MoC as support and the
interaction with Pt nanoparticles as well as their performance in aqueous methanol reforming. It is found that
the Pt/a-MoC catalyst exhibits extraordinary performance with an average turnover frequency of 18046 mol of

H2 (mol of Pt)™? h™! at 463 K, which is 2 orders of magnitude higher than those of the traditional Pt/oxide
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catalysts and H2 production rate is 32-fold higher than that of pure cubic a-MoC catalyst. Moreover, the mass
specific activity of 2% Pt/a-MoC catalyst is over 10 times higher than that of Pt/B-Mo.C with the same loading,
suggesting that a-MoC exhibits much stronger interaction than hexagonal B-Mo2C with Pt species.

In the process of steam reforming of alcohols, an obvious and serious issue is the inevitable CO impurity,
which is required to be less than 10 ppm in hydrogen economy, since further purification and separation of Hz
from impurities will consume a large amount of energy and cost. In this regard, WGS reaction (CO + H.0 = Hz +
CO2) is a candidate to remove CO and produce H; at the same time. Usually, industrial WGS reaction is
conducted in two temperature regions: high temperature region (583-723 K) using Fe-based catalysts (e.g.,
Fe,03/Cr,03/Mg0)*% and low temperature region (473-523K) using Cu-based catalysts (e.g., CuO/Zn0O/Al,03).10!
Various transition metals catalysts such as Co, Ni, Pd, Pt, Ru and Rh are also found active for WGS reaction
under different conditions, 102104

Thermodynamically WGS reaction is moderately exothermic, equilibrium-limited and favors low
temperature, and therefore reducing temperature is beneficial for CO conversion. However, current industrial
catalysts either require a mobile CO removal system due to their high temperature and poor stability or bad
activity at low temperature with poor conversion. In this regard, molybdenum carbide catalysts show the
potential to improve the low temperature activity of WGS reaction. For example, Patt et al.,%® reported that
Mo2C is highly active for WGS reaction compared to the commercial catalysts (Cu—Zn—Al) at low temperature
(493-568 K). Since both Mo2C and transition metals are active for WGS reaction, adding transition metals into
Mo2C system to form bimetallic carbides and dispersing metal nanoparticles on Mo2C surfaces to form

supported catalysts were studied extensively. Ribeiro et al.,1%

investigated the promotion effect of hexagonal -
Mo2C supported Pt, Pd, Au, Ni, Cu and Ag catalysts in WGS kinetics. Compared with the commercial catalyst
(Cu/Zn0O/Al;03), the supported Au, Pd and Ni catalysts are at least 4 times higher active, and the Pt/B-Mo2C
catalyst is nearly 8 times more active at ultralow operation temperature (393 K). Among other reported

106-108 moreover, the Pt/B-Mo2C catalyst is much

transition metals dopped catalysts tested in WGS reaction,
more active at 473 K.

A number of Au/a-MoC catalysts were synthesized and tested in WGS reaction by Ma et al.,®® It is found that
2% Au/a-MoC, which reaches 1.05 mol of CO/(mol of Au/s) at 423 K and is more than 25 times higher active
than the precedent catalysts, is probably the most active WGS catalyst known so far. Structure characterization
indicates that Au nanoparticles are anchored with fine dispersion over cubic a-MoC even after 2h treatment at
863 K, revealing a strong interaction between Au nanoparticles and cubic a-MoC. High-resolution STEM images
and EDS element mappings show two types of Au species on the surface of cubic a-MoC: small Au clusters (1-2
nm average diameter) and atomically dispersed Au atoms. A NaCN leaching proves that the layered Au clusters
rather than Au single atoms are active for WGS reaction at ultralow temperature. Temperature-programmed
surface reaction shows that the entire water dissociation step takes place on the cubic a-MoC surface, while the
strong interaction between Au cluster and support enhances the reaction rate for surface OH and CO.

Inspired by these results, Ma et al.,’% successfully developed a one-pot tandem process combining FTS and
WGS reaction in aqueous phase to produce liquid fuels with a highly efficient tandem Pt-Mo02C/C and Ru/C
system. In this system, Pt-Mo2C/C is active for WGS reaction, and Ru/C is the active FTS catalyst, where a high

formation rate of liquid hydrocarbons (up to 8.7 mol.ci2- molrs™ h™) is achieved at 200 °C and the selectivity for
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Cs+ hydrocarbons is up to 68.4%.

All these studies demonstrate the synergy of transition metals and molybdenum carbide supports, resulting
in exceptional catalytic performance superior to pure transition metals or pure molybdenum carbides as active
catalysts. Comparing the structures and behavior of metals involved in cubic a-MoC and hexagonal $-Mo2C
indicates that the structural variation of the carbides would significantly change the catalytic behavior of these
systems and further investigation into the structure-performance relationship in molybdenum carbide-based
catalysts is important for advanced catalyst development.

1.2.3 Structures of transition metals modified MoxC

Despite different synthetic methods to incorporate transition metals into molybdenum carbide to form
functionalized catalysts, there are mainly three structures for the prepared catalysts; supported, doped and
embedded, depending on the factors such as metal properties, metal loadings and carburization temperature.
Zhao et al.,'*° synthesized molybdenum carbide supported cobalt catalyst on modified activated carbon (Co—
Mo2C/AC) for the chemo-selective reduction of aromatic nitro compounds. They found that Co is successfully
introduced into the MoC matrix as observed from XRD analysis. Chen et al.,®? prepared several copper-doped
molybdenum carbide (Cu/Mo2C) nanomaterials for the hydrogenation of dimethyl oxalate to ethanol. At high
Cu/Mo atomic ratio, the peak of Cu(111) lattice plane is found from XRD analysis, while at Cu/Mo atomic ratio
lower than 0.04:1, the diffraction peak of Cu is not detected. It may be due to the well dispersion of Cu on the
Mo:C surface or incorporation of Cu into the Mo2C lattice.

For the supported metal catalyst, which is either metal clusters or single metal atoms, there is a correlation
between the reactivity, the size of supported Pt domains, the Pt-Mo interaction and the percentage of cubic a-
MoC in the support. Using X-ray-absorption fine-structure (EXAFS) technique, Ma et al.,®* found a high percent-
age of atomically dispersed Pt1 for Pt loading in the range of 0.2 to 2 wt %. When the Pt loading decreases to
0.2 wt %, both EXFAS and STEM analysis show that the Pd—Pd coordination number drops to 0, proving that Pt
disperses atomically on a-MoC and the nanoparticles disappear with the decrease of Pt loading. Similarly,
atomically dispersed Au on cubic a-MoC for WGS reaction has also been detected and confirmed by XANES and
XPS characterization.

Varying metal/Mo molar ratio can lead to phase transformation. For Cu doped molybdenum carbide catalyst
(Cu/MoxC,) prepared from carburization of Cu doped molybdenum oxide (Cu/Mo0Os3) using temperature-progra-
mmed reaction with a 20% CHa/H2 mixture at 700 °C by Guan et al.,>® XRD analysis does not show any peaks
corresponding to metallic Cu in all as-prepared samples, suggesting the absence of metallic Cu nanoparticles.
With the increasing of the Cu/Mo molar ratio from 1.6/98.4 to 10/90, the signal of cubic a-MoCix phase
increases but starts to decrease with the continued increase of the Cu/Mo molar ratio at 15/85. At the Cu/Mo
molar ratio of 25/75, the a-MoCi-x phase was barely observed and mainly the hexagonal B-Mo:C phase was
found. Phase transformation of Mo2C is related not only to the varying amount but also the intrinsic nature of
the metals. For instance, the hexagonal B-Mo2C phase was formed for supported Fe, Co, or Cu catalysts, while
supported Ni, Pd or Pt facilitate the formation of the cubic a-MoC phase,8-5% 111

In practical application, supported catalysts are inevitably confronted with metal agglomeration during the
reactions, especially at high temperatures.'!? In addition, much attention was paid to the development of novel

synthetic methods for the preparation of nanostructured catalysts with higher activity and thermal stability,
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limited by the uncertainty of the preparation of the doped structure. An alternative embedding approach,
which typically involves embedding metal nanoparticles in an inorganic matrix or support, is proposed.3-11>
Using temperature-programmed reaction method, Guan et al.,*° synthesized for the first time Pt embedded
molybdenum carbide catalysts, which have excellent and stable catalytic activity in WGS reaction at low
temperatures. XRD analysis shows that as the degree of carburization (temperature) increases, 3 wt% Pt-
modified molybdenum carbide catalyst is formed along with the gradual transfer from MoOs to MoOxCy, and
full carburization at 700 °C, whereby multiple molybdenum carbide phases (i.e., B-Mo2C and a-MoCi) coexist.
XRD analysis also shows that the intensity of the Pt peak becomes weaker after the carburization process,

indicating either the size or the morphology changes of Pt nanoparticles into platelet-shaped (Scheme 6).
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Scheme 6. Embedded structure of Pt on molybdenum carbide surface during the carburization process (blue

ball: molybdenum, red ball: oxygen, green ball: carbon, grey ball: platinum).®°

Further HR-TEM and XPS analysis shows that the Pt nanoparticles in full carburized catalyst (Pt/MoxC,) are
surrounded by molybdenum carbides, indicating the formation of the embedded structure. This novel
structuralized catalyst utilized into WGS reaction gives a CO conversion of 100 and 90% in the reaction time of
50 h at 150 and 400 °C, respectively. Importantly, the XRD pattern of the spent catalyst is not changed
compared to the fresh one, indicating the excellent stability of the embedded Pt/MoxCy catalyst. Thus,
understanding the structure, stability and activity relationship in molybdenum carbide and molybdenum
carbide supported metal catalysts is significant for studying reaction mechanisms and design of novel catalysts.
1.3 Theoretical studies

Since pure molybdenum carbides are active in many chemical reactions, there are extensive theoretical
studies about the structures, stability and adsorption properties on small molecules of hexagonal f-Mo.C and
orthorhombic a-Mo2C phases. For the hexagonal B-Mo2C phase, the facet stability based on the computed
surface energy®'® in Table 1 has the decreasing order of (101) > (011) > (201) > (001) > (100) > (112) > (111) >

(010) > (103) > (102) > (110), in agreement with the experimentally determined XRD pattern and intensity.'*’

Table 1. Surface energies (J/m?) of different terminations (ter) of hexagonal B-Mo2C by using graphite bulk

energy as carbon chemical potential (uc).2

Facet Mo-ter® C-ter Mo/C-ter
001 2.76 2.67 -
010 3.32,3.18 3.01 -
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011 2.87 - 2.57
100 3.27,2.93 3.40 -
101 2.52,3.32 - 2.19
102 3.05 3.28 -
103 3.12 3.05 -
110 3.42 - 3.09
111 2.99 3.05 -
112 3.21 - 2.96
201 - 2.67 2.65

(a) Smaller value indicates higher stability. (b) Multiple terminations for some facets.

The (101) surface with Mo/C mixed termination has the lowest surface energy (2.19 J/m?) and is therefore
most stable. The Wulff construction based on the calculated surface free energies suggests that with increasing
temperature the equilibrium ratio of the (101) surface increases, while that of (001) decreases. The (101) facet
represents the largest surface area of hexagonal B-Mo2C, in good accordance with the HRTEM results.%® 118
Next, the adsorption properties of CO, H2 and H20 on hexagonal B-Mo2C surfaces have been investigated, and
these molecules and their adsorption intermediates are involved in many catalytic reactions, i.e., WGS reaction,
FTS and alcohol synthesis from CO hydrogenation. First, the (001), (101) and (201) surfaces of the hexagonal B-
Mo2C phase have been used to study their surface properties by investigating CO adsorption under the con-
sideration of temperature and CO partial pressure.’*® It is reported that the most stable (101) surface has lower
saturated monolayer coverage (9.64/nm2; 8 CO) than the less stable (001) (10.85/nm™%; 16 CO) and (201)
(11.74/nm™2%; 10 CO) surfaces on the calculated stepwise CO adsorption energy. The relationship among CO
coverage, temperature and CO partial pressure has been revealed by calculating surface Gibbs free energies;
and the resulted phase diagram provides a theoretical basis for estimating the stable CO coverage by balancing
temperature and CO partial pressure as well as for identifying the active surface and the initial states under
given conditions for the reactions. Qualitatively, raising temperature lowers CO coverage at given CO partial
pressure and raising CO partial pressure increases CO coverage at given temperature. Quantitatively, the cal-
culated CO desorption temperature agrees perfectly with the experimentally determined results from the
temperature-programmed desorption measurement.

To better understand the behaviors of hexagonal B-Mo2C in chemical reactions, the mechanisms of Hz, O,
H20, CO», CO, CH4 and C;Hx dissociative adsorption on metallic M02C(001) surface and the Mo,C(101) surface
with Mo/C = 1/1 surface ratio have been computed.'?° It is found that on both surfaces the dissociative adsorp-
tion of these small molecules is exothermic and has low barrier; and the Mo02C(001) surface has much stronger
dissociative adsorption than the Mo2C(101) surface. On both surfaces, the dissociative adsorption of H20 under
high oxygen coverage has also been considered along with gaseous H» evolution and high coverage carbon ad-
sorption using carbon atom as carburization agent. Both surfaces can be easily oxidized with H,O and high
oxygen coverage can be expected, and these surfaces can also be carburized by using CHa.

Hydrogen adsorption on the Mo-terminated (001) and (100) as well as Mo/C-terminated (101) and (201)

surfaces of hexagonal B-Mo-C at different coverage has also been studied.?! With the exception of the (001)
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surface, which has barrier-free Hz dissociative adsorption, molecular H2 adsorption is found on the (100), (101)
and (201) surfaces, and H2 dissociative adsorption has rather low barrier of 0.14, 0.34 and 0.20 eV, respectively.
On these surfaces, H2 dissociative adsorption is exothermic by -2.15, -1.09, -0.64 and -1.14 eV, respectively, in-
dicating their ability to activate Hz. As in case of CO adsorption, the resulted phase diagram based on the com-
puted surface Gibbs free energies reveals the dependence of hydrogen coverage on temperature and partial
pressure, i.e., at given Haz partial pressure, raising temperature decreases the coverage, while at given tempera-
ture, raising partial pressure increases the coverage.

To explore the oxidation process, H20 dissociative adsorption on the hexagonal B-Mo2C(101) surface has
been computed.'?? At coverage up to 0.5 ML (n = 1-4), all H,0 molecules adsorb on the top of surface Mo
atoms, and further H20 adsorption (n = 5-8) relies only on hydrogen bonding. At coverage up to 0.5 ML, H20
dissociation into surface OH and O is favorable kinetically and thermodynamically, and OH dissociation into O
and H can have equilibrium. At higher coverage (> 0.5 ML), the adsorbed H2.0 molecules prefer desorption
instead of dissociation due to their weak hydrogen bonding. Therefore, surface OH is the most abundant oxyge-
nate species during H20 dissociation, and surface OH rather than surface O atom should play an essential role in

WGS reaction. Liu et al.,%

studied the kinetics of WGS reaction on the Mo- and C-terminated hexagonal
Mo02C(001) and Cu(111) surfaces and found the decrease of WGS activity in the order of Cu > C-M02C(001) >
Mo-Mo02C(001), due to the too strong bonding of surface oxygen to surface C or Mo sites, which suppresses the
removal of surface oxygen.

Apart from the hexagonal B-Mo2C phase, the structure, stability and surface adsorption properties of the

orthorhombic a-Mo:C phase have also been systematically computed (Table 2).1%3

Table 2. Surface energies (J/m?) of different terminations (ter) of orthorhombic a-Mo:C by using graphite bulk

energy as carbon chemical potential (uc).?

Facet Mo-ter® C-ter® Mo/C-ter®
001 3.32,3.16 3.05 -

010 - - 3.15,2.94
011 3.20 3.26, 3.28 3.26,3.11, 3.20
100 3.11 3.08 -

101 - - 2.70

110 3.57 2.63 3.07,2.38
111 3.50, - 2.42,2.66,2.97

(a) Smaller value indicates higher stability. (b) Multiple terminations for some facets.

The calculated surface energy (Table 2) has the decreasing order of (110) > (111) > (101) > (010) > (001) >
(100) > (011). However, the most stable surface is different at different pc. For the twenty-two terminations of
the seven low-Miller index orthorhombic a-Mo»C surfaces, the surface stability follows the order of (100) >
(111) ~ (110) at uc = -10.4 eV, while it changes to (111) > (100) > (110) at uc = -10.1 eV, in good accordance
with the available X-ray diffraction results. Similar to hexagonal B-Mo.C, the adsorption, dissociation and de-

sorption of CO on the Mo and C terminations of the orthorhombic a-Mo2C(100) surface have been explored at
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different coverage.'?* On the Mo terminated surface (16 surface Mo atoms), the saturated coverage has nco =
16 and the most stable adsorption configurations vary from the 3-fold hollow site to the coexisted bridge and 3-
fold hollow sites, as well as to the atop site from coverage ranges of nco = 1-4, nco = 5-9 and nco = 10-16, res-
pectively. On the C termination having 8 surface C atoms and 16 Mo atoms exposed, diverse molecular CO ad-
sorption configurations at different coverage are found, i.e., the adsorbed CO molecules are located on surface
C atoms for nco = 1-8, and two adsorption configurations on the surface C and Mo sites coexist for nco = 9-16.
These results are supported by the agreement between the computed and recorded C-O stretching frequencies
from the high-resolution electron energy loss spectroscopy studies. According to the computed CO stepwise ad-
sorption energies and dissociation barriers, equilibrium between molecular and dissociative adsorption has
been proposed. On the Mo termination, mixed molecular and dissociative CO adsorption is found for nco = 8;
pure dissociative CO adsorption and molecular CO adsorption are found for nco < 8 and nco > 8, respectively. On
the contrary, the C termination favors only molecular CO adsorption at all coverages.

On the contrary to the orthorhombic M02C(100),'** and eclipsed M02C(001),**° the Cdl>-antitype Mo02C(001)
surface has much weaker ability in CO adsorption and activation based on the computed CO adsorption energy
and dissociation barrier at low coverage.'?® Due to the different surface structures, CO adsorption has coverage
dependent configurations at the top, bridge and 3-fold hollow sites on the orthorhombic M02C(100) and eclips-
ed Mo2C(001) surfaces, while only adsorption configuration at the top site on the Cdlz-antitype Mo2C(001) sur-
face. In addition, Mo atoms on the orthorhombic Mo02C(100) and eclipsed Mo02C(001) surfaces are
coordinatively unsaturated, while those on the Cdl:-antitype Mo02C(001) surface are saturated. This might
rationalize their different activity in the adsorption and activation of CO and Hz. All these investigations on
those Mo:C surfaces provide the basis for further systematic studies on the reaction mechanisms and are also
of great importance for not only practical industry applications but also future catalysts design.

For the MoC with the ratio of Mo/C = 1/1, Jin et al.,*?® have systematically computed the structure and
stability of seven 6-MoC surfaces, and found that the most stable surface changes from the carbon deficit
metallic (311)-Mo termination to mixed Mo/C termination of (100) surface with the increase of the carbon
chemical potential (uc), eventually to carbon rich (311)-C termination. On the basis of calculated surface energy
and Wulff construction, 6-MoC has different morphologies at different carburization conditions, i.e., only (311)
surface is exposed at CHa/H> gas mixture; (100) and (210) surfaces are exposed at pc comparable with graphite
bulk energy; while (100), (210) and (311) surfaces are exposed at CO/CO2 gas mixture.

Extensive studies of the cubic 6-MoC phase have been reported by lllas and co-workers. The geometric and
electronic structure of 8-MoC and its low Miller-index surfaces, (001), (111) and (011), have been computed.®?
It is found that 6-MoC has a large ionic contribution. The (001) surface is computed as most stable and the polar
(121) surface is also stable and exhibits a reduced work function, while the unreconstructed (011) surface is
highly unstable. In addition to investigating the interaction between metal atoms and carbide surfaces, they in-
vestigated H: dissociative adsorption.'?” It is found that H: dissociative adsorption is strongly exothermic on all
three surfaces and the dissociation barrier with van der Waals correction is essentially zero on both termination
of hexagonal -Mo02C(001), while a small but noticeable (0.60 eV) barrier on cubic 6-MoC(001) suggests the de-
sorption instead of dissociation.

In addition to the pure surfaces of molybdenum carbides, decorated surfaces with transition metals have
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attracted increasing interests from experiment and theory. Computationally, the most common model is
supported and has simply single metal atom or metal nanoparticles adsorbed on surface. For example, lllas et
al.,*8 found that the interaction between transition metal atoms and transition metal carbides is rather strong.
They further studied the interaction of Au, Cu and Ni metal atoms with the 6-MoC(001) surface with the respect
of adsorption energy, equilibrium geometry, work function, atomic charge, projected density of states (PDOS)
and shifts of the transition metal d-band center.!?® They found the interaction strength following the order Ni >
Cu > Au, and it turns to be coverage dependent. In addition, PDOS analysis shows that a higher atomic coverage
produces a shift of the d-band center closer to the Fermi level, in line with the decrease of the calculated ad-
sorption energy, and the calculated d-band center proposes the decrease of the activity in the order Ni > Cu >
Au. They further investigated and compared the atomic structure and electronic properties of Cun nanoclusters
(n=4,6,7 and 10) on 6-MoC(001) and orthorhombic B-Mo2C(001) with C- and Mo-terminations.®® They found
that the Cu nanoparticles on hexagonal B-Mo02C(001), either Mo- or C-terminated, prefer two-dimensional
structure, while a three-dimensional geometry is preferred on cubic §-MoC(001), indicating that Mo/C ratio and
surface polarity play a key role in determining the structure of supported clusters.

Besides, Ma and coworkers applied a supported model with one Pt atom adsorbed on the cubic a-MoC(111)
surface (Pt/a-MoC) as a bifunctional catalyst for Hz generation from aqueous methanol reforming.®* It is found
that cubic a-MoC(111) is active for H20 dissociation and the atomically dispersed Pt atom is active for C-H bond
activation, while the Pt and a-MoC interface is the active site for the generation of CO2 and H..

For WGS reaction at low temperature, they utilized cubic a-MoC(111) supported monolayer Au and Ausis
cluster catalysts.’> On the cubic a-MoC(111) supported monolayer catalyst, Au/a-MoC(111), H20 dissociation
[H20 - OH + H] has high barrier of 1.66 eV and is endothermic by 1.55 eV, and is favored neither kinetically nor
thermodynamically. On the a-MoC(111) supported Auis cluster, Auis/a-MoC(111), on the contrary, H20 dis-
sociation has lower barrier of 0.77 eV and is exothermic by 1.06 eV. As a result, the low barrier of H20 dissocia-
tion results in the presence of high OH coverage and the rate limiting step (CO + OH - CO: + H) has also low
barrier of 0.52 eV. These results on the supported Auis nanoparticle model agree with the experiment.

In addition to the supported model, the substitution model, in which one or more parent surface metal
atoms are substituted by other transition metal atoms, is also frequently used to modify the surface properties.
To study the kinetics of surface oxygen removal, Zhou et al.,**® used six different models on the basis of the
orthorhombic a-Mo02C(001) surface, i.e.; the clean surface with both Mo- and C-termination, Tmo-M02C(001)
and Tc-Mo02C(001), the surface with Ni substitution, in which one Mo atom of the top Mo surface is substituted
by one Ni atom, Tmo-NiM02C(001) and Tc-NiMo02C(001), and the surface with Ni adsorption, in which one Ni
atom is chemisorbed on the surface, Ni-Tmo-Ni/M02C(001) and Tc-Ni/Mo2C(001). It is found that the Ni adsorb-
ed Tmo-Ni/Mo02C(001) and Tc-Ni/Mo2C(001) surfaces as well as the Ni substituted Tmo-NiM02C(001) surface can
destabilize the adsorption of surface O and OH species, and thus promote the removal process, and the Ni-ad-
sorbed Tc-Ni/Mo02C(001) is most active in surface O removal. These results are supported by the temperature-
programmed reduction profiles of Mo2C and Ni-doped Mo:C catalysts. Recently, Hu et al.,*3! prepared a Ni-dop-
ed MoaC electrocatalyst with nanoflower clusters on carbon fiber paper via a molten salt synthesis protocol for
hydrogen evolution reaction. The XRD analysis shows that the Ni atoms are successfully doped into the crystal

lattice of Mo2C. Based on the XRD results, a DFT model was used in which a Mo atom was replaced by a Ni atom
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in the hexagonal B-Mo2C model to simulate the Ni doping. For both pure and Ni-doped hexagonal B-Mo2C
models, PDOS was calculated. Compared to pure B-Mo2C, the lower d-band center of the Ni-doped B-Mo2C
(-0.69 vs. -1.66 eV) shows the property of better balancing the adsorption and desorption of H of the Ni dop-
ing; this agrees well with the experimental results.

In addition to adsorption and substitution models, embedding model has also been used in modifying sur-
face structures and properties. Similar with the substitution model, in which on surface atom is normally sub-
stituted, embedding model can be considered as the substitution of several surface atoms by a transition metal
cluster. For example, Orazi et al.,**? embedded a Nis cluster in graphene surface with multivacancy, i.e., three,
four and six order vacancies were modeled by removing carbon atoms on the graphene surface. For all optimiz-
ed structures, the hydrogen adsorption stability, geometry, electronic structure and mechanism have been in-
vestigated. In terms of Mo:C, the structures and properties with metal doping in multivacancy need further sys-
tematic investigations.

In addition to the activation of small molecules, catalytic reactions of large and functionalized substrates on

the surfaces of molybdenum carbides have been carried out computationally. For example, Jiao et al., 33

com-
puted formic acid (HCO:H) dissociation into CO2 and Hz on the clean hexagonal B-Mo2C(101) surface by con-
sidering formic acid as hydrogen storage materials. The adsorption configurations and energies of the surface
intermediates (HCO2H, CO2, CO, H20, HCO2, COzH, CHO, OH, O and H) have been systematically characterized.
Among the different dissociation steps considered, the minimum energy path follows the sequence of the
formate route (HCO2H — H + HCO2; HCO2 — H + CO2). In addition to the B-Mo02C(101) surface with mixed Mo/C
termination, Logsdai et al.,*** computed the dehydration and dehydrogenation of formic acid on the Mo-ter-
minated orthorhombic B-Mo02C(100) surface. To determine the most stable orientations and sites for each
molecule to study the dehydration and dehydrogenation pathways of the conversion, different adsorption
orientations of formic acid, CO, CO2 and H20 on the surface at different sites were calculated. Thermodyna-
mically, the conversion of the HCOOH is most likely to proceed by the breaking of H-COOH bond to yield CO as
the dehydration product; however, the desorption energy for CO from the surface is high (2.74 eV), which
suggests that the surface is susceptible to CO poisoning. Microkinetic analysis shows slow adsorption of formic
acid on the surface and most of the surface sites were vacant and the conversion was inefficient. The concen-
tration profile shows that the appearance of gas phase CO2 will be kinetically faster than gas phase CO. CO
formation will saturate the surface as the CO desorption step is very slow, and therefore rate limiting, in agree-
ment with the computed CO adsorption energy. At 10 % and 40 % formic acid coverage, HCOOH conversion
occurs at low temperature; CO2 desorption is most favorable at 320 K, reaching a steady state at 370 K. All
other species start desorbing from the surface after 400 K. This shows a temperature and concentration de-
pendent formic acid dehydrogenation and dehydration; and this was not considered in computations.

To understand the catalytic role of molybdenum carbides in the conversion of biomass to chemicals and
fuel additives, Jiao et al.,3> computed the conversion of furfural into 2-methylfuran and furan on the clean and
4H pre-covered Mo2C(101) surfaces. The clean Mo02C(101) surface has two distinct surface sites: unsaturated C
and Mo sites for the adsorption of H and furfural, respectively. The selectivity comes from the different prefer-
ence of furfural hydrogenation and dissociation (F-CHO+H = F-CH20 vs. F-CHO = F-CO+H) under the variation of

H2 partial pressure. On the basis of the computed minimum energy path on the clean surface, micro-kinetic
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analysis shows that high H: partial pressure can promote 2-methylfuran formation and suppress furan forma-
tion. To verify this proposed selectivity trend of 2-methylfuran at high H2 partial pressure, the 4H pre-covered
Mo2C(101) surface (0.25 monolayer H coverage), which provides neighboring hydrogen to promote furfural
hydrogenation and blocks the active sites for suppressing furfural dissociation, has been used. The computed
results are in full agreement with the experimentally observed selective formation of 2-methylfuran and the
half Hz reaction order as well as rationalize the need of high Hz/furfural ratio (400 to 1). On the basis of these
results, a new two-step protocol for experiment is proposed, i.e., the first step is the pre-treatment of the
catalyst with hydrogen and the second step is furfural hydrogenation on H pre-covered catalysts.

To understand the conversion mechanism of fatty acids to long-chain alkanes using molybdenum carbides
as catalysts, Jiao et al.,*3® computed the hydrogenation of butyric acid to butane on the H-pre-covered hexa-

R-

gonal Mo2C(101) surface. The first step is butyric acid dissociation into surface OH and acyl [R-COOH+H
R-

CO+OH+H], and the successive step is the formation of butanal from acyl hydrogenation [R-CO+OH+H
CHO+OH]. The second step of the reaction is butanal hydrogenation into butanol via surface butoxyl interme-
diate [R-CHO+H+OH = R-CH20+0H; R-CH20+H+OH = R-CH20H+OH]. The third step is butanol dissociation into
surface OH and butyl [R-CH20H+H = R-CH2+OH+H], which is further hydrogenated into butane [R-CH2+H+OH =
R-CH3+OH]. The formation of butanal and butanol as intermediates in equilibrium as well as butane as the final
product is in full agreement with the experiment of stearic acid hydrodeoxygenation into octadecane. Within
the conversion, butanol dissociation [R-CH20H+H = R-CH2+OH+H] has the highest barrier and represents the
rate-determining step. It is noted that metallic M02C(001) surface can bind surface H.0, OH and O much more
strongly than the Mo2C(101) surface with exposed Mo and C atoms (C/Mo = 1). It is noted that obtained results
are only from the most stable M02C(101) surface and cannot directly correlate with the whole experimentally
observed reactivity and selectivity of different Mo2C phases in different surface terminations. These results
provide the basis for exploring the intrinsic nature of Mo2C catalysts in deoxygenation of oxygenates involved
in the refining of biomass-derived oils.

Very recently, Ge et al.,**” carried out CHa activation vs. C-C coupling on the Mo-terminated B-Mo2C sur-
faces. It is found that the less carburized B-Mo2C(100) exhibits a superior reactivity toward CHa dissociation and
can completely dissociate CHs. In addition, the surface can be carburized by inserting the carbon adatoms from
CHa dissociation into the interstitial face-centered cubic sites in the subsurface layer. Such carburization occurs
more readily, producing surface layer similar to that of MoC. Consequently, the carburized B-Mo02C(100) exhibits
a similar reactivity to that of MoC, favoring the dimerization of the surface CH* species through the C—C coupl-
ing and resulting in surface acetylene HCCH*. This study demonstrates a dynamic nature of the carburization
under the condition of CHs activation on the MoCx surfaces, which may play an important role in determining
the activity and selectivity of methane aromatization.

In addition, Rodriguez and lllas carried out combined experimental and computational investigation into CO2
hydrogenation on MoCx nanoclusters supported on an inert Au(111) support.'® This is different from all other
reported studies, where MoCx were used as supports and transition metals were used as catalysts. It is found
that both carbon-poor (MoCo.) and carbon-rich (MoCzi.1) nanoparticles of molybdenum carbides supported on
Au(111) are active for CO2 hydrogenation. On the carbon-poor surface, CO, molecule can dissociate partially

(CO2 - CO + 0) and fully (CO2 - C + 20). However, it is found that this surface is highly active but unstable
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under CO: hydrogenation conditions, producing CO and CH4 as main product with a very minor amount of
CH3OH. On the carbon-rich surface, on the contrary, CO2 has reversible adsorption and desorption. Under H:
atmosphere, CO; is mainly converted to CO with a significant amount of methanol, however, neither CH4 nor
other hydrocarbons are formed. Compared to the corresponding to bulk §-MoC (17 kcal/mol) and a Cu(111)
benchmark system (25 kcal/mol), the apparent activation energy for this supported system is lower (14
kcal/mol), demonstrating the superior ability of MoC1.1/Au(111) to bind and dissociate Ha. To understand this
trend, DFT calculations for free or supported Mo12C12 nanoparticles were carried out. Without H> adsorption,
CO: direct dissociation needs to overcome rather high barrier, in agreement with the experiment. With the ad-
sorption of H2 on Mo12C12 nanoparticles, on the contrary, the barrier of COz dissociation to CO and surface OH is
largely reduced, and it is also noted that carboxylate as intermediate was not observed. However, the authors
pointed out that the energy barriers predicted with the present models featuring different hydrogen coverages
have to be taken as an indication of the overall effect and should not be directly compared to experimentally
derived values. For high H coverage, the present model calculations suggest that the pathway to methanol is
likely to involve an Eley-Rideal mechanism leading to a formate intermediate, which can be hydrogenated in a
stepwise way.

In addition to all these stable phases and terminations, the relative stabilities of different metastable phases
for Mo and W carbides with varying synthesis conditions and particle sizes have been also computed since such
metastable phases during particle growth cannot be described by traditional phase diagrams. On the basis of
Wulff constructions and neural network assisted screening of high-index facets, Paolucci et al.,'* found several
facets with significant area fraction for phases that are underrepresented in the literature. It shows that specific
higher index facets with large area fraction for commonly synthesized carbides have been experimentally re-
ported but are often neglected in computational studies. The authors found that reported particle sizes for
different phases, extract from a large body of experimental synthesis literature, are generally consistent with
the trends predicted by computation, which suggests that particle size is an important factor when determining
the product phase resulting from a wide variety of synthesis protocols. There are some commonalities between
Mo and W carbides; the face-centered cubic phases (y-WC and 6-MoC) are prevalent at small particle sizes, and
hexagonal phases tend to dominate the large particle size regions (6-WC, y-MoC, and B-Mo:C). For commonly
observed phases, one notable outlier is plasma-based syntheses of y-WC, which yields nanoparticles at much
larger sizes than that predicted by present computation and produced by non-plasma syntheses. In contrast,
there are very few reports for the synthesis of 6-MoC at large particle sizes; similar plasma-based synthesis
routes, or promotion of carbon vacancy formation to lower the bulk energy of 6-MoC, may be useful for the
synthesis of large 6-MoC nanoparticles. The predicted crystallization pathways for Mo and W carbides are con-
sistent with available literature, and in addition, the computed results also predicted several interphase
transitions (y-WC to e-W2C and a-Mo02C/B-Mo2C to y-MoC) that have not yet been experimentally demonstrat-
ed, which could be used to crystallize difficult to synthesize carbide phases. More broadly, these computational
findings underscore the importance of particle size and synthesis conditions in determining the phase stability
of transition metal carbides and the need for computational models that provide a framework to explore nano-
scale and metastable energy landscapes.

In addition, C-H activation of CHas, C2Hs and C:Ha on metastable and most stable molybdenum carbide
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(Mo2Cs) nanoclusters have been computed and compared.?° It is found that the metastable nanocluster, which
is very close in energy to the lowest-energy structure, is much more active kinetically than the global minimum
isomer. While the metastable isomer is calculated to have a significantly lower statistical probability at 700 °C,
its weighted contribution is observed to be maximal in the ensemble average expression for CHs activation.
Similar effects are also observed for C2Hs and Cz2Hs activation, wherein the activation energies are also observed
to be significantly reduced on the metastable isomer compared to the lowest-energy nanocluster. This shows
that the metastable species is likely to contribute more to the reaction than the most stable nanostructure, as
previously thought. This significantly enhanced kinetics is attributed to the nearly planar geometrical overlap of
the orbitals between the Mo center and the carbon atoms undergoing C—H bond activation.

In this context, this dissertation mainly focused on the structure and stability of transition metal catalysts
adsorbed on or doped in the surfaces of molybdenum carbides as supports. Since both molybdenum carbides
and transition metals are active catalysts in many reactions, their combination could open new opportunity for
rational design of promising catalysts with different activities. The structure and stability of supported catalysts
are determined by the nature and strength of the interaction between metal and support and are also depend-
ent on metal loading.

First, the author has computed the structures and stability of metal catalysts (Mn/MoxC; M = Co, Ni, Cu, Pd,
Pt) adsorbed on the surfaces of molybdenum carbides.'** With respect of size and shape-dependent catalysis of
supported metal catalysts, the adsorption structure and stability of M, (M = Co, Ni, Cu, Pd, Pt) on the hexagonal
Mo02C(001) and Mo02C(101) as well as the cubic non-polar 6-MoC(001) surfaces using spin-polarized density
functional theory method were computed systematically. On all three surfaces, surface morphology of mono-
layer dispersion, monolayer aggregation and three-dimensional cluster are compared and discussed. These
results provide the basis for studying catalytic reactions on supported metal catalysts with different sizes and
shapes (single atom, nanoclusters and nanoparticles) and for the design of catalysts.

On the Mo-terminated Mo2C(001) surface, Co and Ni prefer dispersion at very low loading and aggregation
at high coverage. The dispersion of Pd and Pt is possible at relative higher loading, and Cu prefers aggregation
from low to high loading. For all five metals, monolayer adsorption structures are more stable than the corres-
ponding three-dimensional clusters (n = 4 and 5). On the Mo/C-mixed Mo.C(101) surface, all metals prefer dis-
persion adsorption for n = 1-8 and aggregation appears from n = 9 up to full monolayer. Three-dimensional
clusters become possible for metal loading over full monolayer coverage. On the Mo/C-mixed MoC(001) sur-
face, only single atom prefers dispersion and aggregation can be stable from low (n = 2) to medium coverage.
Three-dimensional clusters become stable at high coverage.

On all three surfaces (Figure 1), the adsorption energy of Pt is strongest and that of Cu is lowest, while
those of Co, Ni and Pd are in between. In addition, the adsorption energy of metals increases with metal cover-
age increase. The average adsorption energy further verifies the order of adsorption energies. For Pd and Pt,
the average adsorption energy decreases dramatically with the coverage increase from low to medium and
marginally up to high coverage. For Co, Ni and Cu, the average adsorption energy increases marginally on the
metallic M02C(001) and the Mo/C-mixed MoC(001) surfaces and is constant on the Mo/C-mixed Mo.C(101) sur-
face from n = 1-8 and decreases slightly with coverage increase. The calculated stepwise adsorption energy can

further realize the difference of adsorption energy up on coverage increase. Except single atom of Pd and Pt,
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the stepwise adsorption energies of all five metals are regular change while some exceptional increase or de-
crease at given coverage appears due to surface reconstruction.
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Figure 1. Adsorption energy (a-c), average adsorption energy (e-f) and stepwise adsorption energy (g-i) for M,

(M = Co, Ni, Cu, Pd, Pt) on M02C(001), M02C(101) and MoC(001).14

In addition to the structures and energies, electron transfer between surface and the adsorbed atoms are
found (Table 3). On the Mo-terminated Mo2C(001) surface, all adsorbed atoms become negatively charged, in-
dicating electron transfer from surface to the adsorbed atoms. On the Mo/C-mixed Mo.C(101) and MoC(001),
the adsorbed Co, Ni and Cu atoms are positively charged, and the adsorbed Pt atoms are negatively charged,
while the adsorbed Pd atoms are nearly neutral; and this demonstrates electron transfer from the adsorbed Co,
Ni and Cu atoms to surface, while from surface to the adsorbed Pt atoms. For single atom adsorption, the order
of the computed adsorption correlates with the quantity of electron transfer. However, neither the adsorption
energy nor the quantity of electron transfer correlates with the electronegativity of the atoms and their respec-

tive ionization potential as well as electron affinity.

Table 3. Electronegativity (x), ionization potential (IP, eV), electro affinity (EA, eV), and calculated Bader charge

(q) for adsorbed single atom.*

q
M P EA

X M/Mo2C(001) M/Mo2C(101) M/MoC(001)
Mo 147  7.09 075  0.45"/Mon; 0.237/Mos _ 0.79%/Mon; 0.89°/Mos 1.327/Mo
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Co 1.84 7.88 0.66 —-0.44 0.20 0.21
Ni 1.88 7.64 1.16 —-0.44 0.18 0.18
Cu 1.85 7.73 1.24 -0.32 0.26 0.25
Pd 1.59 8.34 0.56 -0.57 -0.01 —-0.05
Pt 1.72 8.96 2.13 -0.79 —0.25 -0.27

a) The value stands for the average Bader charge of surface Mo atoms on corresponding bare slab.

In addition to the adsorption model catalysts, the structure and energy of substitution model catalysts were
computed, in which the outermost surface molybdenum atoms of the most stable hexagonal Mo2C(101) surface
are gradually replaced by Fe, Co, Ni, Cu, Pd and Pt for investigating the adsorption of CO, H2, H.0 and CO: as
well as OH, H and 0.1%? Experimentally, supported transition metal catalysts in heterogeneous catalysis show
different activity from only metals and pure supports due to their enhanced mutual and synergistic interaction.
To understand these effects, we computed transition metal doping on the hexagonal M02C(101) surface by
substituting the less coordinated and more active surface Moa atoms with Fe, Co, Ni, Cu, Pd and Pt in 4M (25%)
and 8M (50%) metal loading.

It is found that metal doping affects the surface electronic properties based on the analysis of projected
density states and creates more adsorption sites by changing coordination environment for surface metal and
carbons atoms. Strong electron transfer from metal to surface has been found for Fe, Co, Ni and Cu, resulting
positive Bader charge on doping metal, and this agrees with the experimentally observed effect for Cu-doped
Mo2C. On the contrary, much less electron transfer from Pd to surface or from surface to Pt has been found.
Consequently, not only surface metal atoms but also surface carbon atoms become active in adsorption of sur-
face species.

On the pure and 4M (25%) doped surfaces, surface Moa atoms are most preferred sites for the adsorption
of Hz, H20, OH and O, and surface carbon (Ca) atoms are responsible for the adsorption of H atoms, while sur-
face Moa and Ca are co-responsible for the adsorption of CO and CO2. On the 8M (50%) doped surfaces, the less
active surface Mos and surface Cs becomes active for the adsorption of CO and CO., and the adsorption energy
depends on the doping metals. It is also found that molecular Hz has physisorption preferring the top of doping
metal, while atomic H prefers the top of surface Ca atom forming C-H bond. The adsorption of H20 and OH pre-
fers the top and bridge site, respectively, while atomic O prefers the top site of surface Ca atom forming C-O
bond. Depending on doping metals and adsorption sites, the adsorption of each surface species can become
more or less exothermic compared to pure surface.

On the basis of these results, the dissociative adsorption of H.0 and CO: was explored, and it is found that
the potential energy surfaces depend on metal and loading. Full H20 dissociative adsorption is favored thermo-
dynamically on the 4M doped surfaces and more exothermic compared to the pure surface, while less exother-
mic and doping metal dependent on the 8M doped surfaces apart from Co. CO2 dissociative adsorption is
favored thermodynamically on the 4M doped surfaces, while becomes endothermic on the 8M doped surface,
preferring molecular instead dissociative adsorption for Co, Ni, Cu, Pd and Pt as well as equilibrium between
molecular and dissociative adsorption for Co. Comparing the adsorption of CO, OH, O and H on the pure and
doped Mo2C(101) surfaces and the corresponding metallic M(hk/) surfaces reveals their similarity and differ-

ence (Scheme 7), and these should also be found in the reaction kinetic and thermodynamics.
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Scheme 7. Comparative adsorption energies of CO, OH, O and H on M02C(101), 4M—Mo02C(101), 8M—Mo0,C(101)

and the corresponding metallic low-index surfaces (M = Fe, Co, Ni, Cu, Pd and Pt).1%?

The adsorption and sequential decomposition of ammonia on the metallic M02C(001) surface have been
also systematically computed.'*® Density functional theory computations were carried out to study the adsorp-
tion and sequential decomposition of ammonia on the hexagonal metallic Mo2C(001) surface. The ultimative
goal of this study is the nitridation degree of the Mo02C(001) surface by using NHs as environment agent. The
metallic M02C(001) surface has two types of Mo atoms differentiated by the local carbon environment, the Mo
atom with two carbon atoms has higher NHs adsorption energy than that with one carbon atom; and each type

has eight expose Mo atoms.
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The adsorption of NHs prefers the top site via the nitrogen lone pair electrons in the entire coverage range,
and the saturation coverage is 0.75 monolayer on the basis of exposed surface Mo atoms. There is no hydrogen
bonding among the adsorbed NH3 moleucles. It is found that NH3 prefers decomposition instead of desorption,
and all three elementary decomposition steps have low barries and are exothermic; and this shows that full
decomposition into surface N and H atoms are favored kinetically and thermodynamically.

The adsorption of NH: is coverage-dependent, i.e., at low coverage NHs adsorption at both bridge and
hollow sites have close energies, and bridge sites are preferred at high coverage up to saturation; and the
saturation coverage is 1.0 monolayer. In contrast, the adsorption of NH and N is coverage independent, and
only hollow sites are preferred in the entire coverage range. The saturation coverage for NH and N is 1.0 and
0.5 monolayer, respectively. The dissociative adsorption of ammonia among other metals and molybdenum
nitrides has been categorized and compared. Our results provide the basis for studying the surface properties
and catalytic reaction of nitrided Mo2C surfaces.

These results of both adsorption and substitution models provide the basis for the investigation of catalysts
made of single atoms, nanoclusters and nanoparticles either adsorbed on the surfaces or doped into the sur-
faces and the respective catalysis. These results, in comparison or combination with experiment, can help the
characterization to identify the forms of the active catalysts and in turn to understand the catalytic activity for
catalytic reactions, such as water-gas shift reaction, methane dry and steam reforming, reforming of methyl

formate dimethyl ether, ammonia synthesis and hydrogenation reactions as well as photo- and electrocatalysis.
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Objectives of this work

2. Objectives of this work

Since molybdenum carbides and transition metals are active catalysts in many chemical reactions, it is
interesting to investigate their mutual interaction and synergy in structure, stability and activity in molybdenum
carbide-supported transition metals as novel catalysts. Depending on the synthetic methods and procedures
there are mainly three types of structures of transition metal catalysts on different molybdenum carbides as
supports: adsorption, substitution, and embedding. Depending on the metal loading, the supported metal can
have atomically dispersed metal atoms as single-atom catalysts, small clusters in two- and three-dimensional
forms as nanoparticles, as well as large clusters that resemble metallic catalysts. Experimentally, it is found that
molybdenum carbide-supported transition metal catalysts have astonishing stability, activity and selectivity in
many reactions. However, the detailed structures of these supported catalysts are not well investigated and

understood, and the extraordinary catalytic activity is not rationalized.
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Scheme 8. Surface structural models for molybdenum carbide supported transition metal catalysts.

Objectives of this dissertation are density functional theory investigations into the metal loading dependent
structures, stability and activity of Fe, Co, Ni, Cu, Pd and Pt on different molybdenum carbides surfaces
(Scheme 8). In our study, we used both adsorption and substitution models. Depending on metal loading,
dispersed single atoms, aggregated small two-dimensional surface models and large three-dimensional clusters
have been found; and the stability has been investigated on the basis of the computed adsorption energy and
the mutual interaction has been analyzed on the basis of difference in electronic negativity, resulting in
electronic perturbation between support and metal. To better understand the mutual interaction and synergy
between transition metals and molybdenum carbides, the adsorption of CO, H2, H20, and CO: and their
dissociative intermediates (OH, H, and O), which are involved in many catalytic reactions, are investigated.

These results form a basis for the investigation of the mechanisms of various reactions with size-dependent
transition metal catalysts on molybdenum carbides as well as for designing novel catalysts and catalytic
reactions. These results are also interesting and promising for other supports such as metal oxides, carbides,

nitrides, phosphides as well as functionalized carbon materials, zeolites and organometallic frameworks.
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Summary: The less coordinated and more active surface Moa atoms in hexagonal Mo02C(101) were substituted
with Fe, Co, Ni, Cu, Pd, and Pt doping atoms for investigating the adsorption of CO, Hz, H20, and CO: as well as
OH, H, and O. Metal loading affects the surface electronic structure. For the adsorption of those species, on the
pure Mo2C(101) surface and surfaces doped with four metal atoms (4M, 25%), surface Moa atoms are most
preferred adsorption sites. By replacing all surface Moa atoms with eight doping atoms (8M, 50%), the more
coordinated and less active surface Mos atoms become active. Depending on doping metals, the adsorption of
surface species can become slightly more or less exothermic. Full H20 dissociative adsorption is favored
thermodynamically on the 4M-doped surfaces and more exothermic than on the pure surface while doping
metal-dependent on the 8M-doped surfaces. CO2 dissociative adsorption is thermodynamically favored on the

4M-doped surfaces, while it becomes endothermic on the 8M-doped surfaces.
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ABSTRACT: To understand the mutual interaction and synergistic effect
of transition metals and supports in heterogeneous catalysis, the less &
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coordinated and more active surface Mo, atoms were substituted with Fe, .’ ©

Co, Nj, Cu, Pd, and Pt doping atoms for investigating the adsorption of Og" .’.'.

CO, H,, H,0, and CO, as well as OH, H, and O. Metal loading affects the )5 p S

surface electronic structure. On these surfaces, Fe, Co, Ni, Cu, and Pd % %’5 v
doping atoms are positively charged, indicating electron transfer from the \‘ M-Ma,Ciio1)

metal to the surface, while Pt doping atoms are slightly negatively charged,
revealing electron transfer from the surface to the metal. On the pure
surfaces and surfaces doped with four metal atoms (4M, 25%), surface
Mo, atoms are most preferred adsorption sites. By replacing all surface
Mo, atoms with eight doping atoms (8M, 50%), the more coordinated
and less active surface Moy atoms become active. Not only surface metal
atoms but also surface carbon atoms are active for the adsorption of
surface species. Depending on doping metals, the adsorption of surface species can become slightly more or less exothermic.
Exploring the dissociative adsorption of H,O and CO, reveals metal- and loading-dependent potential energy surfaces. Full H,O
dissociative adsorption is favored thermodynamically on the 4M-doped surfaces and more exothermic than on the pure surface while
doping metal-dependent on the 8M-doped surfaces. CO, dissociative adsorption is thermodynamically favored on the 4M-doped
surfaces, while it becomes endothermic on the 8M-doped surfaces, which prefer either molecular adsorption or equilibrium between
molecular and dissociative adsorption. Comparing the adsorption of CO, OH, O, and H on the pure and doped Mo,C(101) surfaces
as well as the corresponding metallic low-index M(hkl) surfaces reveals their similarity and difference. These results provide a basis
for studying the mechanisms of reactions involving these surface species.

FO%s— @O

M = Fe, Co, Ni, Cu, Pd, and Pt

H INTRODUCTION

In supported heterogeneous catalysis, enormous efforts have
been devoted toward improving the catalytic performance by
designing and controlling the loading, shape, and size of active
catalysts.' ~* However, one problem of supported catalysts is

excellent catalytic activities in various chemical transforma-
tions, that is, Mo,C-catalyzed methanol reforming gave a high
H, yield (75%) and selectivity at 723 K.® In addition, ethanol
decomposition to H, and hydrocarbons catalyzed by Mo,C
deposited on silica showed almost 100% conversion at 623—

the agglomeration of metal particles during the reactions,
especially at high temperatures,” and great attention has been
paid to thermal stabilization of nanostructures. Alternatively,
structurally embedded catalysts, normally embedding metal
nanoparticles in an inorganic matrix or supports, have attracted
great interest due to their stable catalytic activity and capacity
for limiting the sintering of metal nanoparticles at high
temperatures.6

To prepare a promising metal-atom-embedded catalyst,
choosing suitable materials as matrixes (or supports) is of great
significance as they could play multiple roles in specific
chemical reactions. Among various supports, group IV—VI
transition-metal carbides are intriguing as they possess strong
interactions with doping metals and exhibit a non-negligible
influence on the geometric and electronic structures of metal
species.” As one of the most frequently studied transition-metal
carbides, molybdenum carbides have been reported to have

© 2021 American Chemical Society
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673 K.° Recently, Ma et al."’ doped various transition metals
(Pt, Fe, Co, and Ni) into molybdenum carbides by in situ
carburization of metal-doped molybdenum oxide and found
that the f-Mo,C phase was formed in most of the cases and
metal-doped molybdenum carbides showed higher methanol
conversion and H, yield compared to pure molybdenum
carbides, and Pt-doped molybdenum carbide had the highest
catalytic activity and selectivity among the prepared catalysts
and methanol conversion reached 100% even at a temperature
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as low as 473 K and a long-time stability with a stable
methanol conversion. By preparing Cu-doped molybdenum
carbide (Cu@Mony) catalysts from the carburization of Cu-
doped molybdenum oxide, Ma et al."" found that Cu loading-
dependent phase transition and these carbides (Cu@Mony)
exhibited promising activity for methane decomposition and
long-term stability at 473—673 K. It is reported that noble
metal Pt-embedded molybdenum carbides can hinder Pt
sintering at high temperature and promote the interaction
between Pt and molybdenum carbide,'” and this catalyst
exhibited excellent and stable catalytic activity for water-gas
shift reaction at low temperature. By doping Fe and Ni into the
lattice of molybdenum carbide, Wan and Leonard," reported
that Fe-doped -Mo,C are more active electrocatalysts than
pure f-Mo,C in H, evolution reaction, while Ni-doped f-
Mo,C are less active due to not only the electronic structure
but also particle size. Very recently, Chen et al reported that
incorporation of copper species in Mo,C plays a crucial role in
modifying the morphologic structure of Cu—Mo,C as well as
tuning the electronic state of Mo active sites, resulting in an
important enhancement in the catalytic performance. They
also observed a strong synergistic effect between Cu and Mo,C
in hydrogenation of dimethyl oxalate (DMO) to achieve a
higher ethanol yield over the pure catalyst (67.2 vs 13.7%) at
673 K as well as excellent catalytic stability during the
hydrogenation of DMO to ethanol for longer than 300 h.

Using periodic density functional theory (DFT) methods,
Liu and Rodriguez' studied water-gas shift reaction on Mo-
and C-terminated f-Mo,C(001) surfaces. Our group studied
the activation mechanisms of various intermediates on
different Mo,C surfaces.'®'” Recently, we systematically
studied the coverage-dependent adsorption structure and
stability of Co, Ni, Cu, Pd, and Pt on the hexagonal
Mo,C(001) and Mo,C(101) surfaces as well as the cubic
non-polar §-MoC(001) surface. Compared to pure Mo,C
surfaces, theoretical investigations into the structures of metal-
doped molybdenum carbides are rather limited. By investigat-
ing the transition-metal-atom-embedded graphene, Krashenin-
nikov et al.'® found that the bonding between the transition-
metal atom and neighboring carbon atoms determines the
magnetic and electronic properties. By substituting one surface
Mo atom with one Ni atom on the Mo- and C-terminated
orthorhombic Mo,C(001) surfaces, Assary et al.'® found that
the Ni-doped Mo-terminated surface destabilizes the adsorp-
tion of surface O* and OH* and promotes the reaction
associated with the removal of surface oxygen. Chen et al®
studied the promotion effect in water-gas shift reaction on M/
MoS, by substituting one surface Mo atom (M = Fe, Co, Ni)
and found that Ni has the largest promotion effect in reducing
the effective barrier (0.72 eV), followed by Co (0.45 eV),
whereas Fe has the smallest effect (0.04 eV) compared with
pure MoS, (2.45 eV).

Since metal-doped or embedded molybdenum carbides are
promising in various catalysis processes as shown above, it is
interesting and worth to systematically investigate the
structures of metal-doped molybdenum carbides and their
adsorption properties of valuable chemical intermediates
involved in various important chemical reactions. In this
present study, therefore, we selected the hexagonal Mo,C-
(101) surface for doping Fe, Co, Ni, Cu, Pd, and Pt atoms at
different degrees; this is because not only the hexagonal Mo,C
phase was widely detected in the preparation of metal-doped
molybdenum carbide catalysts but also the (101) surface with

a Mo/C = 1/1 ratio and a surface energy of 2.19 J m~? was
reported to be most stable.”' ~>* The aim of this work is to
shed light on the surface morphology and adsorption
properties of these doped catalysts and provide a basis for
understanding the catalytic properties of many chemical
transformations involving transition-metal-doped molybdenum
carbides.

B COMPUTATIONAL METHODS AND MODELS

Methods. All calculations were performed using the plane-
wave-based periodic DFT method implemented in the Vienna
ab initio simulation package (VASP),”"** where the ionic cores
are described by the projector augmented wave (PAW)
method.”® The exchange and correlation energies are
computed using the Perdew, Burke, and Ernzerhof functional
(PBE).*” To achieve accurate energies with errors of less than
1 meV per atom, the cutoff energy was set at 400 eV. The
Gaussian electron smearing method with ¢ = 0.10 eV and
ISMEAR = 0 were used. Geometric optimization converged
until the forces acting on the atoms were smaller than 0.02 eV
A~!) whereas the energy threshold-defining self-consistency of
the electron density was set to 107* eV. Spin polarization was
included to correctly describe magnetic properties, which is
essential for an accurate description of all energetic data. All
transition-state structures were optimized by using the
climbing image nudged elastic band method,® and the
frequency analysis was also processed to verify an authentic
transition state having only one imaginary frequency. For bulk
optimization, the lattice parameters for the hexagonal Mo,C
phase are determined by minimizing the total energy of the
unit cell by using a conjugated gradient algorithm to relax the
ions, and a 5 X 5 X 5 Monkhorst—Pack k-point grid®” is used
for sampling the Brillouin zone.

Models. Generally, Mo,C has orthorhombic®® and
hexagonal®** crystalline phases. In this work, we used the
hexagonal phase with an eclipsed configuration as the unit
cell.''”*1%* The calculated lattice parameters of the unit cell
are 2a = 6.079, 2b = 6.073, and ¢ = 4.722 A, in good agreement
with the experimental values (a = b = 3.002, ¢ = 4.724 A)3
Among all hexagonal Mo,C surfaces, the (101) surface with a
Mo/C = 1/1 ratio and a surface energy of 2.19 J/m?* was
reported to be most stable.”' 7>**% Hence, we used Mo,C(101)
to execute our study, and it was modeled by a periodic slab
with p(2 X 2) super cells having a surface area of 14.2 A X 12.1
A. We applied a four-layer model with the top two layers
relaxed and the bottom two layers fixed in their bulk positions.
The vacuum layer between the periodically repeated slabs was
set at 1S A to avoid significant interactions between slabs.
Surface structural relaxation and total energy calculations were
performed with 3 X 3 X 1 Monkhorst—Pack k-point sampling.
For the relevant gas-phase species, we used a cubic box with a
side length of 10 A to calculate the structures and total
energies.

The adsorption energy (E,q,) is defined according to E,4 =
E(X/slab) — [E(X) + E(slab)], where E(X/slab) is the total
energy of the slab with one X molecule, E(slab) is the total
energy of the bare slab, and E(X) is the total energy of a free X
molecule in the gas phase, and therefore, the more negative the
E, 4y the stronger the adsorption. For the adsorption of atomic
H or O, half of the total energy of gas-phase molecular H, or
O, was used. The barrier (E,) and reaction energy (AE,) are
calculated according to E, = Ers — Ejs and AE, = Egg — Ejg,
where Ejg, Egg, and Erg are the energies of the corresponding

https://doi.org/10.1021/acs.jpcc.1c03372
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Figure 1. Top (top) and side (bottom) views of the (a) Mo,C(101), (b) 4M—Mo,C(101), and (c) 8M—Mo,C(101) surface structures and
possible adsorption sites (t: top, b: bridge, 3h: threefold hollow, and 4h: fourfold hollow sites; C: gray, Mo: cyan, M: pink).

initial state (IS), final state (FS), and transition state (TS),
respectively. All reported energetic data included zero-point
energy (ZPE) correction through processing the frequency
analysis. In our previous work, we used PBE to compute the
high coverage adsorption and desorption of CO on the
orthorhombic Mo,C(100) surface® and the hexagonal
eclipsed Mo,C(001) surface’” and found that the estimated
desorption temperatures agree with the experimental values,
and this in turn validates the PBE functional and also the
calculated adsorption energies. The same is also found for the
high coverage co-adsorption of CO and H, on the CdI,-
antitype metallic Mo,C(001) surface.® On the contrary, the
computed adsorption energies including dispersion correc-
tion®” are in the range of 0.25—0.54 €V stronger than those
from only PBE and should be overestimated. Therefore, we
used only PBE for energy calculations.

Figure 1 shows the top and side views of the Mo,C(101),
4M—Mo,C(101), and 8M—Mo,C(101) surfaces. For Mo,C-
(101), there are totally 16 surface Mo and 16 surface C atoms.
Four types of surface atoms with different coordination
patterns are exposed. The surface C, atom interacts with
four Mo atoms and has two dangling bonds (saturated bulk
Mo coordinating with three C atoms), and the surface Cy atom
interacts with five Mo atoms and has one dangling bond. The
surface Mo, atom interacts with seven Mo atoms, and the
surface Mog atom interacts with eight Mo atoms. These four
different surface atoms build four top sites (t1—t4), eight
bridge sites (b1—b8), three threefold hollow sites (3h1—3h3),
and two fourfold hollow sites (4h1l and 4h2) for adsorption.
The t1—t4 sites are on the C,, Mo,, Cy, and Moy, respectively.
The bl (Mo,—Mo,) site has two Mo, atoms; the b2 (C,—
C,) site has two C, atoms; the b3 (Moy—Mog) site has two
Moy, atoms; the b4 (Mo,—C,) site has one Mo, atom and one
C, atom; the b5 (Mog—C,) site has one Moy atom and one
C, atom; the b6 (Mo,—Cp) site has one Cy atom and one
Mo, atom; the b7 (Moy—Cp) site has one Cy atom and one
Moy, atom; the b8 (Mo,—Mog) site has one Mo, atom and
one Moy atom. The 3h1 (2Mo,—Cj) site has two Mo, atoms
and one Cy atom; the 3h2 (Mo,—Moyz—Cj) site has one Mo,
atom, one Moy atom, and one Cy atom; and the 3h3 (2Mog—
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Cp) site has two Moy atoms and one Cp atom. The 4hl
(2Mo,—2C,) site has two Mo, atoms and two C, atoms,
while the 4h2 (2Moy—2C,) site has two Moy atoms and two
C, atoms. The total supercell contains a Mog,Cs, unit.

The 4M—Mo,C(101) surface, formed by substituting 4
surface Mo, atoms on the pure Mo,C(101) surface with 4
doping metal atoms, has 12 surface Mo, 4 doping metal, and
16 surface C atoms. As shown in Figure 1b, nine types of
surface atoms can be recognized with different coordination
environments. The surface M atom interacts with six Mo
atoms and one M atom. The surface C, atom interacts with
four Mo atoms; surface C,’ interacts with three Mo atoms and
one M atom; the surface Cy atom interacts with five Mo
atoms; the surface Cp’ atom interacts with four Mo atoms and
one M atom; the surface Cz” atom interacts with three Mo
atoms and two M atoms. Surface Mo, interacts with six Mo
atoms and one M atom; the surface Moy atom interacts with
eight Mo atoms; the surface Mog' atom interacts with seven
Mo atoms and one M atom.

On the 8M—Mo,C(101) surface (Figure 1c), all surface
Mo, atoms on the pure Mo,C(101) surface are replaced with
doping metal atoms. Therefore, this surface has totally 8
surface Moy atoms, 8 surface doping M atoms, and 16 surface
C atoms. There are four types of surface atoms with different
coordination environments. The surface M atom interacts with
five Mo and two M atoms. Surface C,’ interacts with three Mo
atoms and one M atom, the surface Cz” atom interacts with
three Mo and two M atoms, and the surface Moy’ atom
interacts with seven Mo atoms and one M atom.

B RESULTS AND DISCUSSION

Since doping metals have different electronic configurations, it
is meaningful to investigate the changes in geometric,
electronic, and adsorption properties with the respect of
catalysis. At first, we analyzed the projected density of states
(PDOS) of the d-orbitals of all these doped surfaces. We
compared our results with those reported previously® and
found good accordance. On pure Mo,C(101), the PDOS
shows that the d-orbitals of Mo, with sevenfold coordination is
closer to the Fermi level than Moy with eightfold coordination

https://doi.org/10.1021/acs.jpcc.1c03372
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Table 1. Average Bader Charge for Surface Metal Atoms on Pure Mo,C(101), 4M—Mo,C(101), and 8M—Mo,C(101) (M = Fe,

Co, Ni, Cu, Pd, and Pt)

4M—Mo,C(101)

8M—Mo,C(101)

site Mo,C(101) Fe Co Ni Cu Pd
Mo,” 0.79 0.85 0.88 0.89 0.88 0.91
MC)BI7 0.89 0.86 0.86 0.87 0.89 0.90
Cy —1.14 -1.13 —-1.12 -1.12 —-1.13 -1.10
Cg —-1.32 -1.29 —1.25 —1.24 —-1.25 —-1.20
M 0.51 0.32 0.27 0.33 0.04

Pt Fe Co Ni Cu Pd Pt

091

0.90 0.86 0.85 0.90 0.93 0.93 092
—1.08 -1.10 —1.08 —1.06 —1.10 —-1.02 —0.99
—-1.17 —-1.23 —-1.14 —-1.12 —1.16 —-1.03 —0.98
-0.12 0.54 0.36 0.27 0.37 0.10 —-0.03

“Average Bader charge of surface Mo,’ atoms in 4M—Mo,C(101). bAverage Bader charge of surface Moy and Mog” atoms in 4M—Mo,C(101) or

surface Moy’ atoms in 8M—Mo,C(101).

4h1 (2C,-2Mo,)
(-1.56 eV)

4h2 (2C,'-Mog-Moy')
Co (-1.54 eV)

t2 (Moy)

4h1 (2C,-2Moy’)
Fe (-1.56 eV)
Ni (-1.52 eV)
Cu (-1.64 eV)
Pd (-1.46 eV)

4h2 (2Moy'-2C,)
Fe (-1.60 eV)
Co (-1.81 eV)
Ni (-1.57 eV)
Cu(-1.21eV)
Pd (-0.77 eV)
Pt (-0.86 eV)

Figure 2. Most stable adsorption configurations and energies (in parentheses) of CO on (a) pure Mo,C(101), (b—d) 4M—Mo,C(101), and (e)
8M—Mo,C(101) (M = Fe, Co, Ni, Cu, Pd, and Pt; O: red, C in CO: black, C in Mo,C: gray, Mo: cyan, M: pink).

and surface Mo, atoms are more active than Moy atoms. For
8M—Mo,C(101), with all surface Mo, atoms replaced with
doping metals (Figure S1), surface Mog has no obvious change
in PDOS, while the PDOSs of Fe and Co are closer to the
Fermi level compared to those of Ni, Cu, Pd, and Pt. The same
situation has also been found on the fourM—Mo,C(101)
surfaces (Figure S2).

In addition to PDOS, we have analyzed the electronic effect
(Bader charge analysis*') of different doping metals (Table 1).
On pure Mo,C(101), both Mo, and Moy are positively
charged. On both 4M—Mo,C(101) and 8M—Mo,C(101) for
3d metals, the positive Bader charge of the doping metal is in
the order of Fe (0.51) > Cu (0.33) ~ Co (0.32) > Ni (0.27)
and Fe (0.54) > Cu (0.37) =~ Co (0.36) > Ni (0.27),
respectively, in line with the order of the Allen electro-
negativity of Fe (1.80) < Co (1.84) ~ Cu (1.85) < Ni (1.88).”
Comparatively, Pd atoms are slightly positively charged for
4M— and 8M—Mo,C(101) (0.04 and 0.10, respectively), while
Pt atoms are slightly negatively charged (—0.12 and —0.03,
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respectively), although the electronegativities of Pd and Pt are
1.59 and 1.72, respectively. The difference among Ni, Pd, and
Pt might be associated with their different electronic
configurations, that is, 3d®4s* for Nij, 4d'°5s° for Pd, and
5d%s' for Pt. In all cases, surface C, and Cjy are negatively
charged due to the much larger electronegativity (2.544), and
C, is more negatively charged than Cy. However, both C, and
Cp become less negatively charged upon transition-metal
doping, and the largest change is Cy on the 8M-doped surface.
That the doped Cu atoms are positively charged agrees with
the X-ray photoelectron spectroscopy analysis,'' and these
positively charged Cu species could result in high activity for
methanol conversion and high stability, which might result
from the strong interaction between Cu and the Mo,C
support. Having these results in hand, we computed the
adsorption properties of CO, H,0, H,, and CO,.

CO Adsorption. First, we studied CO adsorption. Figure 2
shows the most stable adsorption configurations, while the less
stable adsorption configurations are given in Figure S3. On

https://doi.org/10.1021/acs.jpcc.1c03372
J. Phys. Chem. C 2021, 125, 11419-11431
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(a)(, {

t2 (Mo,)
(-0.29 eV)

t2 (Moy) t2 (M)
Fe (-0.28 eV)
Co (-0.30eV)

Fe (-0.10 eV)
Co (-0.16 eV)

Ni (-0.26 eV)
Cu (-0.24 eV)
Pd (-0.26 eV)
Pt (-0.28 eV)

Figure 3. Most stable adsorption configurations and energies (in parentheses) of H, on (a) pure Mo,C(101), (b) 4M—Mo,C(101), and (c) 8M—
Mo,C(101) (M = Fe, Co, Ni, Cu, Pd, and Pt; H: yellow, C: gray, Mo: cyan, M: pink).

1(cy) 1(c))
Fe (-0.64 eV) Fe (-0.70 eV)
Co (-0.69 eV) Co (-0.88 eV)
Ni (-0.70 eV) Ni (-0.90 eV)
Cu (-0.67 eV) Cu (-0.68 eV)
Pd (-0.59 eV) Pd (-0.75 eV)
Pt (-0.58 eV) Pt (-0.73 eV)

Figure 4. Most stable adsorption configurations and energies (in parentheses) of H on (a) pure Mo,C(101), (b) 4M—Mo,C(101), and (c) 8M—
Mo,C(101) (M = Fe, Co, Ni, Cu, Pd, and Pt; H: yellow, C: gray, Mo: cyan, M: pink; using gaseous H, as a reference).

pure Mo,C(101), CO prefers the 4h1 (2C,—2Mo,) site with
the strongest adsorption energy of —1.56 eV, followed by the
t2 (Mo,) site (—1.53 eV), indicating their competition, while
the t4 (Moy) and 4h2 (2C,—2Moy) sites have much lower
adsorption energies (—0.96 and —0.67 eV, respectively, Figure
S3). At the 4h1 site (2C,—2Mo,), the C atom of CO interacts
with two surface C, atoms and the O atom interacts with two
surface Mo, atoms. At the 4h2 (2C,—2Moy) site, the C atom
of CO interacts with two surface C, atoms and the O atom
interacts with two surface Moy atoms. The stronger adsorption
at 4h1 than at 4h2 shows that Mo, is more active than Mog.
These results match well with those reported previously.'®*”
On 4M—Mo,C(101), where half surface Mo, atoms on
Mo,C(101) are replaced with doping metals, CO prefers the
4h1 (2C,—2Mo,’) site for M = Fe, Ni, Cu, and Pd with
adsorption energies of —1.56, —1.52, —1.64, and —1.46 eV,
respectively. For M = Co and Pt, CO prefers the 4h2 (2C,'—
Mog—Mog') and t2 (Mo,’) sites with adsorption energies of
—1.54 and —1.49 eV, respectively, while the 4hl1 (2C,—
2Mo,’) site has lower adsorption energies (—1.45 and —1.42
eV, respectively). It is noted that CO adsorption at the top site
of doping metal t2 (M) at the t4 (Moy’) site and at the 4hl
(2M—-2C,’) site (vertically at the 2C,’ bridge site) for Pd and
Pt is less or much less stable (Figure S3). This shows that the
doping metal does not significantly affect CO adsorption at the
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4h1 (2C,—2Mo,’) site but increases CO adsorption energy at
the 4h2 (2C,’'—Moz—Moy’) and t2 (Mo,’) sites. However,
CO adsorption around the doping metal is not competitive
and favorable.

On 8M—Mo,C(101), CO prefers the 4h2 (2Moy'—2C,’)
site for M = Fe, Co, Ni, Cu, and Pt with adsorption energies of
—1.60, —1.81, —1.57, —1.21, and —0.86 €V, respectively. For M
= Pd, both 4h2 (2Moy'—2C,’) and t4 (Moy’') sites have the
same CO adsorption energy (—0.77 eV). On the contrary, CO
adsorption at the top site of doping metal t2 (M), at the t4
(Moy') site, and at the 4h1 (2M—2C,) site is less or much less
stable (Figure S3). This shows that the doping metal promotes
CO adsorption at the 4h2 (2Moy'—2C,’) site, while CO
adsorption around the doping metal is not competitive and
favorable.

In addition to the adsorption configurations and energies, we
computed CO stretching frequencies (Table S1). It is found
that CO stretching frequencies at fourfold hollow sites are in
the range of 1000—1300 cm™, while those at the top sites are
in the range of 1900—2100 cm™'. However, CO stretching
frequency does not correlate with the adsorption energy since
CO has close adsorption energy at fourfold hollow and top
sites, that is, at 4h1 (2C,—2Mo,) and t2 (Mo,) sites on pure
Mo,C(101) (—1.56 and —1.53 eV, respectively), at 4hl
(2C4,—2Mo,’) and t2 (M) sites on 4Fe—Mo,C(101) (—1.56

https://doi.org/10.1021/acs.jpcc.1c03372
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Pt (-0.70 eV) Pt (-0.41 eV)

Figure 5. Most stable adsorption configurations and energies (in parentheses) of H,O on (a) pure Mo,C(101), (b) 4M—Mo,C(101), and (c)
8M—Mo,C(101) (M = Fe, Co, Ni, Cu, Pd, and Pt; H: yellow, O: red, C: gray, Mo: cyan, M: pink).
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Figure 6. Most stable adsorption configurations and energies (in parentheses) of OH on (a) pure Mo,C(101), (b) 4M—Mo,C(101), and (c,d)
8M—Mo,C(101) (M = Fe, Co, Ni, Cu, Pd, and Pt; H: yellow, O: red, C: gray, Mo: cyan, M: pink).

and —1.55 €V, respectively), and at 4h2 (2Mo;'—2C,’) and t4
(Moy') sites on 8Pd—Mo,C(101) (—0.77 and —0.77 eV,
respectively). These results should provide theoretical
reference for assigning specific adsorption sites with the
corresponding stretching frequencies.

Hydrogen Adsorption. As reported previously,” molec-
ular H, can occupy the top site of the surface Mo atom
vertically and horizontally, and the former is slightly more
stable than the latter; thus, we only considered the vertical type
in the present study.

On pure Mo,C(101) (Figure 3a), H, adsorption at the t2
(Moy,) site is exothermic (—0.29 eV), while at the t4 (Mog)
site, it is endothermic (0.13 eV) (Figure S4). On 4M-—
Mo,C(101), H, prefers the t2 (Mo,’) site with adsorption
energies of —0.28, —0.30, —0.26, —0.24, —0.26, and —0.28 eV
for M = Fe, Co, Ni, Cu, Pd, and Pt, respectively (Figure 3b),
close to that on the pure surface. On the contrary, H,
adsorption at the t2 (M) site has either very low or negligible
adsorption energy (Figure S4). On the t4 (Mog or Moy') sites,
H, has adsorption energies close to 0 (Figure S4). These show
that on 4M—Mo,C(101), the doping metal does not
significantly affect H, adsorption at the t2 (Mo,’) site, and
H, adsorption around the doping metal is not favored and
competitive. On 8M—Mo,C(101), H, adsorption at the t2
(M) site has very low adsorption energies (—0.10 and —0.16
eV, respectively) for M = Fe and Co (Figure 3c) and negligible

adsorption energy for M = Ni, Cu, Pd, and Pt (Figure S4),
indicating the complete suppression of H, adsorption.

As H, prefers dissociation adsorption (—0.92 eV) on the
pure Mo,C(101) surface with a very low barrier (0.31 eVv),!
we computed the adsorption of a H atom for H, dissociative
adsorption. The most stable adsorption configurations are
listed in the Figure 4, and other less stable adsorption
configurations and energies are summarized in Figure SS.

As shown in Figure 4, the H atom prefers the C, (or C,’)
sites on pure and metal-doped surfaces. On pure Mo,C(101),
the adsorption energy at the C, site is —0.46 eV (Figure 4a),
much stronger than that at the other adsorption sites (Figure
S5). Based on the results on pure Mo,C(101), we mainly
considered the different top sites for H adsorption on the 4M—
and 8M—Mo,C(101) surfaces. On 4M—Mo,C(101), it is
interesting to note that H adsorption has stronger adsorption
energy at the top of C,’ site than at the C, site (—0.64 vs
—0.43 eV, —0.69 vs —0.43 eV, —0.70 vs —0.42 eV, —0.67 vs
—0.43 eV, —0.59 vs —0.41 eV, and —0.58 vs —0.41 eV for M =
Fe, Co, Ni, Cu, Pd, and Pt, respectively), while H does not
adsorb at all other sites. On 8M—Mo,C(101), the adsorption
energies at the top of the C,’ site for M = Fe, Co, Ni, Cu, Pd,
and Pt are —0.70, —0.88, —0.90, —0.68, —0.75, and —0.73 eV,
respectively. These results show that the doping metal
promotes hydrogen atom adsorption at the top site of the
surface carbon atom. On the contrary, the adsorption of the

https://doi.org/10.1021/acs.jpcc.1c03372
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Figure 7. Most stable adsorption configurations and energies (in parentheses) of O on (a) pure Mo,C(101), (b) 4M—Mo,C(101), and (c) 8M—
Mo,C(101) (M = Fe, Co, Ni, Cu, Pd, and Pt; O: red, C: gray, Mo: cyan, M: pink; using gaseous O, as a reference).

Table 2. Dissociation Barrier (E,, eV) and Reaction Energy (AE,, eV) as Well as the Critical O—H Distance (d, A) in the

Transition State

H,0 - TS1 - OH + H

surfaces E, AE,
Mo,C(101) 0.23 —0.94
4Fe—Mo,C(101) 0.28 —0.79
4Co—Mo,C(101) 0.31 —0.87
4Ni—Mo,C(101) 0.30 -0.75
4Cu—Mo,C(101) 0.27 —0.90
4Pd—Mo,C(101) 031 -0.73
4Pt—Mo,C(101) 0.36 —0.62
8Fe—Mo,C(101) 0.10 —048
8Co—Mo,C(101) 0.08 -0.72
8Ni—Mo,C(101) 0.05 —0.61
8Cu—Mo,C(101) 0.05 —0.53
8Pd—Mo,C(101) 0.18 —040
8Pt—Mo,C(101) 0.21 —0.40

OH+H — TS2 - O +2H

d (TS1) E, AE, d (TS2)
1.307 0.72 —0.30 1314
1311 0.77 —0.38 1.325
1312 0.80 —0.40 1316
1.306 0.79 —0.39 1.319
1.304 0.77 —0.40 1.321
1318 0.81 —0.39 1.325
1.326 0.81 —0.37 1316
1313 0.65 —0.58 1354
1.265 0.60 —0.70 1.326
1.278 0.68 —0.64 1.360
1.307 0.73 —0.49 1.388
1.307 0.87 —0.55 1410
1.302 0.85 —0.51 1.388

hydrogen atom around the doping metal has either negligible
or endothermic adsorption energies.

H,O Dissociative Adsorption. Figure 5 shows the most
stable H,O adsorption configurations on all these surfaces, and
the less stable adsorption configurations are listed in Figure S6.
On pure Mo,C(101), H,O prefers the t2 (Mo,) site with an
adsorption energy of —0.61 €V,'® while adsorption on the t4
(Moy) site is less stable (—0.31 eV, Figure S6). For 4M—
Mo,C(101), H,O also prefers the t2 (Mo,') site for all doped
surfaces with adsorption energies of —0.65, —0.70, —0.68,
—0.64, —0.67, and —0.70 eV for M = Fe, Co, Ni, Cu, Pd, and
Pt, respectively (Figure Sb), while adsorption at other top sites,
t2 (M), t4 (Mog), and t4 (Mog'), is much less stable. It is also
to note that metal doping increases slightly the adsorption
energy.

On 8M—Mo,C(101), H,O prefers the t4 (Moy') site with
adsorption energies of —0.46, —0.50, —0.50, —0.40, —0.37, and
—0.41 eV for M = Fe, Co, Ni, Cu, Pd, and Pt, respectively
(Figure Sc), while H,O adsorption at the top of the t2 (M)
doping metal is less stable with adsorption energies of —0.40,
—0.38, —0.27, —0.28, —0.15, and —0.10 eV for M = Fe, Co, Nj,
Cu, Pd, and Pt, respectively (Figure S6).

Next, we computed the adsorption of OH and O, the
intermediates of H,O dissociative adsorption. For OH, the
most stable adsorption configurations are shown in Figure 6,
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and the other less stable adsorption configurations are listed in
Figure S7.

On pure Mo,C(101) (Figure 6a), OH prefers the bl
(Mo,—Mo,) site with an adsorption energy of —4.26 eV,
followed by that at the t2 (Mo,) site (—3.85 eV), while
adsorption at other sites (t4, b4, b3, and t3) is much less
stable. On 4M—Mo,C(101), OH also prefers the bl (Mo, —
Mo,') site with adsorption energies of —4.18, —4.13, —4.18,
—4.27, —4.14, and —4.06 eV for M = Fe, Co, Ni, Cu, Pd, and
Pt, respectively (Figure 6b). Since OH prefers the bridge sites
over the top sites, we also computed other bridge sites, bl
(M—Mo,') and bl (M—M) as well as b3 (Mog—Moy), b3
(Moy'—Moyg), and b3 (Moy'—Moy’), and all these sites have
lower OH adsorption energies (Figure S7).

On 8M—Mo,C(101), dramatic changes have been found.
For M = Co and Pt (Figure 6¢,d), bS (C,'—Moy’) and b3
(Mog'—Moy’) sites have the same adsorption energy (—3.62
and —3.46 eV, respectively). For M = Ni and Pd, the bS (C,'—
Moy') site has a stronger adsorption energy than the b3
(Moy'—Moy’) site (—3.60 vs —3.42 eV for Ni and —3.46 vs
—3.39 eV for Pd). For M = Fe and Cu, the b3 (Moy'—Moy')
and bS (C,'—Mog’) sites have close adsorption energies
(—3.48 vs —3.46 eV for Fe and —3.41 vs —3.37 eV for Cu). On
the contrary, the bl (M—M) site has much lower OH
adsorption energy (Figure S7). It shows that metal doping can

https://doi.org/10.1021/acs.jpcc.1c03372
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Scheme 1. Potential Energy Surface of H,O Dissociative Adsorption on (a) 4M—Mo,C(101), Left, and (b) 8M—Mo,C(101),
Right (M = Mo, Fe, Co, Ni, Cu, Pd, and Pt; the Magnified Surface in the Dash Line Square)
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lower OH adsorption energy to a large extent on the 8M—
Mo,C(101) surfaces by about 15—20%, and this might affect
the reactions associated with surface OH.

Next, we computed surface oxygen adsorption (Figure 7).
On pure Mo,C(101), O prefers the t2 (Mo,) site with an
adsorption energy of —3.20 eV. Similarly, O also prefers the t2
(Mo,’) site on 4M—Mo,C(101) with adsorption energies
close to that on the pure surfice. On 8M—Mo,C(101),
however, O prefers the t1 (C,’) site with adsorption energies
of =279, —2.94, —2.84, —2.58, —2.87, and —2.83 €V for M =
Fe, Co, Ni, Cu, Pd, and Pt, respectively. The t4 (Moy’) site is
the second most stable site with adsorption energies of —2.44,
—2.49, —2.54,—2.35, —2.52, and —2.53 ¢V for M = Fe, Co, Nj,
Cu, Pd, and Pt, respectively. It is also noted that O adsorption
at the t2 (M) site has a very low or even positive adsorption
energy and therefore not favored. It shows that metal doping
can lower the adsorption energy to a large extent on the 8M—
Mo,C(101) surfaces by about 10—20%, and this might affect
the reactions associated with surface O.

On the basis of these most stable adsorption sites of H,O,
OH, O, and H, we explored H,O sequential dissociation on
these surfaces. The barriers, reation energies, and breaking
bond distances are listed in Table 2, and the adsorption
structures of the IS, TS, and FS are summarized in Figures S9
and S10. The simplified potential energy surfaces are shown in
Scheme 1.

On the pure Mo,C(101) and 4M—Mo,C(101) surfaces, the
adsorption configurations of the first H,O dissociation step
(H,0 — OH + H) are very similar since they start at the Mo,
or Mo, sites, and the potential energy surfaces are also very
similar (Scheme 1a, left). Compared to the pure Mo,C(101)
surface (0.23 and —0.94 eV), the dissociation barrier becomes
higher, while the dissociation energy becomes less exothermic,
and the largest change has been found for Pt doping (0.36 and
—0.62 V). In addition, the corresponding transition states also
have similar breaking O—H distances (Table 2).

For the second dissociation step (OH + H — O + 2H), their
configurations in IS, TS, and ES are also similar on both pure
and 4 M—Mo,C(101) surfaces (Figure S10) but vary in H
atom migration. After the first dissociation step, the H atom
migrates to the more stable remote site (C, or C,") which is
also the most stable adsorption site for the pure single H atom
(Figure 4). Compared to the pure Mo,C(101) surface (0.72
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and —0.30 eV), the dissociation barrier increases slightly (0.81
eV for Pd and Pt) and the dissociation energy becomes slightly
more exothermic (—0.40 eV for Cu and Co). In addition, the
corresponding transition states have similar breaking O—H
distances (Table 2).

On the 8M—Mo,C(101) surface, where all Mo, atoms are
replaced with doping metal atoms, H,O adsorbs at the t4
(Moy') sites (Figure S9). The adsorption configuration of the
first H,O dissociation step (H,0 — OH + H) is similar
compared to pure and 4M—Mo,C(101) but with different
orientation for O—H bond breaking. As shown in Scheme 1b
(right), H,O has not only lower adsorption energy but also a
much lower barrier for the first-step H,O dissociation (H,0 —
OH + H), as compared to the 4M—Mo,C(101) and pure
Mo, C surfaces. In addition, the first dissociation step on 8M—
Mo,C(101) is also much less exothermic than that on the
4M—Mo,C(101) and pure Mo,C surfaces. Compared to the
4M—Mo,C(101) surface, the barrier of the second dissociation
step (OH + H — O + 2H) is lower for M = Fe, Co, Ni, and Cu
but higher for M = Pd and Pt, while the reaction is more
exothermic.

In addition to the individual steps, the general trend of H,O
dissociative adsorption over 4M- and 8M-doped surfaces in
comparison with the pure surface can be seen in Scheme 1.
Due to the similar or same adsorption site of the 4M-doped
surface (Mo,’ vs Mo,) and the pure surface (Scheme 1, left),
the same trend has been found, that is, the first H,O
dissociation step has a barrier lower than the H,O adsorption
energy and the dissociation is very exothermic, indicating that
dissociation is more preferred than desorption. Next, the
second dissociation step has a higher barrier and is less
exothermic than the first dissociation step. Compared to the
pure surface, the total reaction on the 4M-doped surface is
more exothermic, indicating the enhanced thermodynamic
trend. This shows that the 4M-doped surface can bind surface
intermediates more strongly than the pure surface. On the 8M-
doped surface with Moy’ as the favored adsorption site, the
first H,O dissociation step also has a barrier lower than the
H,0 adsorption energy, and the dissociation is very
exothermic, indicating that dissociation is more preferred
than desorption, and the dissociation is less exothermic than
that on the pure surface. All these changes are to a lesser extent
than those on the corresponding 4M-doped surfaces. Different

6 https://doi.org/10.1021/acs.jpcc.1c03372
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Figure 8. Most stable adsorption configurations and energies (in parentheses) of CO, on (a) pure Mo,C(101), (b) 4M—Mo0,C(101), and (c,d)
8M—Mo,C(101) (M = Fe, Co, Ni, Cu, Pd, and Pt; O: red, C in CO,: black, C in Mo,C: gray, Mo: cyan, M: pink).

from the 4M-doped surface, the transition state of the second
dissociation step is higher in energy for M = Cu and Pd and
lower in energy for M = Fe, Co, Nj, and Pt than that of the first
dissociation step, indicating that surface OH can be a stable
intermediate for M = Cu and Pd. Next, the second dissociation
step has a higher barrier than the first dissociation step, and the
reaction energy is close to the first dissociation step. Compared
to the pure surface, the total reaction on the 8M-doped surface
is less exothermic apart from M = Co, indicating the doping
metal dependence.

CO, Dissociative Adsorption. The adsorption of CO, on
the pure and metal doping surfaces is computed, and the most
stable adsorption configurations are listed in Figure 8, while
the less stable configurations and energies are listed in Figure
S11.

On pure Mo,C(101), the most stable adsorption config-
uration of CO, has a tridentate mode, in which the C atom
interacts with surface C, and the O atoms interact with surface
Mo, and Moy, and the adsorption energy is —0.95 eV,
followed by that at the bl (Mo,—Mo,) site (Figure S11,
—0.90 eV), and the b3 (Mog—Moy) site has a positive
adsorption energy (Figure S11, 0.45 eV). On the 4M-—
Mo,C(101) surface (Figure 8b), the most stable CO,
adsorption has the same configuration and similar energy as
on the pure surface, while CO, adsorption at the Mog—C,'—M
site is less stable (Figure S11). In addition, CO, adsorption at
other bridge sites also becomes less stable or has a positive
adsorption energy. On 8M—Mo,C(101), the most stable CO,
adsorption has a bidentate mode for M = Co, Nj, Pd, and Pt, in
which the C atom interacts with surface C,’ and one O atom
interacts with Moy and another O atom does not interact with
the doping atom, and a tridentate mode for M = Fe and Cu;
also, the adsorption energies are lower than those on 4M—
Mo,C(101). Besides, their corresponding C—O stretching
frequencies are also calculated (Table S2). The stretching
frequencies are similar between the 4M—Mo,C(101) and pure
Mo,C(101) surfaces due to their similar adsorption config-
urations. On the 8M—Mo,C(101) surfaces, significant differ-
ences in C—O stretching frequencies between the bidentate
modes (Fe and Cu) compared to tridentate (Co, Ni, Pd, and
Pt) adsorption configurations are found.

On the basis of the most stable adsorption configurations of
CO,, CO (Figure 2), and O (Figure 7), we computed CO,
dissociation on these surfaces. The barriers, reation energies,
and breaking C—O bond distances are listed in Table 3, and
the adsorption structures of the IS, TS, and ES are given in
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Figure S12. The simplified potential energy surfaces are shown
in Scheme 2.

Table 3. Dissociation Barrier (E,, eV), Reaction Energy
(AE,, eV), and Critical C—O Distance (d, A) in the
Transition State

CO, > TS - CO + O

surfaces E, AE, d (TS)
Mo,C(101) 0.56 —0.63 1.602
4Fe—Mo,C(101) 031 —0.70 1.640
4Co—Mo,C(101) 0.48 —0.68 1.648
4Ni—Mo,C(101) 0.16 —-0.76 1.660
4Cu—Mo,C(101) 0.05 —0.86 1.665
4Pd—Mo,C(101) 0.16 —-0.76 1.661
4Pt—Mo,C(101) 0.28 —0.66 1.660
8Fe—Mo,C(101) 0.97 0.30 1917
8Co—Mo,C(101) 0.50 0.09 1.620
8Ni—Mo,C(101) 0.80 033 1717
8Cu—Mo,C(101) 0.82 0.56 1.652
8Pd—Mo,C(101) 0.88 0.57 1.700
8Pt—Mo,C(101) 0.83 0.50 1.694

On the pure surface, CO, dissociation has a barrier (0.56
eV) lower than the adsorption energy (—0.95 eV) and is
exothermic (—0.63 eV), and the same trend is found on 4M—
Mo,C(101) with a lower barrier and the dissociation is more
exothermic, indicating that the doping metal can promote CO,
dissociation, although it does not participate in CO,
dissociation directly. On 8M—Mo,C(101), totally different
results have been found, that is, CO, dissociation becomes
endothermic compared to that on the pure and 4M-doped
surfaces, indicating the doping effect. In addition to these
individual values, the general trend can be seen in Scheme 2. It
shows that on pure and 4M-doped surfaces, CO, dissociation
barriers are lower than their adsorption energy, indicating that
dissociation is favored over desorption. In addition, the
dissociated state is in close energy to that on the pure surface
for M = Fe, Co, Ni, and Pd but less stable for M = Pt and more
stable for M = Cu. On 8M—Mo,C(101), the CO, dissociation
barrier is higher than the adsorption energy for M = Fe, Pd,
and Pt, close to that of Cu, and lower than that for M = Ni and
Co. This indicates that at an elevated temperature, CO,
desorption is more preferred than dissociation for M = Fe,
Pd, and Pt, while molecular and dissociative adsorption might
have equilibrium for M = Ni, Cu, and Co.

https://doi.org/10.1021/acs.jpcc.1c03372
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Scheme 2. Potential Energy Surface of CO, Dissociative Adsorption on (a) 4M—Mo,C(101), Left, and (b) 8M—Mo,C(101),
Right (M = Mo, Fe, Co, Ni, Cu, Pd, and Pt; the Magnified Surface in the Dash Line Square)
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Since both metals and supports play decisive and unique metal-doped Mo,C(101) surfaces as well as on the
roles in heterogeneous catalysis, we compared the adsorption corresponding metallic low-index Fe(110),"™*
properties of surface CO, OH, O, and H species, which are Co(0001),*>*¥73% Ni(111),"°'7>* Cu(111),*°*73¢
intermediates of many catalytic reactions, on the pure and Pd(111),"5%°7% and Pt(111)*****~°" surfaces. For making
11428 https://doi.org/10.1021/acs.jpcc.1c03372
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as close comparison as possible, we compiled all these reported
data using the same or nearly the same methodology despite
their different adsorption sites and configurations (Table S3);
and the general trend is shown in Scheme 3.

For CO adsorption, the adsorption energy on the pure and
4M-doped Mo,C(101) surfaces varies only slightly but
strongly on the 8M-doped Mo,C(101) surfaces. The CO
adsorption energies on these surfaces are lower than that of the
metallic low-index surfaces apart from Cu(111), which has
lower adsorption than the pure M-doped Mo,C(101) surfaces.
For the adsorption of surface OH and O species, the
adsorption energies on the pure and 4M-doped Mo,C(101)
surfaces are more or less the same but stronger than those on
the 8M-doped Mo,C(101) surfaces, and all these adsorption
energies are stronger than those on the metallic low-index
surfaces. For the adsorption of atomic hydrogen, the
adsorption energies on the 4M- and 8M-doped surfaces are
stronger than that on the pure surface, and the 8M-doped
surfaces have stronger adsorption energies than the 4M-doped
surface apart from 4Cu- and 8Cu-doped surfaces which have
nearly the same adsorption energies. Compared to the pure
and M-doped Mo,C(101) surfaces, Fe(110) has stronger
adsorption energy, while Co(0001), Ni(111), and Cu(111)
have weaker adsorption energies. Pd(111)- and 8Pd-doped
surfaces have similar adsorption energies, and Pt(111) has
adsorption energy between 4Pt- and 8Pt-doped surfaces. All
these show their similarity and differences in adsorption, which
should also be reflected in their catalytic kinetics and
thermodynamics.

B CONCLUSIONS

Experimentally, supported transition-metal catalysts in hetero-
geneous catalysis show different activity from only metals and
pure supports due to their enhanced mutual and synergistic
interaction. To understand these effects, we computed
transition-metal doping on the hexagonal Mo,C(101) surface
by substituting the less coordinated and more active surface
Mo, atoms with Fe, Co, Ni, Cu, Pd, and Pt in 4M (25%) and
8M (50%) metal loading,

It is found that metal doping affects the surface electronic
properties based on the analysis of PDOS and creates more
adsorption sites by changing the coordination environment for
surface metal and carbons atoms. Strong electron transfer from
the metal to the surface has been found for Fe, Co, Ni, and Cu,
resulting in a positive Bader charge on the doping metal, and
this agrees with the experimentally observed effect for Cu-
doped Mo,C. On the contrary, much less electron transfer
from Pd to the surface or from the surface to Pt has been
found. Consequently, not only surface metal atoms but also
surface carbon atoms become active in adsorption of surface
species.

On the pure and 4M (25%)-doped surfaces, surface Mo,
atoms are most preferred sites for the adsorption of H,, H,0O,
OH, and O, and surface carbon (C,) atoms are responsible for
the adsorption of H atoms, while surface Mo, and C, are co-
responsible for the adsorption of CO and CO,. On the 8M
(50%)-doped surfaces, the less active surface Moy and surface
Cp become active for the adsorption of CO and CO,, and the
adsorption energy depends on the doping metals. It is also
found that molecular H, has physisorption preferring the top
of the doping metal, while atomic H prefers the top of the
surface C, atom forming the C—H bond. The adsorption of
H,0 and OH prefers the top and bridge sites, respectively,

42

while atomic O prefers the top site of the surface C, atom
forming the C—O bond. Depending on doping metals and
adsorption sites, the adsorption of each surface species can
become more or less exothermic compared to the pure surface.

On the basis of these results, we explored the dissociative
adsorption of H,O and CO, and found potential energy
surfaces depending on the metal and loading. Full H,O
dissociative adsorption is favored thermodynamically on the
4M-doped surfaces and more exothermic compared to that on
the pure surface but less exothermic and doping-metal-
dependent on the 8M-doped surfaces apart from Co. CO,
dissociative adsorption is thermodynamically favored on the
4M-doped surfaces but becomes endothermic on the 8M-
doped surface, preferring molecular instead of dissociative
adsorption for Co, Ni, Cu, Pd, and Pt as well as equilibrium
between molecular and dissociative adsorption for Co.
Comparing the adsorption of CO, OH, O, and H on the
pure and doped Mo,C(101) surfaces and the corresponding
metallic M(hkl) surfaces reveals their similarity and difference,
and these should also be found in the reaction kinetics and
thermodynamics. These results provide a basis for studying the
mechanisms of reactions involving these surface species, for
example, the reported promotion effect in water-gas reaction,
methanol reforming, and evolution reaction of hydrogen and

oxygen.
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Summary: The surface and metal-dependent morphologies and energies of molybdenum carbide supported
metal catalysts (Ms/MoxC; M = Co, Ni, Cu, Pd, Pt) have been systematically investigated on the basis of periodic
density functional theory computations. On all three surfaces, hexagonal Mo2C(001) and Mo02C(101) as well as
cubic MoC(101), the adsorption of these metals is favored thermodynamically. On the hexagonal Mo:C phase,
metallic M02C(001) prefers dispersion at very low loading for Co and Ni, up to high loading for Pd and Pt, but
only aggregation for Cu. On Mo/C-mixed Mo2C(101), all metals prefer dispersion up to high loading and
aggregation with very high loading. On cubic Mo/C-mixed §-MoC(001), all metals prefer aggregation up to high
loading and three-dimensional clusters with very high loading. The electron transfer between the surface and
the adsorbed metals has also been computed, while neither the adsorption energy nor the quantity of electron
transfer correlates with the electronegativity of the atoms and their respective ionization potential or their
electron affinity. Our study provides a basis of size-dependent supported catalysts with respect to single atoms,
nanoclusters and nanoparticles for understanding the exceptional catalytic effect of specific metals and to pro-

vide insights into catalyst design in heterogeneous catalysis.
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The surface and metal-dependent morphologies and energies of molybdenum carbide supported metal
catalysts (M,/Mo,C; M = Co, Ni, Cu, Pd, Pt) have been systematically investigated on the basis of periodic
density functional theory computations. On the hexagonal Mo,C phase, metallic Mo,C(001) prefers
dispersion at very low loading for Co and Ni, up to high loading for Pd and Pt; but only aggregation for Cu.
On Mo/C-mixed Mo,C(101), all metals prefer dispersion up to high loading and aggregation at very high
loading. On cubic Mo/C-mixed §-MoC(001), all metals prefer aggregation up to high loading and three-
dimensional clusters at very high loading. On Mo,C(001), all adsorbed metals are negatively charged, while
on Mo,C(101) and MoC(001), Co, Ni and Cu are positively charged, and Pt is negatively charged, while Pd is
nearly neutral. On all three surfaces, the adsorption of these metals is favored thermodynamically. Although
correlation between electron transfer and adsorption energy has been found, no correlations between the
adsorption energy (and electron transfer) and electronegativity (and ionization potential and electron
affinity) of the atoms can be estimated. These results provide a basis for the study and design of size- and
shape-dependent (single-atom, nanocluster and nanoparticle) catalysts and their respective associated
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1. Introduction

In heterogeneous catalysis, supported metal catalysts have
found wide applications in the chemical industry and academia,
and attracted growing interest in recent years due to their
promising size- and shape-dependent (single-atom, nanocluster
and nanoparticle) activity and selectivity in various chemical
reactions.” In supported metal catalysts, not only the metals but
also the supports play decisive roles in their catalytic behaviors
and the most important aspect is their synergistic effect in
creating novel and exciting chemistry. Among various supports,
group IV-VI transition metal carbides (TMCs) are intriguing,
not only because of their being stable supports but also because
of their Pt-like behavior in various catalytic reactions as well as
their abundance and low cost.*® This is why TMCs have been
considered as potential alternatives to noble metals in many
reactions, such as the water-gas shift (WGS) reaction,” hydrogen
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evolution reaction (HER),®"' oxygen reduction reaction
(ORR)"*>** and methanol oxidation reaction."* As functionalized
supports TMCs also have achieved significant breakthroughs,
especially in low-temperature domains, including the WGS
reaction,">™” hydrodesulfurization,'®'® CO oxidation®**' and
CO, hydrogenation.>**

As an important member of TMCs, molybdenum carbides
and metal doped molybdenum carbides have attracted special
interest in supported metal catalysis. In 2004, Lee et al>®
studied MoO; direct conversion to molybdenum carbides
using a temperature-programmed reaction in the presence of
Co, Ni, Cu, Pd and Pt, and found that the supported metals
can not only lower the MoOj; reduction temperature but also
alter the phase and specific surface area of the carbides. With
an increase in the amount of Cu from a Cu/Mo molar ratio of
1.6/98.4 to 25/75, Abudula et al.>® found that the a-MoC;_x
phase gradually disappeared and the B-Mo,C phase was
mainly formed. Besides, noble and base metal supported
Mo,C and MoC catalysts have also been widely reported. For
example, Leclercq et al.>” found that a catalyst of Mo,C and 1
wt% dispersed Co exhibited better catalytic activity and a
higher yield of heavy hydrocarbons than bulk Mo,C in the
Fischer-Tropsch synthesis. Schweitzer et al.’” employed high
surface area Mo,C as a support for Pt nanoparticles (Pt/Mo,C)
in the WGS reaction and found a higher reaction rate than for
most active Pt/CeO, and Pt/TiO, catalysts. Moreover, Ribeiro'®
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reported that the WGS reaction rate for supported M/Mo,C (M
= Pt, Au, Pd, Ni) catalysts was 4-8 times higher than that of a
commercial Cu/ZnO/AL,O3 catalyst. Most interestingly, Xu
et al.”® prepared a supported M/Mo,C (M = Co, Ni, Cu) catalyst
for CO, hydrogenation and found that Cu/Mo,C displayed
high selectivity in CO and methanol production, and that Ni/
Mo,C and Co/Mo,C were most active for the activation and
full conversion of CO, with high selectivity by Ni/Mo,C for
methane and by Co/Mo,C for hydrocarbon C,Ha,., (n > 2).
Posada-Pérez et al investigated CO, conversion on bare
B-Mo,C and Cu/B-Mo,C (ref. 29) as well as on Cu/8-MoC and
Au/8-MoC (ref. 22) catalysts, and found that the supported
metals improved methanol production. Moreover, the metal/
carbon ratio governs the chemical behavior of the carbide and
the properties of the supported metals, up to the point of
being able to switch the rate and mechanism of CO,
conversion. Ma et al. studied Pt/a-MoC (ref. 30) and Au/a-
MoC (ref. 31) catalysts for methanol reforming and a low-
temperature WGS reaction, and found that o-MoC exhibits
stronger interaction with Pt and Au than common oxide
supports or -Mo,C, and Au and Pt prefer atomic dispersion
over a-MoC and exhibit great catalytic performance. Most
recently, Tong et al.** successfully synthesized an atomic scale
Ni/B-Mo,C electrocatalyst that exhibited remarkable catalytic
activity for HER at all pH values.

Computationally, Illas et al*® studied the interaction of
Group 9, 10, and 11 (Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag and Au)
atoms with the (001) surface of 3-MoC, based on periodic
density functional theory (DFT) calculations, and found that
many of the supported admetals are electronically perturbed
upon interaction with the carbide surface. By analyzing the
adsorption energies and equilibrium geometries, work
functions, atomic charges, projected density of states (PDOS)
and shifts of the d-band center of Au, Cu and Ni atoms with
the 8-MoC(001) surface,** they found that atomic adsorption
can cause an in-plane distortion of the surface and the
interaction strength turns out to be coverage dependent. By
investigating the atomic structures and electronic properties
of Cu, nanoclusters (n = 4, 6, 7, 10) supported on cubic non-
polar 8-MoC(001) and orthorhombic C/Mo-terminated polar
B-Mo0,C(001) surfaces,* they found that the Cu adsorption
prefers two-dimensional structures on p-Mo,C(001), but
three-dimensional (3D) structures on 8-MoC(001), indicating
that the Mo/C ratio and the surface polarity play a key role in
determining the structure of the supported clusters. Tian
et al. investigated the surface morphology of Cu, clusters on
Fe(110) and Fe;C(001)*® surfaces as well as the different
terminations of the Higg iron carbide (y-FesC,) phase,’” and
found a thermodynamically favored adsorption mode of Cu,
clusters on specific coverage. The computed results of Cu
favoring either dispersion or mono-layer adsorption at low
coverage are supported by a recent experimental investigation
into the influence of a Cu promoter on the carburization of
Fe-based precursors,®® where the characteristic X-ray
diffraction patterns of metallic Cu have not been identified,
which indicates the dispersion of Cu on y-FesC, surfaces. He
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et al.*® studied the surface morphology of Pt, clusters on
FesC»(100) and FesCy(111) surfaces using ab initio molecular
dynamics and found the collapse of the initial 3D structure
of Ptq, to the monolayer configurations.

All these studies show that different metal/Mo,C, systems
exhibit large variations in activity and selectivity towards the
corresponding catalytic transformations, and the interplay
between metals and supports plays an irreplaceable role as
the surface metals possess a novel coordination environment
with special electronic properties, which may enhance the
synergistic effect between metal and carbide. Inspired by all
these results, we selected the hexagonal Mo,C(001) and
Mo0,C(101) as well as the cubic non-polar 8-MoC(001) surfaces
to systematically study the interaction of Co, Ni, Cu, Pd and
Pt metals with the surfaces to analyze the adsorption energies
and equilibrium geometries from low to high metal loading.
The aim of this work is to build a basis of size-dependent
supported catalysts with respect to single atoms, nanoclusters
and nanoparticles for understanding the exceptional catalytic
effect of specific metals and to provide insights into catalyst
design in heterogeneous catalysis.

2. Computational methods and
models
2.1. Methods

All calculations were performed using the plane-wave based
periodic DFT method implemented in the Vienna ab initio
simulation package (VASP, version 5.3.5),*"" where the ionic
cores are described by the projector augmented wave (PAW)
method.*> The exchange and correlation energies are
computed using the Perdew, Burke and Ernzerhof functional
(PBE).** To achieve accurate energies with errors of less than
1 meV per atom, the cutoff energy was set at 400 eV. The
Gaussian electron smearing method with ¢ = 0.10 eV was
used. Geometric optimization converged until the forces
acting on the atoms were smaller than 0.02 eV A", whereas
the energy threshold-defining self-consistency of the electron
density was set to 10™* eV. Spin-polarization was included to
obtain the energies of metal clusters in gas phase and
adsorption systems, but it has no effect on the adsorption
systems. For bulk optimization, the lattice parameters for the
hexagonal Mo,C and cubic 3-MoC phases are determined by
minimizing the total energy of the unit cell by using a
conjugated gradient algorithm to relax the ions, and a 5 x 5 x
5 Monkhorst-Pack k-point grid** is used for sampling the
Brillouin zone. To validate the PBE results, calculations with
PBE including van der Waals dispersion with Becke-Jonson
damping*>*® (PBE+D3) and the RPBE functional on some
selected M, clusters in the gas phase were carried out.

2.2. Models

Generally, Mo,C has orthorhombic*” and hexagonal®®*

crystalline phases. In this work, we used the hexagonal phase
with an eclipsed configuration as the unit cell.’*™® The
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calculated lattice parameters of the unit cell are 2a = 6.079 A,
2b = 6.073 A and ¢ = 4.722 A, in good agreement with the
experimental values (@ = b = 3.002 A, ¢ = 4.724 A).>* Among
all the hexagonal Mo,C surfaces, the (101) surface with ratio
Mo/C = 1/1 and surface energy of 2.19 ] m> was reported to
be the most stable,”***” and the metallic Mo,C(001) surface
was proved to be stable and representative with a surface
energy of 2.76 J m > from theoretical®” and experimental
studies.”®***° Hence, we used Mo0,C(101) and Mo,C(001) to
execute our study, and they were modeled by periodic slabs
with p(2 x 2) super cells having surface areas of 12.2 A x 12.1
A and 15.4 A x 12.1 A, respectively. For Mo,C(101), we applied
a four-layer model with the top two layers relaxed and the
bottom two layers fixed in their bulk positions. For
Mo,C(001), we used a six-layer model with the top three layers
relaxed and the bottom three layers fixed in their bulk
positions. For the cubic -MoC phase, the calculated lattice
parameter of the unit cell is 4.360 A, in agreement with the
experimental (4.278 A)®® and computational (4.444 (ref. 61)
and 4.373 A (ref. 62)) values. Since the 3-MoC(001) surface is
the most stable and is used in many studies,****™* we used
this surface to carry out our study. The 8-MoC(001) surface
was modeled by a periodic slab with a p(2 x 2) super cell
having a surface area of 8.72 A x 8.72 A. We applied a four-
layer model with the top two layers relaxed and the bottom
two layers fixed in their bulk positions. The vacuum layer
between the periodically repeated slabs was set at 10 A to
avoid  significant between slabs. Dipole
correction was applied to decouple the slabs and to avoid the
effect of dipolar interaction on the total energy. Surface
structural relaxation and total energy calculation were
performed with 3 x 3 x 1 Monkhorst-Pack k-point sampling.
For the relevant gas phase species, we used a cubic box with
side length 15 A to calculate the structures and total
energies.

Metallic M0,C(001) has sixteen surface Mo atoms and two
top (t1-t2), four bridge (b1-b4) and four 3-fold hollow (3h1-
3h4) adsorption sites (Fig. 1a). On t1, the Mo, atom
coordinates with two C atoms in the sublayer and has one
dangling bond (saturated bulk Mo coordinating with three C
atoms, saturated bulk C atom coordinating with six Mo
atoms). On t2, the Mog atom coordinates with one C atom in
the sublayer and has two dangling bonds. The b1 site links
two Mo, atoms; the b2 site links one Mo, and one Mog atom
sharing one sublayer C atom; the b3 site links two Mog
atoms; while the b4 site links one Mo, and one Mog. The
3h1 site has one Mo, atom and two Mog atoms as well as
one carbon vacancy in the sublayer. The 3h2 site has two
Mo, atoms as well as one Moy atom and one third-layer Mo
atom. The 3h3 site has two Mo, atoms and one Mog atom as
well as one sublayer carbon atom. The 3h4 site has one Moy,
atom and two Moy atoms as well as one third-layer Mo atom.
The total supercell contains an Mo,gC,,4 unit.

The Mo/C-mixed Mo,C(101) has sixteen surface Mo and
sixteen surface C atoms as well as four top (t1-t4), eight
bridge (b1-b8), three 3-fold hollow (3h1-3h3) and two 4-fold

interactions
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Fig. 1 Top (left) and side (right) views of the (a) Mo,C(001), (b)
Mo,C(101) and (c) MoC(001) surface structures and possible
adsorption sites (t: top, b: bridge, 3h: 3-fold hollow and 4h: 4-fold
hollow sites; C: gray, Mo: cyan).

hollow (4h1 and 4h2) adsorption sites (Fig. 1b). Four types of
surface atoms with different coordination patterns are
exposed: the surface C, atom on the t1 site coordinates with
four Mo atoms and has two dangling bonds; and the surface
Cg atom on the t3 site coordinates with five Mo atoms and
has one dangling bond. The Mo atoms on the t2 and t4 sites
coordinate with three C atoms to form a saturated
coordination and differ in the numbers of their coordinated
Mo atoms. On the t2 site, the Mo, atom coordinates with
seven Mo atoms, and the Mog atom on the t4 site coordinates
with eight Mo atoms. For the bridge sites, the b1 site has two
Mo, atoms; the b2 site has two C, atoms; the b3 site has two
Mog atoms; the b4 site has one Mo, atom and one C, atom;
the b5 site has one Mog atom and one C, atom; while the b6
site has one Cy atom and one Mo, atom; the b7 site has one
Cg atom and one Mog atom; the b8 site has one Mo, atom
and one Moy atom. With respect to the 3-fold hollow sites,
the 3h1 site has two Mo, atoms and one Cgy atom, the 3h2
site has one Mo, atom, one Mog atom and one Cy atom, and
the 3h3 site has two Moy atoms and one Cg atom. In
addition, there are two 4-fold hollow sites: the 4h1 site has
two Mo, atoms and two C, atoms; while the 4h2 site has two
Mog atoms and two C, atoms. The total supercell contains
an Mog,Cs, unit.

The Mo/C-mixed &MoC(001) has eight surface Mo and
eight surface C atoms as well as four possible adsorption
sites (Fig. 1c): the t1 and t2 sites are the top sites of surface C
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and Mo atoms, respectively; the b site is the bridge site of C
and Mo atoms, while the 4h site is the 4-fold hollow site,
which links two surface C and two surface Mo atoms. The
total supercell contains an Mo3,Cj;, unit.

3. Results
3.1. M, (M = Co, Ni, Cu, Pd, Pt) clusters in the gas phase

The most stable gas phase structures of M, are shown in
Fig. 2. For M3, the most stable structure is a triangle; for My,
the most stable structure of Co4, Niy and Pd, is tetrahedral,
while that of Cuys and Pty is rhombic. For Ms, the most stable
structure of Cos, Nis and Pds is trigonal bipyramidal, while
that of Cus is a fused tricyclic triangle and that of Pts has
fused bicyclic tri- and tetra-angles. For Mg, the most stable
structure of Coe, Nig and Pdg is octahedral, while that Cug
and Ptg is fused star-like. These calculated structures are in
good agreement with previous results.®*”* For M, Cu, and
Pd; the most stable structure is pentagonal bipyramidal,
while Pt; has a fused planar structure, and these structures
agree well with previous results.>®%7277%

In addition to the structural changes, average aggregation
and stepwise growth energies are used to describe the
energetics of clusters in the gas phase and on surfaces.*®*”7
For M, clusters in the gas phase, the average aggregation
energy [Eag(Mg.s)] is calculated on the basis of eqn (1)*® and
the stepwise growth energy [Egrowth(Mgas)] is defined

Co, Co, Co,
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according to eqn (2),’® where E(Mugas) and E(Mg,) are the
total energies of an M,, cluster and an isolated M atom in the
gas phase, respectively, and n is the number of M atoms.
Minus Eag(Mg,s) actually equates to the average binding
energy.””®® The stepwise growth energy stands for the
formation reaction of M, + My = M,,, and the more negative
the growth energy, the easier the M, formation.

Eagg(Mgas) = [E(Mn/gas) - nE(Mgas)]/ n (1
Egrowth(Mgas) = E(Mn/gas) - E(Mnfllgas) - E(Mgas] (2)

In addition, the computed negatives of Eag(Mg,s) (i.e., the
binding energies), Egrowth(Mgas) of M, in the gas phase, the
magnetic moment and the average M-M distance of all five
metal clusters (Table S1t) are in agreement with previous
results,’?03765-68:70.78,8185 The hinding energies increase as
the size increases, indicating the higher stability of a larger
aggregated M, cluster. For Cu, (n = 2-7), our computed
binding energies are in the range of the experimental values
derived from the collision-induced dissociation of anionic
copper clusters by Spasov et al.,*® and are in agreement with
previous computational work.>® Due to electron pairing in
the highest occupied molecular orbital, the computed
Egrowth(CUgas) exhibits an oscillating behavior: i.e., each odd-
numbered cluster has a lower binding energy than its two
neighboring even-numbered clusters, and the oscillator

Ni, Nij Ni, Nis Nig

—~ A O L

Cu, Cus Cul4 Cus

~ AL $ S
Pd, Pd, Pd, Pds Pds Pd,
- A QN

Pt, Pt, Pt, Pt, Pt Pt,

Fig. 2 The most stable gas phase structures for Co, Ni, Cu, Pd and Pt clusters (Co: purple, Ni: gray blue, Cu: orange, Pd: brown, Pt: blue).
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strength decreases as the size increases and the differences
in stability between odd- and even-membered clusters also
decrease accordingly.

It is also interesting to note the change in the binding
energy from Co to Ni and Cu as well as from Ni to Pd and Pt.
Since they have the same most stable structures (Table S17),
the binding energies of Cos, Niz and Cuj are in the order
1.91, 1.87 and 1.22 €V, respectively, and the binding energies
of Ni3, Pd; and Pt; are in the order 1.87, 1.28 and 2.53 eV,
respectively. Although M, does not have the same most stable
structure, the binding energies are in decreasing order 3.33,
3.05, 2.67, 1.96 and 1.92 eV, respectively, for Pts, Coe, Nis, Pdg
and Cue. All these indicate that Pt has the strongest
aggregation ability, followed by Co and Ni, while Pd and Cu
have rather low aggregation ability; and this will determine
their adsorption morphology on a surface, especially at low
loading. In addition to the binding energy, the intrinsic
properties of the metals, for example, the electronegativity
and atomic radii of the metals, also play a decisive role in the
stability and morphology of metal clusters on surfaces.

With respect to the reliability of the computational
methods and the computed results, we checked other
methods in calculating the average aggregation energies of
some selected metal clusters (Table S17). Previously, Wei
et al.’” computed the stability of 13-atom metal clusters of
3d, 4d and 5d (group B) elements using the local density
approximation (LDA), and the generalized gradient
approximation (GGA) with PW91 as well as with PBE. For all
44 metallic 13-atom clusters, both PW91 and PBE show great
consistency. Isaev et al.'° computed the binding energies of
linear monoatomic nanowires, dimers and bulk of Cu, Ag,
Au, Ni, Pd and Pt using LDA, PW91 and PBE; and they found
that both PW91 and PBE values are very close, while those of
LDA differ strongly. In a previous study of Cu, (n = 2-7)
clusters,®® Tian et al. found that the PBE computed average
aggregation energies agree with the available experimental
results within the standard deviations as well as with the
results from B3PW91 and HSEO06. Taking Cu, as an example,
the computed average aggregation energies of PBE, PBE+D3,
HSEO6 and RPBE are 1.59, 1.63, 1.32 and 1.88 eV,
respectively. On the basis of the experimental value (1.48 =+
0.14 eV), the values of PBE, PBE+D3 and HSE06 are within
the standard deviations, while that of RPBE is overestimated.

1xCo (—4.78 eV) 1xNi (-4.78 eV)

1xCu (-3.46 eV)
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For 5d element Pt, the computed average aggregation
energies of PBE, PBE+D3 and RPBE are 2.77, 2.88 and 3.43 eV
for Pty, and 3.33, 3.41 and 4.04 eV for Ptg, respectively. All
these show that the van der Waals dispersion correction does
not affect the average aggregation energy significantly, while
RPBE greatly overestimates the energy.

3.2. Adsorption on Mo,C(001)

The most stable adsorption configurations of M, on the
Mo0,C(001) surface are calculated at different coverages. In
our computation, there are three main modes of growth: (a) a
monolayer/two-dimensional dispersion mode (2D); (b) a
monolayer/two-dimensional aggregation mode (2D) and (c) a
multilayer/3D  cluster mode. All stable adsorption
configurations are shown in Fig. S1-S7; and the computed
energetic parameters are summarized in Tables S2-S7.}

For single metal atoms, adsorption on all possible sites,
top, bridge and 3-fold hollow sites, are considered initially
(Table S27). For Co, three stable adsorption configurations
are found at the three-fold (3h1-3h3) hollow sites (-4.78,
-4.53 and -4.19 eV, respectively). For Ni, four stable
adsorption configurations are found at the three-fold (3h1-
3h4) hollow sites (-4.78, -4.59, -4.30 and -4.64 eV,
respectively). For Cu, three stable adsorption configurations
are found at the three-fold (3h1-3h3) hollow sites (-3.46,
-3.41 and -3.27 eV, respectively). For Pd, three stable
adsorption configurations are found at the three-fold (3h1-
3h3) hollow sites (-9.49, —-9.39 and -9.03 eV, respectively). For
Pt, three stable adsorption configurations are found at the
three-fold (3h1-3h3) hollow sites (-11.70, —11.52 and -11.06
eV, respectively). This shows that the most stable adsorption
configurations (Fig. 3) for these metal atoms prefer the 3h1
site and the other less stable adsorption configurations also
prefer 3-fold hollow sites. The adsorption energy of Pt is the
highest, followed by that of Pd, while that of Cu is the lowest,
and those of Co and Ni are the same. Based on these results,
we computed both dispersion mode, with maximal
separation among the adsorbed atoms, and aggregation
mode, with as many M-M (or fused triangle) connections as
possible.

As shown in Fig. 4 for Co, (n = 2-5), the dispersed 2 x Co-
¢ mode is more stable than the aggregated mode (-9.70 vs.

A7

Y

1xPd (-9.49 eV) 1xPt (-11.70 eV)

Fig. 3 The most stable adsorption configurations and energies for single Co, Ni, Cu, Pd, and Pt atoms on Mo,C(001) (Co: purple, Ni: gray blue,

Cu: orange, Pd: brown, Pt: blue, C: gray, Mo: cyan).
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2xCo-c 3xCo-c 4xCo-c

(-9.70eV)

2xCo 3xCo 4xCo
(-9.53eV) (-14.47 eV)

(-19.31eV)

(-19.62 eV)
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5xCo-c

5xCo

(-24.33 eV) (-23.06 eV)

Fig. 4 The most stable adsorption configurations and energies of dispersion, aggregation and 3D (side views inset) modes for Co, (n = 2-5) on

Mo.>C(001) (Co: purple, C: gray, Mo: cyan).

-9.53 eV), and the dispersed 3 x Co-c mode has the same
energy as the aggregated mode (-14.47 eV). For 4 x Co and 5
x Co, the aggregated mode becomes more stable than the
dispersed mode (-19.62 vs. -19.31 and -24.33 vs. —24.01 eV,
respectively). In addition, the 3D 4 x Co-d (tetrahedral) and 5
x Co-d (tetragonal pyramidal) cluster modes (-17.72 and
-23.06 eV, respectively) are less stable than the aggregated
modes, indicating that monolayer modes are more stable.
Based on these results, only aggregated modes at high
loading are considered. Finally, the saturated monolayer
adsorption configuration has 25 x Co (Fig. S17), similar to

3xNi-c
(-14.50eV)

4xNi-c

2xNi 3xNi

4xNi-a

(-9.48 eV) (-14.58 eV)

(-19.34 V)

(-19.33eV)

the face centered cubic Co(111) surface; and the average Co-
Co distance of 25 x Co is shorter than that in the bulk (2.468
vs. 3.548 A (ref. 88)).

As shown in Fig. 5 for Ni, (n = 2-5), the dispersed 2 x Ni-c
mode is more stable than the aggregated mode (-9.64 vs.
-9.48 eV), while the dispersed 3 x Ni-c mode is less stable
than the aggregated mode (-14.50 vs. -14.58 eV). The
dispersed and aggregated 4 x Ni modes are close in energy
(-19.34 and -19.33 eV, respectively). For 5 x Ni, the
aggregated mode is more stable than the dispersed mode
(-24.41 and -24.14 eV, respectively). In addition, the 3D 4 x

5xNi-a 22 sxNid
(~24.41 eV) (-22.80eV)

Fig. 5 The most stable adsorption configurations and energies of dispersion, aggregation and 3D (side views inset) modes for Ni, (n = 2-5) on

Mo,C(001) (Ni: gray blue, C: gray, Mo: cyan).
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Ni (tetrahedral) and 5 x Ni (tetragonal pyramidal) cluster
modes (-17.76 and -22.80 eV, respectively) are less stable
than aggregated modes, indicating that monolayer mode
structures are more stable. Based on these results, only
aggregated modes at high loading are considered. Finally, the
saturated monolayer adsorption configuration has 25 x Ni
(Fig. S27), similar to the face centered cubic Ni(111) surface;
and the average Ni-Ni distance of 25 x Ni-a is 2.438 A, shorter
than that (3.52 A (ref. 89)) in the bulk.

As shown in Fig. 6 for Cu,, (n = 2-5), the aggregated modes
of 2 x Cu, 3 x Cu, 4 x Cu and 5 x Cu (-7.07, -10.83, -14.49
and -18.29 eV, respectively) are more stable than the
corresponding dispersed modes (-6.98, -10.67, -13.95 and
-17.69 eV, respectively). The 3D 4 x Cu (tetrahedral) and 5 x
Cu (tetragonal pyramidal) cluster modes are less stable
(-13.21 and -17.05 eV, respectively). Therefore, only
aggregated modes at high loading (Cus to Cu,s) are
considered. Finally, the saturated monolayer adsorption
configuration has 25 x Cu (Fig. S37), similar to the face
centered cubic Cu(111) surface; and the average Cu-Cu
distance of 25 x Cu is 2.446 A, which is shorter than that
(2.56 A (ref. 90)) in the bulk. As shown in Table S5, the
average adsorption energy (—3.72 eV) and average aggregation
energy (-0.26 eV) from 9 x Cu to 12 x Cu are the same as
those of 25 x Cu.

As shown in Fig. 7 for Pd, (n = 2-7), the dispersed (n = 2-
4) and linear-shaped (n = 5-7) modes (-13.96, -18.36, —22.86,
-27.26, —31.69, —=36.00 eV, respectively) are more stable than
the corresponding aggregated modes (-13.73, —18.35, —22.76,
-26.94, -31.38, —-35.83 eV, respectively). The 3D 4 x Pd
(tetrahedral) and 5 x Pd (tetragonal pyramidal) cluster modes
(=20.63 and -24.83 eV, respectively, Fig. S4t) are less stable
than the dispersed modes. For n = 8, the aggregated mode
becomes slightly more stable than the linear-shaped mode

2xCu-c 3xCu-c 4xCu-c

2xCu 3xCu 4xCu-a

(-14.49 eV)

(=7.07 eV) (-10.83 eV)

(-13.95eV)
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(-40.44, vs. -40.35 eV). Therefore, only aggregated modes at
high loading (Pds to Pd;e) are considered. The saturated
monolayer coverage has sixteen Pd atoms at hollow sites (Fig.
S51), similar to the Pd(111) surface; and the average Pd-Pd
distance of 16 x Pd-a is 3.021 A, longer than that (2.75 A (ref.
91)) in the bulk.

As shown in Fig. 7 for Pt, (n = 2-8), the dispersed (n = 2-4)
and linear-shaped (n = 5-8) modes (-18.35, —25.00, —31.69,
-38.01, —44.38, -50.59 and -56.84 eV, respectively) are more
stable than the corresponding aggregated modes (-17.95,
-24.71, -31.07, -37.17, -43.51, -49.77 and -56.30 eV,
respectively). The 3D 4 x Pt (tetrahedral) and 5 x Pt
(tetragonal pyramidal) cluster modes (-28.91 and -34.89 eV,
respectively, Fig. S67) are less stable than the corresponding
dispersed modes. Therefore, only aggregated modes at high
loading (Pts to Pt¢) are considered. The saturated monolayer
coverage has sixteen Pt atoms (Fig. S7f), similar to the
Pt(111) surface, and the average Pt-Pt distance (2.998 A) is
longer than that (2.78 A (ref. 92)) in the bulk.

3.3. Adsorption on the M0,C(101) surface

As shown in Fig. 1b, the Mo,C(101) surface, which is rugged
and terminated by Mo and C atoms in a disordered
arrangement, has many more adsorption sites than the
metallic M0,C(001) surface, and both surfaces should have
quite different adsorption structures and energies. The most
stable adsorption configurations of M,, (M = Co, Ni, Cu, Pd,
Pt) at different coverages on the M0,C(101) surface have been
computed.

Initially, the most stable adsorption site for single-atom
adsorption was determined and many stable adsorption sites
were found. For Co, the first four most stable adsorption
configurations are at the b2, 3h1, b8 and b3 sites (-5.70,

5xCu-c

5xCu-a

(-18.29 eV) (~17.05 eV)

Fig. 6 The most stable adsorption configurations and energies of dispersion, aggregation and 3D (side views inset) modes for Cu, (n = 2-5) on

Mo,C(001) (Cu: orange, C: gray, Mo: cyan).
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2xPd-c 3xPd-c 4xPd-c

2xPd 3xPd 4xPd 5xPd

(-18.35eV)

2xPt-c

3xPt-c

4xPt-c

Yy

Y
7Ny

2xPt 3xPt 4xPt 5xPt
(-37.17eV)

(-17.95eV) (-24.71eV) (-31.07 eV)

S5xPd-c

5xPt-c
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6xPd-c
(-31.69eV)

6xPd-a 7xPd-b 8xPd-b

6xPt-c 7xPt-c 8xPt-c

(~56.84 eV)
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Fig. 7 The most stable adsorption configurations and energies of dispersion and aggregation modes for Pd, and Pt, (n = 2-8) on Mo,C(001) (Pd:

brown, Pt: blue, C: gray, Mo: cyan).

-3.41, -3.31 and -3.29 eV, respectively). For Ni, the first four
most stable adsorption configurations are at the b2, 3h1, b3
and 3h2 sites (-5.48, -3.55, =3.53 and -3.35 eV, respectively).
For Cu, the first four most stable adsorption configurations
are at the b2, 3h1, b7 and b8 sites (-3.72, -2.30, -2.10 and
-1.94 eV, respectively). For Pd, the first four most stable
adsorption configurations are at the b2, t1, 3h1 and b8 sites
(-10.78, -9.81, -9.78 and -9.41 eV, respectively). For Pt, the
first four most stable adsorption configurations are at the b2,
t1, 3h1 and 3h3 sites (-12.48, -11.50, -11.42 and -11.17 eV,
respectively). For all five metals, the most stable adsorption
site for a single metal atom on the Mo,C(101) surface is the
b2 site (Fig. S87), and the second most stable adsorption site
for Co, Ni and Cu is the 3h1 site, while that for Pd and Pt is
the t1 site. Based on these results, we computed both the

3036 | Catal. Sci. Technol., 2020, 10, 3029-3046

dispersion modes with maximal separation among the
adsorbed atoms and aggregation modes with as many M-M
(or fused triangle) connections as possible.

Since the b2 site is most preferred, and there are eight
such equivalent sites, we computed mainly the dispersion
adsorption modes (n = 2-8, Fig. 8 and S97). Indeed, it was
found that the dispersion modes with remote metal atoms at
the b2 site for Co, Ni and Cu (n = 2-4) are much more stable
than the aggregation modes with direct M-M connections by
1.84, 3.47 and 3.09 eV for Co, 1.57, 3.11 and 2.69 eV for Ni as
well as 1.03, 1.97 and 1.61 eV for Cu, respectively (Fig. S107).

Starting from n = 8, we computed the most stable adsorption
configurations up to full monolayer coverage. For M = Co, Ni
and Cu with n > 8 (Fig. S11-S131), the next most stable
adsorption sites are the 3-fold hollow sites (3h3). With an
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Fig. 8 Structures and adsorption energies of dispersion modes for M,, (M = Co, Ni, Cu; n = 1-8) on M0o.C(101) (M: purple, C: gray, Mo: cyan).

increase in metal loading, the stable structures have as many
triangles as possible. At n = 18, all these hollow sites are
occupied. Finally, we computed the structure for n = 28, which
covers all adsorption sites and represents full monolayer
coverage.

For Pd and Pt (n = 2-4, Fig. 9 and S147), the linear-shaped
dispersion modes are more stable than the aggregation
modes by 0.72, 1.50 and 1.25 eV for Pd as well as 0.79, 1.81
and 2.23 eV for Pt, respectively (Fig. S157). For n = 5-8,
linear-shaped dispersion modes are found. At n = 8, all eight
atoms are located at the b2 sites and form two parallel lines;
and this can be considered to be the first saturation coverage
at the b2 sites.

For M = Pd and Pt with n > 8 (Fig. S16 and S177), the next
most stable sites are the 3-fold hollow sites (3h3). With an
increase in metal loading, the stable structures have as many
triangles and tetra-angles as possible. At n = 16, all these
hollow or tilted top sites are occupied. Finally, we computed
the structure of n = 24 for full monolayer coverage.

3.4. Adsorption on the MoC(001) surface

As shown in Fig. 1c, the MoC(001) surface has a roughly
planar or slightly waved structure, like Mo,C(001), and has
Mo/C = 1/1, like M0,C(101). Therefore, one should expect
different adsorption structures and energy from Mo,C(001)

DR DR Tl T

NN AN
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Pd, -10.78 eV
Pt,-12.48 eV

5xM-a
Pd, -26.82 eV
Pt, -35.26 eV
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Pt, -18.24 eV

:
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Pd, -30.81 eV

Pt, —40.90 eV
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Pd, -18.83 eV
Pt, -23.94 eV
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Pd, -34.80 eV
Pt, —46.50 eV

4xM-a
Pd, -22.89 eV
Pt, —29.68 eV
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Pd, -38.81 eV
Pt, -52.06 eV

Fig. 9 Structures and adsorption energies of dispersion modes for M, (M = Pd, Pt; n = 1-8) on Mo,C(101) (Pd: brown, C: gray, Mo: cyan).
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Fig. 10 The most stable adsorption configurations and energies for single Co, Ni, Cu, Pd, and Pt atoms on MoC(001) (Co: purple, Ni: gray blue,

Cu: orange, Pd: brown, Pt: blue, C: gray, Mo: cyan).

and Mo0,C(101). Initially, the most stable adsorption site for a
single atom was determined (Fig. 10). For Co and Ni, the
stable adsorption configuration is at the 4h site (-4.71 and
-4.52 eV, respectively). For Cu, the stable adsorption
configuration is at the 4h site (-2.76 eV,), followed by those
at t1 and t2 sites (-2.68 and -1.82 eV, respectively). For Pd
and Pt, the stable adsorption configuration is at the t1 site
(-8.95 and -10.50 eV, respectively), followed by that at the 4h
site (—-8.76 and -10.31 eV, respectively). This shows that the
most stable site for Co, Ni and Cu is the 4h site, while that
for Pd and Pt is the t1 site. Following these results, we
computed the most stable adsorption configurations at
different coverages.

For the adsorption of Co, (n = 2-4; Fig. 11), the adsorbed
Co atoms prefer the 4-hollow sites; and the aggregation
modes with Co-Co bonds are more stable than the
dispersion modes without Co-Co bonds (-9.41 vs. —9.00,
-14.36 vs. —13.03 and -19.92 vs. —16.94 eV, respectively). This
reveals that the greater the number Co-Co bonds, the more
stable the adsorbed structure; and this is further confirmed
by the aggregated 5 x Co-b with five Co-Co bonds with
respect to the dispersed structure with only two Co-Co bonds
(-23.88 wvs. -21.22 eV). In addition, the 3D 4 x Co-d
(tetrahedral) and 5 x Co-d (tetragonal pyramidal) cluster
modes are much less stable (-16.83 and -22.18 eV,
respectively) than the aggregation modes. Based on these

2xCo 3xCo &-‘ m

4xCo (-19.92 eV)

results, we computed high Co loading for structures with as
many Co-Co bonds as possible, and monolayer structures
have been found for n = 12. It is interesting to note that
among these monolayer aggregation structures (n = 4-12), all
adsorption structures have a common point and the surface
carbon atom below the square of four Co atoms at the hollow
sites moves over the square and forms a tetragonal pyramidal
structure. For n = 13-16, however, 3D cluster structures
become possible (Fig. S187).

For the adsorption of Ni, (n = 2-4; Fig. 12), the adsorbed
Ni atoms prefer the 4-hollow sites and the aggregation modes
with Ni-Ni bonds are more stable than the dispersion modes
without Ni-Ni bonds (-8.71 vs. —8.60, -13.22 vs. -12.39 and
-17.55 vs. -16.41 eV, respectively). This reveals that the
greater the number of Ni-Ni bonds, the more stable the
adsorbed structure; and this is further confirmed by the
aggregated 5 x Ni with six Ni-Ni bonds with respect to the
dispersed structure with two Ni-Ni bonds (-21.68 vs. —20.41
eV). In addition, the 3D 4 x Ni-d (tetrahedral) and 5 x Ni-d
(tetragonal pyramidal) cluster structures are less stable
(-16.55 and -21.25 eV, respectively) than the aggregation
modes. Based on these results, we computed high Ni loading
for structures with as many Ni-Ni bonds as possible, and
monolayer structures have been found for n = 12. For n = 13—
16, 3D cluster structures become possible (Fig. S197).
However, it should be noted that the basic unit for Ni

(-9.41eV) (-14.36eV) 5xCo-b (-23.88 eV)  4xCo-d (-16.83 eV)
2xCo-c 3xCo-c 4xCo-c 5xCo-c
(-9.00eV) (-13.03 eV) (-16.94 eV) (-21.22eV)

5xCo-d (-22.18 eV)

Fig. 11 The most stable adsorption configurations (side views inset) and energies of aggregation, dispersion and 3D modes for Co, (n = 2-5) on

MoC(001) (Co: purple, C: gray, Mo: cyan).
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(-16.14 eV)

(-8.60eV) (-12.39eV)
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5xNi
(-21.68eV)
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5xNi-d (-21.25 eV)

(-20.41 eV)

Fig. 12 The most stable adsorption configurations and energies of aggregation, dispersion and 3D (side views inset) modes for Ni, (n = 2-5) on

MoC(001) (Ni: gray blue, C: gray, Mo: cyan).

adsorption is rhombic, while that for Co adsorption is
square. In the rhombic form, the surface carbon atom is
below the central shorter Ni-Ni bond; and, therefore, the
carbon atom cannot stand over the adatoms.

For the adsorption of Cu, (n = 2-4; Fig. 13), the adsorbed
Cu atoms do not prefer the 4-hollow site, and this is in
contrast to single Cu atom adsorption or Co, and Ni,
adsorptions. It is interesting to note that for Cu, (n = 2-4),
adsorption configurations in zig-zag form are found; totally
different from that of Co, (square) or Ni, (rhombic).
Nevertheless, the aggregation modes with Cu-Cu bonds are
more stable than the dispersion modes without Cu-Cu bonds
(-5.82 vs. —-5.03, -8.63 vs. —6.98 and -11.80 vs. —8.92 eV,
respectively). This reveals that the greater the number of Cu-
Cu bonds, the more stable the adsorption structure; and this

is further confirmed by the aggregated 5 x Cu-a with five Cu-
Cu bonds with respect to the dispersed one with three Cu-Cu
bonds (-14.58 vs. —14.08 eV). In addition, the 3D of 4 x Cu-b
(tetrahedral) and 5 x Cu-b (tetragonal pyramidal) cluster
structures are almost as stable (-11.66 and -14.56 eV,
respectively) as the aggregated modes. For Cu, (n = 2-6), the
adsorption configurations prefer monolayer structures, while
for n = 7-12, 3D cluster structures with as many triangles as
possible are formed (Fig. S207).

For the adsorption of Pd, (Fig. 14), the adsorbed Pd atoms
prefer the top site, and the aggregation mode with a Pd-Pd
bond is more stable than the dispersed 2 x Pd-c mode
(-12.59 vs. =11.94 eV). For Pd;, the adsorbed Pd atoms also
prefer the top site, but the aggregation mode with two Pd-Pd
bonds is less stable than the dispersion mode with one Pd-

2xCu 3xCu 4xCu-a 5xCu-a
(-5.82eV) (-14.58 eV)
2xCu-c 3xCu-c 4xCu-c 5xCu-c "&
(-5.03eV) (-6.98 eV) (-8.92eV) (-14.08 eV) 5xCu-b (-14.56 eV)

Fig. 13 The most stable adsorption configurations and energies of aggregation, dispersion and 3D (side views inset) modes for Cu, (n = 2-5) on

MoC(001) (Cu: orange, C: gray, Mo: cyan).
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(-30.57 eV)
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Fig. 14 The most stable adsorption configurations and energies of aggregation, dispersion and 3D (side views inset) modes for Pd, (n = 2-7) on

MoC(001) (Pd: brown, C: gray, Mo: cyan).

Pd bond (-15.87 vs. —16.03 eV). Due to the limited surface
size and with an increase in Pd loading, the adsorption
configuration becomes zig-zag like (n = 4-7) as well as square
or rthombic (n = 8-10). The monolayer structures of 4 x Pd
and 5 x Pd are more stable than the 3D tetrahedral and
tetragonal pyramidal cluster structures (-19.50 vs. =18.78 and
-23.23 vs. —22.60 eV, respectively). For n = 11-13, 3D cluster
structures become possible due to the limited surface size
(Fig. S217).

For the adsorption of Pt, (Fig. 15), the adsorbed Pd atoms
prefer the top site; and the aggregation mode with the Pd-Pd
bond is more stable than the dispersion mode (-15.80 vs.
-14.84 eV). For Pts, the adsorbed Pt atoms also prefer the top
site; the aggregated linear mode with two Pd-Pd bonds over
three diagonal top sites is more stable than the dispersion
mode with one Pt-Pt bond (-21.00 vs. —19.62 eV). Based on
the aggregated 3 x Pt, we computed aggregated monolayer

structures for n = 4-7 as well as n = 8-12. For n = 12, full
monolayer coverage is found. The monolayer structures of 4
x Pt and 5 x Pt are more stable than the 3D tetrahedral and
tetragonal pyramidal cluster structures (-26.18 vs. =25.66 and
-31.42 vs. -30.67 eV, respectively). For n = 13 and 14, 3D
cluster structures are formed (Fig. S227).

4. Discussion

First, it should be noted that the PBE computed average
aggregation energy of Cu, (n = 2-7) in the gas phase agrees
well with the available experimental results; and the same is
also true of the results including van der Waals dispersion
correction (PBE+D3). In contrast, RPBE greatly overestimates
average aggregation energy. This indicates the applicability of
the PBE method. For the adsorption of Cu,/Cus as well as Pt,/
Pts on these surfaces, PBE+D3 gives lower adsorption than

e 3

2xPt 3xPt 4xPt
(-26.18 eV)

(-15.80eV) (-21.00eV)

5xPt 6xPt 7xPt
(-31.42eV) (-36.73 eV) (-41.98eV)

2xPt-c 3xPt-c
(-14.84 V) (-19.62eV)

4xPt-d (-25.66 eV)

5xPt-d (-30.67 eV)

Fig. 15 The most stable adsorption configurations and energies of aggregation, dispersion and 3D (side views inset) modes for Pt, (n = 2-7) on

MoC(001) (Pt: blue, C: gray, Mo: cyan).
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only PBE; and both methods show the same relative order of
stability of different adsorption modes (Tables S5, S7, S10,
S12, $15 and S17%).

All these results discussed above enable a general
comparison among these three structurally different surfaces
(Table 1). On the metallic Mo,C(001) surface, the adsorption
of Co and Ni can have dispersion configurations at very low
loading, while that of Cu prefers aggregation configurations
from low to high loading. For Pd and Pt, dispersion
configurations at high loading are possible. Monolayer
adsorption modes are more stable than the corresponding
3D cluster modes (n = 4 and 5); and this should be true for
aggregation configurations up to full monolayer coverage. It
is to be expected that 3D cluster structures will become
possible for metal loading over full monolayer coverage.

On the Mo/C-mixed Mo0,C(101) surface, all metals prefer
dispersion adsorption configurations for n = 1-8, and
aggregation adsorption configurations for n = 9-28 for Co, Ni
and Cu, as well as n = 9-24 for Pd and 9-25 for Pt; while 3D
cluster structures become possible for metal loading over full
monolayer coverage.

On the Mo/C-mixed MoC(001) surface, only single-atom
adsorption prefers dispersion configuration, and aggregation
configurations can be stable from low to medium coverage;
and 3D cluster structures become stable over full monolayer
coverage.

These results clearly show the surface-dependent
adsorption at given metal loading on the one hand; and
metal-dependent adsorption on the other hand. With respect
to single-atom catalysis for surface-dependent adsorption, the
metallic M0,C(001) surface can have single-atom adsorption
for Co and Ni at very low loading, and at low to medium
loading for Pd and Pt, while the adsorption of Cu prefers
aggregation for small clusters at low loading and large
clusters or nanoparticles at high and very high loading. On
the Mo/C-mixed Mo,C(101) surface, single-atom adsorption is
favored for all five metals at low and medium loading, while
aggregation is favored at high or very high loading. In
contrast, it is very hard for the Mo/C-mixed MoC(001) surface
to have single-atom adsorption unless at the lowest loading;
instead, the MoC(001) surface prefers small clusters at low
loading and large clusters or nanoparticles at high and very
high loading.

In addition to the surface and metal-dependent adsorption
morphology, we compare the general trends in energetic
changes up coverage increase (Fig. 16a—c). For M,, adsorption on

View Article Online

Paper

the surface, the total adsorption energy [E(My/aqs)] is defined
according to eqn (3)°° and the average adsorption energy
[E(Mags/ay] is defined in eqn (4),°® where E(M),/slab is the energy
of the M, adsorbed system, E(slab) is the energy of the clean
surface and n is the number of the adsorbed M atoms, and
E(Mg,) is the total energy of an isolated M atom in the gas
phase.

E(Mpjags) = [E(M)n/slab — E(slab) — nE(Mgas)] 3)
E(Mﬂds/av) = E(Mn/ads)/n (4)

The stepwise adsorption energy [AE(Magg)] is defined
according to eqn (5).*°

AE(Mads) = E(Mn/ads) - E(Mn—l/ads) (5)

At first, the adsorption energy increases gradually as the
coverage increases, indicating the ability for the formation of
large clusters on these surfaces due to the enhanced
interaction of metal/surface as well as metal/metal. Second,
the adsorption energy of Pt is highest, and those of Co, Ni
and Pd are in between, while that of Cu is lowest; and this
order is only true for adsorption at very low loading, since
disorder among Co, Ni and Pd has been found at high
loading, indicating the coverage-dependent stability. In
contrast to general expectations, it is interesting to note that
the more stable Mo/C-mixed Mo0,C(101) surface has higher
adsorption energy at low coverage than the less stable
metallic Mo,C(001) surface, demonstrating that the
adsorption energy depends not only on surface stability but
also on local surface structure.

In addition to the adsorption energy for the total
interaction, the average adsorption energy shows the trend
with the respect to increase in coverage (Fig. 16d-f). For the
adsorption of Pd and Pt, the average adsorption energy
decreases with the increase in coverage, especially at low
coverage on all three surfaces. For Co, Ni and Cu, the average
adsorption energy increases marginally on the metallic
Mo0,C(001) and the Mo/C-mixed MoC(001) surfaces, and
remains constant with the Mo/C-mixed Mo0,C(101) surface for
n = 1-8 and decreases slightly with increase in coverage. It is
interesting to note the crossover between Pd and Co and Ni
on all three surfaces, where the adsorption of Pd becomes
less stable than that of Co or Ni. On all three surfaces the
adsorption of Pt is highest and that of Cu is lowest.

Table 1 The different coverage (n) ranges of Co,,, Ni,, Cu,, Pd,, Pt, for preferred growth modes on Mo,C(001), Mo,C(101) and MoC(001)

Mo,C(001) Mo,C(101) MoC(001)
M, Dispersion Aggregation Dispersion Aggregation Dispersion Aggregation 3D cluster
Co, 1-3 3-25 1-8 9-28 1 2-13 13-16
Ni,, 1-2, 4 3,5-25 1-8 9-28 1 2-13 13-16
Cu, 1 2-25 1-8 9-28 1 2-6, 12 7-11, 15
Pd, 1-7 8-16 1-8 9-24 1 2-10 11-13
Pt, 1-8 9-16 1-8 9-25 1 2-12 13-14

This journal is © The Royal Society of Chemistry 2020
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Fig. 16 Adsorption energy (a-c), average adsorption energy (d-f) and stepwise adsorption energy (g-i) values for M, (M = Co, Ni, Cu, Pd, and Pt)

on Mo,C(001), Mo,C(101) and MoC(001).

The difference in adsorption energy upon increase in
coverage can be clearly found from the stepwise adsorption
energy (Fig. 16g-i). On all three surfaces, single atoms of Pd
and Pt are exceptional due to their rather large adsorption
energies. At high coverage on the metallic M0,C(001) surface,
stepwise adsorption energies are negative on the one hand,
and roughly constant up to very high coverage on the other
hand due to their more or less regular surface structures. The
stepwise adsorption energy of Pt is highest, while that of Cu
is lowest. In addition, the stepwise adsorption energy of Pd is
lower than those of Co and Ni, and this shows that additional
adsorption of the next metal atom is highest for Pt and
lowest for Cu; however, the additional adsorption of the next
Pd is lower than that of Co or Ni, indicating that the
adsorption of Pd becomes weaker than that of Co or Ni
despite the fact that single Pd adsorption is much stronger
than that of Co or Ni (Fig. 3).

3042 | Catal Sci. Technol., 2020, 10, 3029-3046

On the Mo/C-mixed Mo0,C(101) surface for n = 2-8, the
stepwise adsorption energy of Pt, Co and Ni are close and
constant, and they are higher than that those of Pd or Cu;
and all these energies are nearly constant due to their regular
adsorption structures. At n > 8, the stepwise adsorption
energy alternates strongly due to their irregular adsorption
structure. On the Mo/C-mixed MoC(001) surface for n > 1,
however, the stepwise adsorption energies vary strongly due
to the change in the surface structures, and this is in sharp
contrast to the changes on the Mo,C(001) and Mo,C(101)
surfaces.

In addition, we also computed the effect of aggregation on
all three surfaces on the average aggregation energy and
stepwise growth energy. We defined the average aggregation
energy [Eag(Mags)] of surface M, according to eqn (6),>® and
the more negative the aggregation energy of surface M,, the
more stable the M,, on the surface. It should be noted that
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surface M, in this study includes both aggregated M, clusters
and n-dispersed M atoms on the surface.

Eagg(Mads) = [E(Mn/ads) - nE(Mads)]/n (6)

Furthermore, we defined the stepwise growth energy
according to eqn (7),’® and the more negative the stepwise
growth energy [Egrowth(Mads)] 0of the My.qs, the stronger the
ability of M, to get one more M atom from the surface to
aggregate. On the other hand, if the [Egrowth(Mads)] is positive,
the dispersed structure is thermodynamically more stable.

Egrowth(Mads) = E(Mn/ads] - E(Mn—l/ads) - E(Mads) (7)

On all three surfaces, the average aggregation energy for
Pd and Pt becomes more positive with an increase in loading,
indicating that Pd and Pt prefer dispersion instead of
aggregation (Fig. 17a-c); and the stepwise growth energy,
which remains constant on the metallic M0,C(001) surface
and the Mo/C-mixed Mo0,C(101) surface (n = 2-8) or becomes
negative on the Mo/C-mixed MoC(001) surface (Fig. 17d-f),
shows that aggregation becomes possible and stable under
given conditions. Experimentally, Ma et al.>° have synthesized
Pt/a-MoC catalysts and verified that atomically dispersed Pt
species are dominant when the Pt loading is 0.2%, while Pt
clusters exist when it reaches 2%. This phenomenon
suggested that the dispersion mode is favorable at a low
metal loading, while the aggregation mode appears at higher
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loading. This is consistent with our study for Pt on the
Mo0,C(001) surface (Table 1) which is also an Mo-terminated
surface, the same as the surface of a-MoC in their study.

In contrast, the aggregation of Co, Ni and Cu is
thermodynamically favorable with an increase in metal
loading on metallic Mo0,C(001), Mo/C-mixed Mo,C(101)
surfaces (n = 2-8) and Mo/C-mixed MoC(001) surfaces, while
on the Mo/C-mixed Mo,C(101) surface the average
aggregation energy becomes positive with an increase in
loading, indicating that dispersion is preferred at low
coverage and aggregation at high coverage. With regard to
experimental work, atomically dispersed Ni species on
B-Mo,C have been synthesized by Tong et al,’? which
evidentially supports our results. To the best of our
knowledge, barely atomic scale Co or Ni catalysts supported
on Mo,C, have been reported. In contrast to Pd and Pt, Co,
Ni and Cu find it relatively hard to exist as single atoms on
those Mo or Mo/C mixed surfaces according to our results.
With respect to single-atom alloys, isolated Pd atoms can
remain stable on the Cu(111) surface and Pt is able to
disperse atomically on Ni particles.’®**

In addition to the adsorption structures and energies, we
analyzed the electronic effect of different metal loadings.
Table 2 lists the Bader charges of the adsorbed atoms. On the
metallic M0,C(001) surface, all adsorbed atoms are negatively
charged, indicating electron transfer from surfaces to adsorbed
metals; and this correlates only qualitatively with the
electronegativity of the atoms. According to the Allen scale,”
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Table 2 Electronegativity (), ionization potential (IP, eV), electro-affinity (EA, eV), and calculated Bader charge (q) values for an adsorbed single atom

P P i
M (ref. 95) (ref. 91) EA M/Mo,C(001) M/Mo,C(101) M/MoC(001)
Mo 1.47 7.09 0.75 ref. 96 0.45%/Moy; 0.23%/Moy 0.79%/Mo,; 0.89Y/Moy 1.32%/Mo
Co 1.84 7.88 0.66 ref. 97 -0.44 0.20 0.21
Ni 1.88 7.64 1.16 ref. 98 -0.44 0.18 0.18
Cu 1.85 7.73 1.24 ref. 96 -0.32 0.26 0.25
Pd 1.59 8.34 0.56 ref. 98 -0.57 -0.01 -0.05
Pt 1.72 8.96 2.13 ref. 99 -0.79 -0.25 -0.27

“ The value stands for the average Bader charge of surface Mo atoms on corresponding bare slabs.

the electronegativities of Co, Ni, Cu, Pd and Pt are 1.84, 1.88,
1.85, 1.59 and 1.72, respectively, while that of Mo is 1.47. On
Mo,C(001) for single-atom adsorption, the charges of the
adsorbed Co, Ni, Cu, Pd and Pt are -0.44, -0.44, —0.32, —0.57
and —0.79, respectively, and no quantitative correlation can be
found. On the other hand, the negative charge correlates with
the adsorption energy (—4.78, —4.78, —3.46, —=9.49 and —11.70 €V,
respectively); and the more negatively charged the adsorbed
atom, the stronger the adsorption energy.

On the Mo/C-mixed Mo,C(101) surface, the adsorbed Co,
Ni and Cu are positively charged (0.20, 0.18 and 0.26,
respectively), while the adsorbed Pd and Pt are negatively
charged (-0.01 and -0.25, respectively). The single-atom
adsorption energies of Co, Ni, Cu, Pd and Pt are -5.70, —5.48,
-3.72, —10.78 and —12.48 eV, respectively. The same trend is
also found on the Mo/C-mixed MoC(001) surface: ie., the
adsorbed Co, Ni and Cu are positively charged (0.21, 0.18 and
0.25, respectively), while the adsorbed Pd and Pt are
negatively charged (-0.05 and -0.27, respectively); the single-
atom adsorption energies of Co, Ni, Cu, Pd and Pt are —4.71,
-4.52, -2.76, —8.95 and —-10.50 eV, respectively. This might be
associated with the larger electronegativity of a surface
carbon atom (2.544) and the local structure of the surface
molybdenum atoms.

In addition to the surface structures, the electronic state
of the single atoms might also play an important role in
adsorption energy and electron transfer: e.g., the valance
electron configurations of Co, Ni, Cu, Pd and Pt are 3d”4s?,
3d%4s?, 3d'%s’, 4d'°5s° and 5d°6s!, respectively. However,
neither the adsorption energy nor the electron transfer
correlates with the ionization potential and electron affinity
of the atoms. Next, a comparison of the lattice constants of
the supports and the bulk metals also does not give any
direct correlation between the structures and energies (Table
S187). Therefore, it is very hard to rationalize adsorption
properties by a single parameter; and multi-dimensional
parameters are needed to understand the adsorption
properties as well as their respective catalytic activities.

5. Conclusions

With respect to size- and shape-dependent catalysis involving
supported metal catalysts, we systematically computed the
adsorption structures and stabilities of M,, (M = Co, Ni, Cu,

3044 | Catal. Sci. Technol., 2020, 10, 3029-3046

Pd, Pt) on hexagonal Mo,C(001) and Mo,C(101) surfaces as
well as cubic non-polar 3-MoC(001) surfaces using a spin-
polarized density functional theory method. On all three
surfaces, the surface morphologies of monolayer dispersion,
monolayer aggregation and three-dimensional clusters were
compared and discussed. These results provide a basis for
studying catalytic reactions on supported metal catalysts of
different sizes and shapes (single atoms, nanoclusters and
nanoparticles) and the design of catalysts.

On the Mo-terminated Mo,C(001) surface, Co and Ni
prefer dispersion at very low loading and aggregation at high
coverage. The dispersion of Pd and Pt is possible at relatively
higher loading, and Cu prefers aggregation from low to high
loading. For all five metals, monolayer adsorption structures
are more stable than the corresponding three-dimensional
clusters (n = 4 and 5). On the Mo/C-mixed Mo,C(101) surface,
all metals prefer dispersion adsorption for n = 1-8 and
aggregation appears from 7 = 9 up to a full monolayer. Three-
dimensional clusters become possible for metal loading over
full monolayer coverage. On the Mo/C-mixed MoC(001)
surface, only single atoms prefer dispersion, and aggregation
can be stable from low (n = 2) to medium coverage. Three-
dimensional clusters become stable at high coverage.

Energetically, on all three surfaces, the adsorption energy
of Pt is highest and that of Cu is lowest, while those of Co,
Ni and Pd are in between. In addition, the adsorption
energies of the metals increase with an increase in metal
coverage. The average adsorption energy further verifies the
order of adsorption energies. For Pd and Pt, the average
adsorption energy decreases dramatically with an increase in
coverage from low to medium and decreases marginally up to
high coverage. For Co, Ni and Cu, the average adsorption
energy increases marginally on the metallic Mo,C(001) and
Mo/C-mixed MoC(001) surfaces, and is constant on the Mo/C-
mixed Mo,C(101) surface for n = 1-8, and it decreases slightly
with an increase in coverage. The calculated stepwise
adsorption energy can further realize the difference in
adsorption energy upon an increase in coverage. Except for
single atoms of Pd and Pt, the stepwise adsorption energies
of all five metals change regularly, while some exceptional
increases or decreases at given coverages appear to be due to
surface reconstruction.

In addition to the structures and energies, there is
electron transfer between the surface and the adsorbed

This journal is © The Royal Society of Chemistry 2020
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atoms. On the Mo-terminated Mo,C(001) surface, all
adsorbed atoms become negatively charged, indicating
electron transfer from the surface to the adsorbed atoms. On
Mo/C-mixed Mo0,C(101) and MoC(001), the adsorbed Co, Ni
and Cu atoms are positively charged, and the adsorbed Pt
atoms are negatively charged, while the adsorbed Pd atoms
are nearly neutral; this demonstrates electron transfer from
the adsorbed Co, Ni and Cu atoms to the surface, but from
the surface to the adsorbed Pt atoms. For single-atom
adsorption, the order of the computed adsorption correlates
with the quantity of electron transfer. However, neither the
adsorption energy nor the quantity of electron transfer
correlates with the electronegativity of the atoms and their
respective ionization potential or their electron affinity.
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3.3 Nitridation of the metallic M02C(001) surface from NHs dissociative adsorption—A DFT study
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Summary: Stepwise dissociative adsorption of ammonia on the hexagonal Mo2C(001) surface have been
systematically computed using periodic density functional theory under the consideration of van der Waals
dispersion correction (PBE-D3). It is found that NH3 adsorption prefers the top sites from low to saturation
coverage. For the adsorption of surface NH2, bridge and hollow sites are possible at low coverage and only
bridge sites are preferred at high coverage up to saturation. The adsorption of surface NH and N prefers the
hollow sites. Sequential dissociation of NH3 into surface NH2, NH and N has low barrier and is highly exothermic.
The saturation of coverage for each NHx intermediate has been calculated by using gaseous NHs as nitridation
agent. The saturation coverage of NHs3, NHz2, NH and N can have 12, 16, 16 and 8 surface species, respectively
or 0.75, 1.0, 1.0 and 0.5 monolayer coverage on the basis of the exposed surface Mo atoms. Our results

provide the basis for studying the surface properties and catalytic reaction of nitrided Mo.C surfaces.
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Adsorption and sequential decomposition of ammonia on the metallic Mo,C(001) surface have been system-
atically computed using periodic density functional theory under the consideration of van der Waals dispersion
correction (PBE-D3). It is found that NH; adsorption prefers the top sites from low to saturation coverage. For the
adsorption of surface NH,, bridge and hollow sites are possible at low coverage and only bridge sites are pre-
ferred at high coverage up to saturation. The adsorption of surface NH and N prefers the hollow sites. Sequential

decomposition of NH; into surface NH,, NH and N has low barrier and is highly exothermic. On the basis of
surface Mo atoms, the saturation coverage of surface NH;, NH,, NH and N by using NH; as nitridation agent is
0.75, 1.0, 1.0 and 0.5 monolayer, respectively. These results provide the basis for the study of surface properties
and catalytic reaction of nitrided Mo,C surfaces. The dissociative adsorption of ammonia among others metals
and molybdenum nitrides has been categorized and compared.

1. Introduction

Transition metal carbides have found wide industrial applications
due to their extraordinary physical and chemical properties and at-
tracted broad interests in academia and applied research [1-5]. One of
the promising applications is transition metal carbides based hetero-
geneous catalysis and the prominent examples are molybdenum (Mo,C)
and tungsten (W,C) carbides as potential substitutes of noble metals
catalysts following the pioneering work of Levy and Boudart in 1973
[6]. It has been demonstrated that Mo,C based catalysts are effective in
reactions typically catalyzed by noble metals, such as water-gas shift
reaction [7,8], CO hydrogenation to alcohols [9,10], hydro-
desulfurization [11], hydrodenitrogenation in petroleum refining [12],
hydro-treating [13,14], hydrogen production [15] and electro-catalysis
and electro-chemistry [16-21].

Catalytic synthesis and decomposition of ammonia are important
reactions in science and technology, for example, in producing CO,-free
hydrogen [22-24], and in purifying fuel from the air-blown gasification
of coal [25]. During these reactions, the nature of metal-nitrogen in-
teraction plays a decisive role in determining the catalytic activity
[26,27]. Experimentally, Mo,C catalyzed ammonia synthesis and de-
composition had been reported. For instance, Oyama found the

Dedicated to Prof. Dr. Jean-Francois Halet on the occasion of his 60th birthday.

performance of Mo,C and other interstitial alloys to be similar to that of
group VIII noble metals in ammonia synthesis [28]. Choi found that
Mo,C is active in ammonia decomposition and can be used as sub-
stitutes for precious metal catalysts in petrochemical processes [29].
Recent study by Schlogl et al. [30], showed the excellent catalytic ac-
tivity of Mo,C in ammonia decomposition and computed molybdenum
nitride formation under NH3 atmosphere. They found that Mo,C(0001)
(space group P63/mmc) having more adsorption sites is more active
than MoN(0001) (space group P6m2) having less adsorption sites in
NH3 decomposition, although the binding energy of N is stronger over
MoN than over Mo,C.

In addition to the experimental work, computational studies of the
adsorption and decomposition of ammonia on various metals such as
Fe, Co and Ni are reported [31-33]. Very recent DFT study focused on
the stepwise decomposition of ammonia on the Mo,N(100) and MosN
(111) surfaces and illustrated the contributions of individual step to
overall process [34]. As one of the most important transition metal
carbides, there are no reports about ammonia decomposition on Mo,C
surfaces. Previously studies mainly focused on surface structures and
properties of various Mo»C surfaces; [35,36] the adsorption and acti-
vation of small molecules [37-41], and the catalytic mechanisms of the
dehydrogenation of formic acid [42], and hydrogenation of furfural
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[43] and hydrodeoxygenation of carboxylic acid [44]. In this work, we
discussed the coverage-dependent dissociative adsorption of ammonia
on the Mo,C(001) surface and the subsequent nitridation by using NHs.

2. Method and model
2.1. Method

All calculations were done by using the plane-wave based density
functional theory (DFT) method implemented in the Vienna ab initio
simulation package (VASP) [45,46]. The effect of the core electrons was
taken into account by the projector augmented wave method (PAW)
[47,48]. The electron exchange and correlation energy is treated within
the generalized gradient approximation (GGA) in the Perdew-Burke-
Ernzerhof functional (PBE) [49]. In this study, we included van der
Waals dispersion correction by employing the latest D3 method with
Becker-Jonson damping [50,51]. To have accurate energy with errors
less than 1 meV per atom, a cutoff energy of 400 eV and the Gaussian
electron smearing method with o = 0.10 eV were used. Geometry op-
timization was converged until forces acting on atoms were smaller
than 0.02 eV/A, whereas the energy threshold-defining self-consistency
of electron density was set to 10~ *eV. All transition state structures
were optimized by using the climbing image nudged elastic band (CI-
NEB) method [52], and the frequency analysis was also processed to
verify an authentic transition state having only one imaginary fre-
quency and provides zero-point energy (ZPE). For the bulk structure,
the lattice parameters of the hexagonal phase were determined by
minimizing the total energy of the unit cell by using a conjugated-
gradient algorithm to relax the ionsand a 5 X 5 X 5 Monkhorst-Pack k-
point grid [39] was used for sampling the Brillouin zone.

2.2. Model

Mo,C can have orthorhombic [53,54] or hexagonal [55-57] crys-
talline phase depending on the carburization conditions. In our work,
we used the hexagonal Mo,C phase with an eclipsed configuration as
the unit cell [58]. The calculated lattice parameters of the cell are
2a = 6.277 A, 2b = 6.070A and ¢ = 4.7224, in good agreement with
the experimental values (a = b = 3.011 i\, c=4.771 i\) [59]. We used
a periodic p(2 x 2) slab with a surface area of 12.2 x 12.1 A and a six-
layer model with the top three layers relaxed and the bottom three
layers fixed in the bulk positions. This has been tested in previous
studies [37,39].

The adsorption energy (Ea.qgs) is defined according to E.gs = E(X/
slab) - [E(X) + E(slab)], where E(X/slab) is the total energy of the slab
with one X molecule, E(slab) is the total energy of the bare slab and E
(X) is the total energy of a free X molecule in gas phase, and therefore
the more negative the E,45 the stronger the adsorption. To get the sa-
turation coverage (X = NH3), we used the stepwise adsorption energy,
AE,qs = E(X)n + 1/slab - [E(X)n/slab + E(X)], where a positive AE 45
for n + 1 adsorbed X molecules indicates the saturation adsorption with
n adsorbed X molecules. The barrier (E,) and reaction energy (AE,) are
calculated according to E, = Eyg — Eis and AE, = Egg — Ejs, where Ejg,
Egs and Eqg are the energies of the corresponding initial state (IS), final
state (FS), and transition state (TS), respectively. The reaction energies
and barriers include the ZPE obtained from frequency analysis [60].

3. Results and discussion

Fig. 1 shows the schematic side and top views of the metallic
Mo,C(001) surface, which has sixteen surface Mo atoms and ten pos-
sible adsorption sites (t1, t2, b1-b4 and h1-h4). On t1 site the Mo;
atom binds two C atoms in the second layer and has one dangling bond
(saturated bulk Mo binds three C atoms, saturated bulk C atom binds six
Mo atoms); and on t2 site the Mo, atom binds with only one C atom in
the second layer and has two dangling bonds. The b1 site links two Mo;

66

Surface Science 689 (2019) 121466

-

?@g@b
R

(b) "—C;;z}l—‘ib ??3 =
i <
~ ~
Fig. 1. Top (a) and side (b) views of the metallic Mo,C(001) surface with
possible adsorption sites (green balls for Mo atoms, gray balls for first layer C
atoms and black balls for C atoms in other layers, t for top, b for bridge and h

for 3-fold hollow sites). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

*u

atoms; the b2 site links one Mo; and one Mo,; the b3 site links two Mo,
atoms; the b4 site links one Mo; and one Mo, sharing one second layer
C atom. For the 3-fold hollow sites (h1-h4), they differ in not only
surface Mo atoms but also sublayer atoms. The h1 site has one Mo, and
two Mo, as well as one vacancy in the second layer. The h2 site has two
Mo, one Mo, and one third layer Mo atom. The h3 site has two Mo;,
one Mo, and one second-layer C atom. The h4 site has one Mo,, two
Mo, and one third layer Mo atom.

3.1. NH3 adsorption

The adsorption of one NH3 on the ten possible adsorption sites was
computed, and five stable adsorption configurations are located (Fig.
S1). The t1 site has the strongest adsorption energy (-1.30eV) and the
second most stable adsorption configuration is at the t2 site (-1.10 eV);
while the adsorption configurations at the bridge (b1; -0.91 and b3;
-0.66 eV) and hollow (h2; -0.71 eV) sites are higher in energy and less
stable. That the t1 site is more preferred over the t2 site is due to their
local difference in electronic property, i.e.; the t1 site with two second
layer carbons atoms is more positively charged than the t2 site with
only one second layer carbons atom (0.625 vs. 0.419 e) according to
Bader charge analysis [61-64]. That NH; prefers the top site is due to its
electron lone pair at the N center, which represents the highest occu-
pied molecular orbital. Following this energetic order
(t1 > t2 > bl > h2 > b3), we computed NH; adsorption at high
coverage.

For studying NHj3 adsorption at high coverage we further increased
the number of NH3; molecules one by one at remote sites to minimize
the lateral repulsive intermolecular interaction, where we considered
the most stable adsorption configuration at individual coverage by
considering different possibilities on the basis of the above discussed
energetic order, while adsorption configurations with adjacently ad-
sorbed NH3; molecules are computed for comparison. It is found that the
stable adsorption configuration does not exactly follow this energetic
order. The more stable adsorption configurations are shown in Fig. 2
and the less stable adsorption configurations are given in Supporting
Information (Fig. S2), which shows clearly that the remote adsorption
configurations are more stable than the adjacent ones, particularly at
low coverage (n = 2-6). For example, the adsorption configuration of
three NH3; molecules at three adjacent t1 sites in a line is less stable
than that at three remote t1 sites by 0.18 eV.
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15 (-6.93 eV) 16 (-6.72eV)

Fig. 4. Structures and energies (AE,qs/€V) of the most stable adsorption sites for stepwise NH adsorption on Mo,C(001) surface (blue balls for N atoms and white balls
for H atoms; using gaseous NH radical as reference). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

For n = 1-8, the adsorbed NH; molecules are located at t1 sites and
the stepwise adsorption energy decreases gradually, and at the same
time, the distance between N-Mo increases gradually (Table S1). For
n = 8, all eight t1 sites are occupied. On the basis of n = 8, further NH3
molecules are adsorbed one by one. That the t1 site is more preferred
than the t2 site can also be found at high coverage, for example, for
n = 7 with one NH3 at the t2 site is less stable than that with all NH3 at
the t1 sites by 0.12eV; and for n = 8 with two NH3 molecules at the t2
site is less stable than that with all NH; molecules at the t1 site by
0.19 eV, despite the adjacent NHj3 in two parallel lines (Fig. S2).

For n = 9-12, all NH; molecules are located at t2 site and the
stepwise adsorption energy decreases. For n = 10, however, the step-
wise adsorption energy is slightly higher than that of n = 9; and this
disorder remains despite various variations of the adsorption config-
urations; and one feature is the head-to-head H—H distance for n = 10
and no such feature can be found in other adsorption configurations.
Analysis of charge density does not give any reasonable explanations
(Fig. S3). The saturation coverage has twelve adsorbed NH3 molecules,
since a positive adsorption energy is found for n = 13, where the added
NH3 molecule desorb from the surface. For n = 12, all eight t1 and four
t2 sites are occupied.

3.2. NH; adsorption
Different from NHs, NH, has two electronic configurations [65], the

more stable one (°B;) has the single electron perpendicular to the
molecular plane and the lone pair electron in the molecular plane and
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the less stable one (®A;) has the single electron in the molecular plane
and the lone pair electron perpendicular to the molecular plane. For one
NH, adsorption on the ten possible adsorption sites, five stable ad-
sorption configurations were found (Fig. S4). In contrast to NH3, the
adsorption configurations at b2, h1 and h2 sites are very close in en-
ergy (-5.06, -5.04 and -5.05 eV, respectively) and that at t2 (-4.22 eV)
and b4 (-4.86 eV) sites are higher in energy and less stable. In these
stable adsorption configurations, the NH; plane is nearly perpendicular
to the surface. It is also noted that no stable adsorption configuration at
tl site can be located.

Following this stability order (Fig. S4), we computed NH, adsorp-
tion at high coverage, but such negligible energy differences among b2,
h1 and h2 sites make the search for the more or most stable adsorption
configurations difficult. Since h1 and h2 sites share one b2 site, small
displacement will shift b2 adsorption either to h1 or h2. For compar-
ison we tentatively computed the adsorption configurations for n = 4
remotely at h1 and h2 sites. After structure optimization, the adsorp-
tion configuration at hl becomes that of b2, and that of h2 is more
stable than b2 by 0.19 eV (Fig. S5). Detailed comparison shows that the
adsorption configuration at h2 site can be considered as tilted b2 site on
the basis of the Ni-Mo distances (2.184, 2.244 and 2.500 A). For further
comparison we computed the adsorption configurations for n = 12 at
h1 and b4, h2 and b4 as well as b2 and b4 sites; and they are very close
in energy within 0.03 eV (Fig. S6). This indicates their structure flex-
ibilities. To obtain the most stable configuration at individual coverage,
we further calculated and compared different NH, coverage on
Mo,C(001) surface on both b2 and h2 sites by considering different
possibilities (Figs. S7 and S8). The most stable adsorption
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Fig. 5. Structures and energies (AE.qs/€V) of the most stable adsorption sites for stepwise N adsorption on Mo,C(001) surface (blue balls for N atoms; using gaseous
N, as reference). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

configurations at individual coverage with stepwise adsorption energies
are summarized in Fig. 3. For n = 1-8, h2 sites are preferably adsorbed
close to b2 site, and the stepwise adsorption energies are in close range
of n = 2-4, and that for n = 5, 7 and 8 decreases. Apart from n = 1 and
8, where the adsorbed NH, are located at b2 sites, other adsorption
configurations have NH, at h2 or tilted b2 sites. On the basis of the
adsorption configuration of n = 8, stepwise NH; adsorption at b4 sites
is computed and the stepwise adsorption decreases from n = 9-12. At
n = 16, all b2 and b4 sites are occupied.

3.3. NH adsorption

NH radical can have several electronic configurations [66], and the
ground state has a triplet state and the singlet state is much high in
energy and less stable. For one NH adsorption (Fig. S9), five stable
adsorption configurations were found. The adsorption configuration at
h1 site is most stable (-8.08 eV), followed by that at h2, h3 and h4 sites
(-7.91,-7.46 and -7.78 €V, respectively); and that at t1 site is much
high in energy and less stable (-6.57 eV). In these adsorption config-
urations, NH is perpendicular to the surface. It is noted that no stable
adsorption configurations at the bridge sites can be found.

Having the most stable adsorption configuration at the h1 site, high
coverage NH adsorption in remote sites has been computed (Fig. 4).
From n = 1-4, the stepwise adsorption energies are close and those of
n = 5-8 are also close, but somewhat lower than that for n = 1-4. For
n = 8 (Fig. S10), we computed the adsorption configurations at h2, h3
and h4 sites; and they are higher in energy and less stable than that at
h1 site by 0.33, 2.68 and 5.90 eV, respectively.

3.4. Adsorption of N

For the adsorption of an N atom, only hollow sites adsorption
configurations are found (Fig. 5). The most stable one is at hl site
(-2.67 eV), followed tightly by those at h2 and h4 sites (-2.14 and
-2.08 eV) and that at h3 site is least stable (-1.52 eV). Following this
energetic order, we computed N adsorption at high coverage. The
stepwise adsorption energy for n = 1-4 are close; and that for n = 5-8
decreases with coverage increase. Significant low stepwise adsorption
energies are found for n = 9-12, while those for n = 13-16 are positive,
indicating that thermodynamically it is not possible to occupy all
hollow site by using molecular N, gas as nitridation agent.
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Scheme 1. Potential energy surface of NHj; dissociative adsorption on
Mo,C(001) surface.

3.5. NH3 dissociative adsorption

In addition to molecular adsorption, NH; dissociative adsorption on
the Mo,C(001) surface is computed for understanding the nitridation
process, where we used the most stable adsorption sites of NH3, NH,,
NH and N discussed above, and the most stable adsorption sites of
hydrogen were taken from previous report (Fig. S11) [37,39]. The
structures of the IS, TS and FS of each step are shown in Fig. S12. The
potential energy surface of NH3 successive dissociation is shown in
Scheme 1.

Starting from NHj at the t1 site, the first step is NH;3 dissociation
into NH, and H (NH3; = NH, + H); and this step has barrier of 0.63 eV
and is exothermic by 1.13 eV. That the dissociation barrier is lower than
the adsorption energy reveals that NH; prefers dissociation. In the
transition state (TS1, Fig. S12), the breaking N—H distance is 1.543A
and the forming NH, group is at the bl site with N-Mo distances of
2.916 and 2.111 A; and the H atom is at the b2 site with N-Mo distance
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of 2.621 and 1.645 A. In the final state (FS1, Fig. S12), the NH,, group is
at the bl site and the H atom is at the h1 site. After the dissociation,
both NH, and H migrate to the more stable remote sites, i.e.; the b2 site
for NH, and another hl site for the H atom (IS2, Fig. S12), and the
migration of the NH, and H species is exothermic by 0.64 eV, and the
overall first decomposition step of NHj3 dissociative adsorption at the t1
site is therefore exothermic by 1.77 eV.

Starting from NH, at the b2 site, the second dissociation step
(NH, +H = NH+ 2H) is also favorable thermodynamically (-1.17 eV)
and has much low barrier of 0.33 eV. The breaking N—H distance in the
transition state (TS2, Figure S12) is 1.432 [o\, and the NH group is at the
h1 site with N-Mo distances of 2.180, 2.180 and 2.097 1°\; and the H
atom is tilted at b2 site. After the dissociation, the formed H atom at the
h1 site migrates to another h1 site; and this is exothermic by 0.04 eV
(FS2, Fig. S12). Totally, the second dissociation step is exothermic by
1.21eV.

The last step of NH dissociation into N and H (NH+2H = N + 3H)
has barrier of 0.77 eV and is exothermic by 1.01 eV. The higher barrier
of this step is due to the perpendicular adsorption configuration of NH
on the surface. The breaking N—H distance in the transition state (TS3,
Fig. S12) is 1.314 A and the N-Mo distances are 2.048, 2.058 and
2.013A at hl site. The dissociated H atom migrates by exothermic
0.13 eV, and the total reaction is exothermic by 1.14 eV for the last step.

On the basis of the stepwise decomposition, we evaluated the
stepwise H, evolution (Scheme 1). The desorption energies of 0.5 Hy,
1.0 Hy and 1.5 H; is 1.15, 2.27 and 3.41eV, respectively; and this
corresponds to the computed adsorption energy of one H atom on the
clean surface (-1.15eV) [37,39]. This indicates that all these hydrogen
atoms are adsorbed on the surface because of the rather low coverage.
Therefore, we computed the coverage-dependent H, evolution on the
basis of the high coverage adsorbed NH,, NH and N reported above; and
such coverage-dependent H, evolution can also provide useful in-
formation about the nitridation process by using NH3; and this is par-
ticularly interesting since transition-metal nitrides can be used widely
as catalysts in hydro-treating reactions [67,68].
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Comparison of the calculated barriers (E,, eV) and reaction energy (AE, eV) for each decomposition step of NH;.

surface E,,(eV) NH, = NH,+H NH, + H = NH+2H NH+2H = N + 3H
E,(eV) AE,(eV) E,(eV) AE,(eV) E,(eV) AE(eV)
Mo,(001) -1.30 0.63 -1.13 0.33 -1.17 0.77 -1.01
Fe(110)[32] -0.83 0.72 -0.62 0.24 -1.11 1.16 -0.43
Fe(100) [69] -0.92 0.95 -0.29 1.14 -0.32 0.78 -0.52
Co(111) [32] -0.68 1.01 -0.14 0.21 -0.44 1.06 0.10
Ni(111) [32] -0.75 1.11 -0.28 0.59 -0.57 111 0.06
Ni(110) [70] -0.80 0.80 -0.25 1.41 0.54 0.70 0.29
Ir(100) [71] -0.96 0.86 -0.55 1.02 -0.04 0.96 0.33
Pd(111) [72] -0.84 1.71 0.49 1.54 0.15 1.70 0.71
Cu(111) [73] -0.46 1.67 0.65 1.35 0.76 1.98 1.55
Co0(100) [74] -0.61 3.13 0.89 3.40 1.62 3.03 1.10
¥-Mo,N(100) [34] -0.97 1.20 0.02 1.18 -0.12 1.04 0.40
1.28 0.30 1.18 0.29 2.05 0.69
1.31 0.80 - - - -
y-Mo,N(111) [34] -1.18 0.64 -0.89 0.22 -1.09 1.12 -0.11
0.78 -0.58 0.46 -0.97 1.14 -0.04

Different from above discussed NHy (x = 0, 1, 2, 3) coverages on
Mo,C(001) by using the corresponding gaseous radical as reference, we
calculated the saturation of coverage for each NHy intermediate by
using gaseous NHj as nitridation agent (Fig. 6). The saturation coverage
of NH3, NHy, NH and N can have 12, 16, 16 and 8 surface species,
respectively or 0.75, 1.0, 1.0 and 0.5 monolayer coverage on the basis
of the exposed surface Mo atoms. The saturation coverage of NH, and
NH by using gaseous NHj is the same as that by using the NH, and NH
radical, respectively. The saturation coverage using gaseous Ny can
have 12N atoms (0.75 ML) on the surface; while can have 8 N atoms
(0.5 ML) using gaseous NHs.

On the basis of these results and the available literature data
(Table 1), one can compare the metal and surface dependent NH3 de-
composition. As listed in Table 1, four types of reactions can be cate-
gorized. The first type is the full decomposition, in which all three
elementary steps (NH3; = NH,+H; NH, = NH+H; NH = N + H) are
exothermic, and this can be found on the Mo,C(001), Fe(110) and Fe
(100) surfaces. The second type has partial decomposition, in which the
first two elementary steps are exothermic and the last step is en-
dothermic or close to thermal neutral, such as on the Co(111) and Ni
(111) surfaces. The third type has also partial decomposition, but the
first step is exothermic and the second and third steps are endothermic,
such as on the Ni(110) and Ir(100). The clear surface dependence is
shown between Ni(111) and Ni(110) surfaces. The last type shows that
all three elementary steps are endothermic, such as on the Pd(111) and
Cu(111) surfaces. On the CoO(100) surface, NH3 does not decompose
and all three elementary steps are endothermic and have extremely
high barriers. In addition, surface dependent activity is also found on
the y-Mo,N(100) and y-Mo,N(111) surfaces, i.e.; NH3 decomposes
hardly on the y-Mo,N(100) surface, but very easily and fully on the y-
Mo,N(111) surface, like on the Mo,C(001), Fe(110) and Fe(100) sur-
faces.

4. Conclusion

Density functional theory computations were carried out to study
the adsorption and sequential decomposition of ammonia on the hex-
agonal metallic Mo,C(001) surface. The ultimative goal of this study is
the nitridation degree of the Mo,C(001) surface by using NH3 as en-
vironment agent. The metallic Mo,C(001) surface has two types of Mo
atoms differentiated by the local carbon environment, the Mo atom
with two carbon atoms has higher NH; adsorption energy than that
with one carbon atom; and each type has eight expose Mo atoms.

The adsorption of NHj3 prefers the top site via the nitrogen lone pair
electrons in the entire coverage range, and the saturation coverage is
0.75 monolayer on the basis of exposed surface Mo atoms. There is no
hydrogen bonding among the adsorbed NH; moleucles. It is found that

NH; prefers decomposition instead of desorption, and all three ele-
mentary decomposition steps have low barries and are exothermic; and
this shows that full decomposition into surface N and H atoms are fa-
vored kinetically and thermodynamically.

The adsorption of NH; is coverage-dependent; i.e.; at low coverage
NH; adsorption at both bridge and hollow sites have close energies, and
bridge sites are preferred at high coverage up to saturation; and the
saturation coverage is 1.0 monolayer. In contrast, the adsorption of NH
and N is coverage independent, and only hollow sites are preferred in
the entire coverage range. The saturation coverage for NH and N is 1.0
and 0.5 monolayer, respectively.

The dissociative adsorption of ammonia among others metals and
molybdenum nitrides has been categorized and compared. Our results
provide the basis for studying the surface properties and catalytic re-
action of nitrided Mo»C surfaces.
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3.4 Design of a core—shell catalyst: an effective strategy for suppressing side reactions in syngas for direct

selective conversion to light olefins
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Summary: An elegant catalyst is designed via the encapsulation of metallic oxide Zn—Cr inside of zeolite
SAPO34 as a core—shell structure (Zn—Cr@SAPO) to realize the coupling of methanol-synthesis and
methanol-to-olefin reactions. The unique strategy is effective to advance light olefin selectivity and limit CO:
formation in the STO (syngas to light olefins) synthesis by yielding a light olefin selectivity as high as 64.31%
with a COz selectivity at only 36.16%. The different absorption barriers and active phases of the core (Zn—Cr)
and shell (SAPO34) play a key role to maximize the catalytic performance. The lower adsorption energy and
larger surface area of the SAPO34 shell protect the Zn—Cr core to limit the water gas shift (WGS) reaction,
which is demonstrated by DFT calculation. The hierarchical structure and extremely short distance between the
two active components allow the Zn—-Cr@SAPO capsule catalyst to demonstrate better mass transfer and
diffusion for a better synergistic effect. At the same time, the confinement effect of the capsule catalyst also
decreases the possibility of side reactions and enhances the light olefin selectivity. This type of catalyst has
superior potential since it can be easily scaled up to industrial requirements in the future and it has extensive

application prospects for various reactions.
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An elegant catalyst is designed via the encapsulation of metallic oxide Zn—Cr inside of zeolite SAPO34 as
a core-shell structure (Zn-Cr@SAPO) to realize the coupling of methanol-synthesis and methanol-to-
olefin reactions. It can not only break through the limitation of the Anderson—Schulz—Flory distribution
but can also overcome the disadvantages of physical mixture catalysts, such as excessive CO, formation.
The confinement effect, hierarchical structure and extremely short distance between the two active
components result in the Zn-Cr@SAPO capsule catalyst having better mass transfer and diffusion with
a boosted synergistic effect. Due to the difference between the adsorption energies of the Zn-Cr
metallic oxide/SAPO zeolite physical mixture and capsule catalysts, the produced water and light olefins

are easily removed from the Zn-Cr@SAPO capsule catalyst after formation, suppressing the side
Received 3rd November 2019 . . ) . . ) )
Accepted 18th March 2020 reactions. The light olefin space time yield (STY) of the capsule catalyst is more than twice that of the
typical physical mixture catalyst. The designed capsule catalyst has superior potential for scale-up in

DOI: 10.1039/c9sc05544d industrial applications while simultaneously extending the capabilities of hybrid catalysts for other
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Introduction

C1 chemistry has become a hot research area because one of the
most challenging scientific issues is to find alternative energy
sources for petroleum in the 21% century. With the development
of biomass reforming technology and methane mining tech-
nology in shale gas and combustible ice, syngas (a CO + H,
mixture) can be used as a much cheaper stock with larger
reserves to synthesize chemicals and energy fuels via a non-
petroleum route. Conversion to light olefins (C3~ to C; ) has
attracted immense interest since light olefins are playing more
important roles in the chemical industry for a long period."
Light olefins are widely used in the organic chemicals with the
largest production volumes all over the world.* Currently,
petroleum resources continue to decrease, which raises barriers
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tandem catalysis reactions through this strategy.

for the traditional synthesis of light olefins from naphtha
cracking.>®

To solve this problem, considerable studies on the conver-
sion of syngas (synthesis gas, CO + H,) to light olefins by the
Fischer-Tropsch synthesis have been reported due to the cost-
effective feeding stock as compared to crude oil, which is
called Fischer-Tropsch to olefins (FTTO).”** CO can be con-
nected to H, on the surface of the catalyst and the formation of
CH, (x =1, 2, 3) takes place to convert to C,H,, by C-C coupling;
finally, the alkane or olefin products are formed by the hydro-
genation or dehydrogenation of C,H,,. However, the Anderson-
Schulz-Flory distribution affects the selectivity for light olefins,
which is a maximum of 58% theoretically.®

In another way, light olefins can also be obtained from
methanol over a SAPO34 zeolite, namely by the methanol to
olefin (MTO) process;"*™** methanol synthesis from syngas has
been a mature industrial product since 1923, which was built by
BASF.?° Using a hybrid catalyst is also a feasible way to realize
the tandem catalysis reaction from complex to simple
approaches.>* For the above-mentioned findings, a new direct
route for syngas to light olefin (STO) synthesis using physical
mixture catalysts has been reported.***® The light olefin selec-
tivity breaks through the Anderson-Schulz-Flory distribution,
which is beyond 58%. Even though it is a discovery of great
importance, the challenges of suppressing highly undesirable
CO,, selectivity of approximately 50% and uneven mixing of

Chem. Sci., 2020, 11, 4097-4105 | 4097
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physical mixture catalysts still need to be optimized for its
further use in industrialization.

A capsule catalyst with a tailor-made core-shell structure has
been designed for several given reactions. Specifically, it can
connect two or more consecutive catalytic processes into
a direct synthesis. In our previous studies, several successful
applications of capsule catalysts have been reported.*” ™ For
instance, a Co-Al,O; (core)@H-B-zeolite (shell) capsule catalyst
was designed for the direct synthesis of isoparaffins from
syngas via the Fischer-Tropsch synthesis. Syngas passes
through the zeolite membrane channels to reach the core
catalyst, where it forms normal paraffins. These linear hydro-
carbons exit by diffusion through the zeolite membrane and
those with a straight-chain structure have a chance of being
cracked and isomerized at the acidic sites of the zeolite.** The
capsule catalyst (Cu-ZnO-Al,O; was encapsulated by an H-ZSM-
5 layer) for a syngas to DME (CH3OCH3) direct synthesis has
also been successfully prepared. The formed methanol on the
Cu-ZnO-Al,0O; catalyst from syngas can easily be converted to
DME in situ by the H-ZSM-5 layer.*

In this study, the core-shell catalyst comprises metallic oxide
Zn-Cr covered by a SAPO34 layer and is used for STO (syngas to
light olefins) synthesis. The catalyst is prepared by a modified
physical encapsulation method.*™ With this tailor-made
designed catalyst, methanol can form on the metallic oxide
Zn-Cr initially, then the methanol will pass through the SAPO34
membrane to dehydrate to light olefins, as illustrated in Scheme
1.

The SAPO34 shell can also protect the metallic oxide Zn-Cr
core to block the contact of the formed light olefins and CO,. As
a result, the light olefin product has difficulty further hydroge-
nating into a paraffin on the metallic oxide Zn-Cr. Meanwhile,
the water gas shift reaction on Zn-Cr is also limited by SAPO34.
A DFT study was performed that clearly shows that the
adsorption energies of H,O and C,-C, light olefins on the
SAPO34 shell are greater than on the metallic oxide Zn-Cr core,
which provides theoretical evidence for illustrating the protec-
tive function of the SAPO34 shell. Herein, in contrast to the
regular hybrid or physical mixture catalyst, a capsule catalyst
can significantly achieve enhanced light olefin selectivity while
limiting CO, formation successfully.

Silica sol
soaking

® ge L =g

ZnCr

Scheme 1 The preparation of a Zn—-Cr@SAPO catalyst and the
strategy for light olefin synthesis from syngas.
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Results and discussion
Design of active physical mixture catalysts in STO reaction

In our study, we first applied a CO hydrogenation catalyst of Zn-
Cr prepared by a co-precipitation method for syngas conversion
(Fig. 1A and B). The Zn-Cr metallic oxide catalyst is pre-treated
and activated by H, to form oxygen vacancies at temperatures
below 400 °C, as given in Fig. S1.7*** In the reaction, the
selectivity of methanol is as high as 92.58% at 300 °C under
2.0 MPa (Table S27). In detail, CO is absorbed at the oxygen
vacancies then dissociated and hydrogenated by H, gradually to
CH;0, followed by further hydrogenation to methanol. After the
formation of oxygen vacancies, the number of electrons and
magnetic moments in the vicinity of Zn increases and there are
many electrons located above the highest valence band of the
oxide.*”” Thus, the transfer of these energetic electrons to
methoxyl promotes its adsorption at the oxygen vacancies.
However, by increasing the temperature (300-450 °C) and
pressure (2.0-5.0 MPa), light olefin selectivity reached
a maximum of 20% with nearly 50% CO, produced (Table S1-
S37). It shows that the reaction process has a high barrier to the

-
o
~
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Fig. 1 The catalytic performance over different assembly models of
catalysts. Reaction condition: H,/CO = 2.0, P= 2.0 MPa, T = 400 °C,
space velocity = 6480 cm® h~! g.,, % (A) CO conversion and product
selectivity over varied catalysts, CO; is excluded in the histogram. (B)
Zn—-Cr metallic oxide catalyst. (C) Dual bed of Zn—-Cr metallic oxide
and SAPO34 zeolite catalyst. (D) Physical mixture of Zn—Cr metallic
oxide and SAPO34 zeolite catalyst. (E) Capsule catalyst of Zn-Cr
metallic oxide and SAPO34 zeolite components. (F) The space time
yield of light olefins over different catalysts.
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next MTO step on this sole metallic oxide catalyst. The Zn-Cr
metallic oxide does not provide enough active sites for meth-
anol to further dehydrate to light olefins. Thus, the SAPO34
zeolite prepared by a hydrothermal synthesis method was
introduced as a C-C coupling catalyst for continuing the light
olefin synthesis to realize the STO route. Initially, the SAPO34
zeolite is packed below the Zn-Cr catalyst using a layer of quartz
wool to separate these two types of components (Fig. 1A and C).
The light olefin selectivity slightly increased to 27.86% but
52.58% of CH,4 and 45.50% of CO, are produced, which is far
from the target, as given in Fig. 1A and Table S1.1 This may be
due to the formed methanol and water on the Zn-Cr metallic
oxide, which makes it difficult to attach the SAPO34 zeolite for
further tandem catalysis reaction and drainage. The methanol
and water are involved more readily in further methanation and
the WGS reaction with the CO absorbed on the Zn-Cr metallic
oxide defects, according to its thermodynamic equilibrium.*>*!

In order to accelerate the tandem catalysis process as well as
mass transfer and diffusion, two kinds of components were
physically mixed as a uniform distribution catalyst to shorten
the distance between the two different active phases (Fig. 1D).
Several reaction conditions were investigated by varying the
space velocity (2160-6480 cm® h™" g '); the light olefin
selectivity was boosted to 39.70% at most as the space velocity
increased (Fig. 1A and Table S1t). These findings prove that
shortening the distance of two different active phases is
conducive to the light olefin synthesis. Furthermore, from the
investigation of the catalyst acidity, the NH;-TPD profiles reveal
that the Zn-Cr catalyst has the appropriate acidity to form
methanol from CO hydrogenation;*>* meanwhile, the acidity of
the Zn-Cr metallic oxide and SAPO34 zeolite is not too strong to
limit the light olefin synthesis, as given in Fig. S2,T because the
strongly acidic catalyst will suppress light olefin formation and
favour alkanes in the product distribution.**

Design of powerful capsule catalyst to address the problems of
physical mixture catalysts

According to the above results, the capsule catalyst was explored
for STO synthesis since it has a unique confinement effect, the
ability to regulate a tandem-catalysis reaction sequence, and
good mass transfer and diffusion performance (Fig. 1E). The
Zn-Cr/SAPO weight ratio of the capsule catalyst is 4 : 1 accord-
ing to the ICP results (Table S47). In the reaction, as shown in
Fig. 1A, the light olefin selectivity is significantly enhanced to
64.31% with only 36.16% CO, formation on the Zn-Cr@SAPO
catalyst. Hence, its light olefin space time yield of 4.2 x 10~ ¢-
mol-ge, '-h™" is notably higher than that of any other type of
catalyst (Fig. 1F). The reason is that the SAPO34 shell of the Zn-
Cr@SAPO catalyst prevents the formed light olefins from
further hydrogenating into alkanes on the in situ or neigh-
bouring Zn-Cr active sites. At the same time, the SAPO34 shell
also protects the Zn-Cr core from further water gas shift (WGS)
reactions on the core due to its better water absorbency with
larger surface area (Table S47). It is clear that the capsule
catalyst has an advantage over the physical mixture catalyst
because of the much higher light olefin selectivity with lower
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Fig. 2 Relationship curves of CO conversion vs. (A) light olefin
selectivity and (B) CO, selectivity of physical mixture and capsule
catalysts. Reaction conditions: H,/CO = 2.0, P=2.0 MPa, T =400 °C.

CO, selectivity at the same CO conversion level (Fig. 2).
Consequently, the product distribution favours light olefins
while CO, is greatly suppressed by the synergistic effects and
confinement effect of this unique core-shell structured catalyst.
Meanwhile, CH, selectivity is also decreased because the
conversion of CH3O species to CHy is limited in the SAPO34
zeolite shell considering the extremely short distance between
the two components, which leads to better mass transfer and
MTO-oriented reaction relay.*

In particular, the formation of CH30H or CH,4 from inter-
mediate CH30 hydrogenation depends on H donor-attaching C
or O on the active surface sites of the Zn-Cr metallic oxide. The
reaction channel of the Zn-Cr metallic oxide catalyst to CH3;OH
has areaction barrier of 1.33 eV, which is kinetically much more
favourable in comparison to CH, formation with a reaction
barrier of 2.41 eV.* Theoretically, accompanied by CH3;O0H
accumulation on the active sites, the product distribution will
shift to CH4 according to the chemical equilibrium between the
two competing reactions. Therefore, methane production can
be effectively inhibited by the fast scavenging of the accumu-
lated CH3;O0H over the SAPO34 zeolite shell to obtain target
products with high selectivity while decreasing CH, selectivity.

To clarify the influence of the reaction conditions on the STO
synthesis with the Zn-Cr@SAPO capsule catalyst, the effects of
the temperature, pressure and space velocity were also investi-
gated (Fig. 3, Table S1-S3 and S57). Light olefin selectivity
ranged from 5.06% to 64.31% within the tested temperature
(300-450 °C), pressure (2.0-5.0 MPa) and space velocity (2160—
6480 cm® h™' g..') conditions. The optimum reaction
temperature for SAPO34 is 400 °C since more methanol was
converted to light olefins as the temperature increased from
300 °C to 400 °C. However, a very high temperature such as
450 °C will drive the products to methane according to the
thermodynamics (Fig. 3B). The reaction results also indicate
that the hydrogenation ability of the catalyst weakened as the
gas flow rate increased. Extending the contact time (decreasing
the gas flow rate) for each active site on the catalyst supplies
more opportunities for olefin secondary hydrogenation,
according to the consecutive reaction kinetics, which alters the
product distribution of light olefins (C2-C4 olefins) and paraf-
fins (Fig. 3A). Furthermore, the product distribution profile
shifted to light olefins rather than alkanes when the pressure
was lower (Fig. 3C), which indicates that the light olefin
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Fig. 3 The specific investigation of catalytic performance for the
capsule catalyst. (A) The effect of space velocity. (B) The effect of
temperature. (C) The effect of pressure. (D) The stability of the capsule
catalyst in the reaction.

synthesis was conducted under the appropriate reaction
conditions. The H,/CO ratio of syngas was also studied, as given
in Table S5.7 In comparison to the reaction results under syngas
(H/CO ratio of 2), the methane selectivity increased to 18.45%
from 8.39%, partly inhibiting the formation of light olefins at
the lower H,/CO ratio. However, there was no distinct difference
in the CO, selectivity. The water formation was inevitable due to
the dehydration route for the light olefin synthesis from
methanol. It is necessary to synthesize methanol from syngas in
the initial stage, which differs from other Fischer-Tropsch
routes. To realize methanol synthesis, each CO molecule needs
two hydrogen molecules. If there is not enough hydrogen, it is
hard to initiate methanol synthesis. As a competitive reaction,
more side products will be produced, inhibiting the final light
olefin formation. Therefore, it is concluded that the evaluated
H,/CO ratio of 2 is necessary for our catalysts to realize a highly
efficient direct synthesis of light olefins from syngas. As known,
the strongly acidic catalyst will suppress light olefin formation,
favouring alkane formation.* Zeolite acidity, the hydrogenation
ability of the core catalyst, and hydrogen pressure determine the
final olefin selectivity.

Two samples were prepared and studied to verify the effects
from the silica sol. The Zn-Cr catalyst and SAPO-34 zeolite were
moistened separately by the diluted silica sol, followed by
drying and calcining. In Table S6,T the reaction results suggest
that trace Si from the silica sol has no effect on the catalysts or
their catalytic performance because the Si concentration in both
catalysts is extremely low in the induced diluted silica sol
during the catalyst preparation. It had a negligible influence on
the acidity of the catalysts according to the NH;-TPD results
(Fig. S37).

The capsule catalyst was also used in a syngas conversion
reaction for 100 continuous hours to evaluate its catalytic
stability (Fig. 3D and S47). The Zn-Cr@SAPO capsule catalyst
had very stable CO conversion and target product selectivity
during this period, which reveals that the catalyst possesses
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a steady core-shell structure in the STO reaction. To identify
whether there were coke deposit species on the catalyst surface,
thermogravimetric analysis, Raman and UV-vis spectroscopy
were employed to test the used catalysts (Fig. S5 and S7).T All the
results suggest that there was no amorphous carbon and
graphitic carbon deposition in the spent catalysts. The good
catalytic performance of the Zn-Cr@SAPO capsule catalyst also
demonstrates its potential for further scale-up in industrial
applications.

In-depth and comparative study of the capsule and physical
mixture catalysts

Further studies were performed to understand the unique
catalytic functions of the Zn-Cr@SAPO catalyst. Fig. S8 renders
the XRD patterns of the catalysts. For the Zn-Cr@SAPO catalyst,
the peaks appearing in the range of 30°-45° are attributed to
non-stoichiometric spinel Zn,Cry;sn-»O; the minor peaks
appearing in the range of 5-30° are attributed to zeolite
SAPO34, indicating that the two different components are
combined within an integrated catalyst successfully. In the
tested samples, the particle size of the catalyst is about 1-2 mm,
possessing complete structure. In the tested Zn-Cr@SAPO
catalyst, each particle size is about 1-2 mm, possessing an
intact core-shell structure. Moreover, the 2D-XRD also shows an
obvious thermal signal for non-stoichiometric spinel Zn,Cry
31-xO in the Zn-Cr and SAPO34 physical mixture catalyst
(Fig. S9t). However, the signal is much weaker in the Zn-
Cr@SAPO capsule catalyst too. This is further evidence that the
capsule catalyst with a confined structure was prepared
successfully. Meanwhile, the capsule catalyst has the same
crystal orientation because of the observed similar Debye rings
in both catalysts, which indicates that the Zn-Cr@SAPO catalyst
is successfully synthesized without structural damage via the
encapsulation method.

¥

Fig. 4 The surface morphology of the capsule catalyst. (A) FE-SEM
images of cut section of Zn—-Cr@SAPO capsule catalyst. (B) The EDS
analysis by a linear scan of the cut capsule catalyst. (C) The photo of
the mapping section. (D) The mapping of all the elements on the above
section. (E) Zn elemental map. (F) Cr elemental map. (G) Al elemental
map. (H) Si elemental map. () P elemental map.
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The surface morphology of the Zn-Cr@SAPO capsule cata-
lyst was analyzed by FE-SEM and SEM (Fig. 4, S10 and S11+1). The
Zn-Cr surface is totally covered by a SAPO34 layer and no
signals were observed from Zn and Cr in the EDS of the Zn-
Cr@SAPO capsule catalyst, as shown in Fig. 4A and S11(A and
C),T which indicates that the shell of the catalyst is encapsu-
lated well over the core. The EDS linear scan of the cut section in
the capsule catalyst (Fig. 4B and S11D7) further demonstrates
that the Zn-Cr catalyst is encapsulated by SAPO34 evenly. An
obvious boundary between the two different components was
observed. The different elements clearly show a boundary line
between the Zn-Cr metallic oxide and the SAPO34 zeolite in the
mapping pictures (Fig. 4C-I). The thickness of the SAPO34
membrane is about 30-45 um, which is obtained from Fig. S10
(A and B), and S11 (B and D).} In the EDS analysis given by
a frontal horizontal incision photo of the capsule catalyst, the
signals of Zn and Cr started to increase from 45 um beneath the
catalyst surface with decreasing Si, Al, and P signals, which
gives us the thickness of the SAPO34 shell on the capsule
catalyst. This is sufficient for the formation of light olefins from
methanol on the catalyst shell. The infinitesimal space between
Zn-Cr and SAPO34 is beneficial for the mass transfer and
diffusion, which leads to the process of MTO (methanol to light
olefins) synthesis on SAPO34 using a methanol immediate that
forms on the metallic oxide Zn-Cr. Moreover, the surface of the
Zn-Cr metallic oxide component is very smooth and clean,

.

E —7Zn-Cr F —12Zn-Cr
— Zn-Cr@SAPO /ﬁ\ —— Zn-Cr@SAPO

M

590 585 580 575 570
Binding Energy (eV)

Counts(s)
F
TTT——
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1050 1040 1030 1020
Binding Energy (eV)

Fig. 5 Demonstrating the synthetic capsule catalyst. (A) The three-
dimensional elemental distribution images of Zn in the Zn-Cr@SAPO
capsule catalyst. (B) The fluorescence intensity map of Zn in the Zn—
Cr@SAPO capsule catalyst. (C) The three-dimensional elemental
distribution images of Cr in the Zn—-Cr@SAPO capsule catalyst. (D) The
fluorescence intensity map of Cr in the Zn—Cr@SAPO capsule catalyst.
(E) XPS Zn 2p spectra of Zn—Cr@SAPO capsule catalyst. (F) XPS Cr 2p
spectra of Zn—-Cr@SAPO capsule catalyst.
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Fig.6 Active sites in the crucial first methanol synthesis step. (A) XPS O
1s spectrum of fresh Zn—Cr metallic oxide catalyst. (B) XPS O 1s spectra
of activated Zn—Cr metallic oxide catalyst in H, at 400 °C.

which indicates that the core catalyst was not corroded in
comparison with the capsule catalyst synthesized by the routine
hydrothermal method. In summary, the Zn-Cr@SAPO capsule
catalyst prepared by a physical coating method illustrates
superior selectivity of light olefins due to its tailor-made core-
shell structure.

Other strong evidence for the successful preparation of the
Zn-Cr@SAPO capsule catalyst without structural damage is the
XRF-CT results, as shown in Fig. 5 and S12.}

The prepared capsule catalyst is scanned by horizontal,
angular and vertical triple cycle scanning in 9 random positions
at a 100 pm depth (Fig. S13t). The fluorescence intensity of Zn
and Cr is easily detected over all the positions. The 3-D images
also show an even distribution of Zn and Cr inside the Zn-
Cr@SAPO capsule catalyst (Fig. 5A and C).***” More importantly,
at the 100 pm depth of the catalyst, there are no signals for
SAPO34 (Si, Al, P), which indicates that there is no corrosion
occurring. XPS was also performed to investigate the catalyst
surface components (Fig. 5E and F). The photoemission
features of the Zn 2p spectrum suggest that the binding ener-
gies of Zn 2p.» and Zn 2pj» are 1045 eV and 1021.5 eV,
respectively (Fig. 5E). However, it is difficult to identify the state
of Zn by this approach because the binding energy of metallic
Zn and cationic Zn are too close to distinguish.”® The photo-
emission features of Cr 2p;, suggest that Cr is only present in
the cationic state Cr*" since the binding energy of Cr 2ps is
about 576 eV, which differs from the binding energy of metallic
Cr or the cationic state Cr®" (Fig. 5F).°>® After H, activation
prior to the STO reaction, the binding energy of Cr 2p;/, shows
a slight downshift to 575.5 eV, which indicates that the state of
Cr is a mixture of Cr® and Cr*" since the observed binding
energy is between the two states (Fig. S141).

As shown by Fig. S1f, the H,-TPR result has a double over-
lapping reduction peak in the catalysts, which corresponds to
Cr*" — Cr* and small quantities of Cr** — Cr’. Combined with
the XPS results, it is concluded that the catalyst active sites for
methanol synthesis are Zn®*" and Cr°/Cr*" during the reaction.
As a surface-sensitive characterization technique, the signals
from the sample in XPS analysis are only detected from the 0-
2 nm depth on the catalyst surface. In Fig. 5E and F, no signals
of Zn and Cr are observed from the surface of Zn-Cr@SAPO
catalyst, which further indicates that the Zn-Cr metallic oxide is
covered by a SAPO34 shell.
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Fig.7 The adsorption properties over the physical mixture and capsule catalysts. (A) DRIFTS spectra of the physical mixture and capsule catalysts
under a flow of syngas at 300 °C; the signals were collected during the syngas conversion process. (B) DRIFTS spectra of the physical mixture and
capsule catalysts under a flow of syngas at 400 °C; the signals were collected during the syngas conversion process. (C) In situ FT-IR spectra of
the Zn—Cr and SAPO34 physical mixture catalyst; the catalyst was absorbed by propylene, then purged under a flow of Ar for 10 min at 400 °C;
the signals were collected at 0 min, 5 min, and 10 min, respectively. (D) In situ FT-IR spectra of the Zn—-Cr@SAPO capsule catalyst; the catalyst was
absorbed by propylene, then purged under a flow of Ar for 10 min at 400 °C; the signals were collected at 0 min, 5 min, and 10 min, respectively.

In the first step of STO synthesis, the oxygen vacancy plays
a crucial role in the conversion of syngas to methanol. In
Fig. 6A, B and Table S7,T after H, pre-treating of the catalyst
for 10 h at 400 °C, the Ojattice On the catalyst surface decreased
from 43.83% to 2.77%, accompanied with a rapid increase of
OH from 21.56% to 63.74%. Simultaneously, the ratio of
Ogefect/Olattice: Was obviously enhanced from 0.79 to 12.09,
which indicates that the sites supplied by oxygen vacancies
favour CO adsorption and continuous activation.**** OH
increased in the H,-activated Zn-Cr catalyst, which resulted in
the adsorption of formed H,O on the catalyst surface from the
process of Cr’* reduction. In general, with increasing syngas
(CO/H,) pressure and reaction temperature in the STO reac-
tion, the oxygen vacancies concentration also increased,
which was conducive for the release of surface oxygen on the
Zn-Cr catalyst in an anaerobic environment. During the
period of sustained syngas feeding, unlike the CO adsorption,
the positions for H, adsorption were at the exposed Ojattice
sites nearby the surface oxygen vacancies.*” Hence, the
absorbed CO on the oxygen vacancies can continuously
convert into CHO, CH,0, CH;0 and CH3;OH by attaching to
the adjacent H donor.

The catalytic behaviour of the physical mixture and capsule
catalysts in the presence of syngas was studied by diffuse

4102 | Chem. Sci., 2020, 1, 4097-4105

reflectance infrared Fourier transform spectroscopy (DRIFTS),
as illustrated in Fig. 7A and B. The evolution of two peaks at
around 2300 cm ' is attributed to the presence of formed CO,,
indicating that the amount of formed CO, on the capsule
catalyst was less than that on the physical mixture catalyst,
which suggests that the water gas shift (WGS) reaction is limited
by the unique core-shell structure of the Zn-Cr@SAPO capsule
catalyst during STO synthesis. In comparison to the vibration

Zn-Cr@SAPO
capsule catalyst

Zn-Cr+SAPO physical J
mixture catalyst %

e e ;
Potd ‘df“ 1 % e i’v v J
Paraffins’ | . co T #Y Light olefins
Light olefins 2 v

Scheme 2 The two different mass transfer routes over the Zn-Cr
physical mixture catalyst and capsule catalyst.
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Fig. 8 (A) Optimized periodic structures of SAPO34 (i); H,O (ii), CoH4
(iii), CsHsg (iv) and C4Hg (v) are adsorbed on SAPO34 with adsorption
energies (Eaqs). The SAPO34 shell is represented by a SAPO34 12T cell
having one acidic site at the O 1 position. Green, red, pink, yellow and
white balls represent P, O, Al Si and H atoms, respectively. (B) Top
(above) and side (below) view of optimized configurations for H,O (i),
CoHg (i), CsHg (iii) and C4Hg (iv) adsorption on CO occupied spinel
ZnCr,;04 (111) surface with adsorption energies (E.qe). The surface of
spinel ZnCr,O4 (111) is presented as CO molecules occupied at the
sites of the O vacancies for the syngas first through the Zn-Cr core,
the subsequently formed products and by-products were calculated
by the adsorption on the CO occupied surface. Red, white, cyan,
purple and grey balls represent O, H, Cr, Zn and C atoms, respectively.

peak of the hydroxyl group adsorbed in the two different cata-
lysts, water easily remained in the Zn-Cr phase on the physical
mixture catalyst for the continuous WGS reaction. However, the
formed water more easily transfers via the SAPO34 shell, which
prevents the water from attaching to the Zn—-Cr core for further
WGS reactions, as shown in Scheme 2. High pressure in situ IR
experiments were also performed under the reaction conditions
to support this view, as shown in Fig. S15.7 The relative amount
of the produced CO, was obviously decreased compared to that
of CO in the Zn-Cr@SAPO capsule catalyst. In addition, the DFT
calculations also indicate that the adsorption energies of water
are much higher on the SAPO34 shell (—0.87 eV, Fig. 8A) than on
the Zn-Cr core (—0.05 eV, Fig. 8B). This means the SAPO34 shell
has better water absorbency to prevent the WGS reaction from
occurring on the Zn-Cr core.

The desorption performance of light olefins on the physical
mixture and capsule catalysts was simulated under the reaction
conditions by DRIFTS, as given in Fig. 7C, D, S16 and S17.}
Initially, after the propylene adsorption, the hydrocarbons are
more easily adsorbed in the SAPO34 zeolite shell of the Zn-
Cr@SAPO capsule catalyst since the 7 electrons of olefins prefer
to be absorbed on the electron-deficient Lewis acid sites of the
zeolite. The vibrational peaks of C-H and C=C species are
slightly red-shifted, indicating that the vibration energies of
C-H and C=C species are lower than that on the physical
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mixture catalyst. Therefore, the formed light olefins are more
easily adsorbed in the capsule catalyst due to the presence of the
zeolite shell. Then, after Ar purging, the intensity of C-H drops
rapidly, suggesting the desorption ability is also strong on the
capsule catalyst due to the SAPO34 shell in the hierarchical
structure. However, desorption is difficult with the Zn-Cr
metallic oxide and SAPO34 zeolite physical mixture catalyst
during STO synthesis; therefore, parts of the formed propylene
were converted into other species (1800 to 2300 cm ™) on the
active phase of the metallic oxide, which led to a decline of light
olefin selectivity. Fig. S167 clearly shows that even though more
propylene remain over the Zn-Cr@SAPO capsule catalyst, the
absorbed propylene are more easily removed by Ar purging,
which provides strong evidence that the Zn-Cr@SAPO capsule
catalyst has a better desorption ability. The variety of vibration
peaks of w=CH, observed in the ethylene adsorption and
desorption IR experiments under the same reaction conditions
are similar to the results in the adsorption and desorption of
propylene (Fig. S177). In a continuous mobile phase system, the
adsorbed species are more rapidly desorbed in the capsule
catalyst, which promotes the mass transfer and diffusion,
maintaining a dynamic balance process. The results suggest
that the SAPO34 shell can prevent the adsorption of light olefins
on the Zn-Cr metallic oxide core, which is consistent with our
reaction results, as shown in Scheme 2. In addition, the
adsorption energies are also provided by DFT calculation, which
are —0.45, —0.60 and —0.52 eV for C,H,, C3Hs and C4Hg
adsorbed on the SAPO34 shell, respectively (Fig. 8A). The
adsorption energies of C,H,4, C3Hg and C4Hg on the Zn-Cr core
are correspondingly —0.20, —0.26 and —0.22 eV (Fig. 8B), which
are all higher than on the SAPO34 shell. According to the
difference between the adsorption energies of the Zn-Cr
metallic oxide/SAPO zeolite physical mixture and capsule cata-
lysts, the formed water and light olefins are easily removed in
the Zn-Cr@SAPO capsule catalyst in the case of side reactions.
The complementary DFT study is completely consistent with
our experimental results.

Conclusion

In summary, our study supplies a unique strategy to advance the
light olefin selectivity and limit CO, formation in the STO
(syngas to light olefins) synthesis over a core-shell structured
Zn-Cr@SAPO capsule catalyst fabricated from a physical
encapsulation method. This catalyst efficiently combines a Zn-
Cr metallic oxide with a SAPO34 zeolite membrane, yielding
a light olefin selectivity as high as 64.31% with a CO, selectivity
at only 36.16%. The exquisite structure of the Zn-Cr@SAPO
capsule catalyst maximizes its catalytic performance in the STO
reaction by utilizing the different absorption barriers and active
phases of the two components. The lower adsorption energy
and larger surface area of the SAPO34 shell protect the Zn-Cr
core to limit the water gas shift (WGS) reaction. The hierarchical
structure and extremely short distance between the two active
components allow the Zn-Cr@SAPO capsule catalyst to
demonstrate better mass transfer and diffusion for a better
synergistic effect. At the same time, the confinement effect of
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the capsule catalyst also decreases the possibility of side-
reactions and enhances the light olefin selectivity.

It should be noted that the confinement structure of the
capsule catalyst determines these differences, rather than the
random assembly of the physical mixing analogue. All the
methanol from the Zn-Cr core must enter the channels of
SAPO34 to be regulated for the formation of light olefins under
the control of the zeolite acidic and spatial properties. On the
other hand, some of the methanol may not enter the narrow
channels of SAPO34 in the case of the physical mixture catalyst
where most methanol only reacts at the outside surface acidic
sites of the SAPO34 zeolite without the zeolite molecule-shape
selective regulation, resulting in the formation of many by-
products and lower light olefin selectivity. Furthermore, the
capsule catalyst structure provides a dense SAPO34 membrane
to effectively absorb and collect water and olefins from the Zn-
Cr core, reducing CO, formation and stopping olefin secondary
hydrogenation at the core. The hierarchical structure also
provides a zone-separated adsorption difference to control the
reaction sequence and avoid side reactions. But all these tools
and effects are unavailable or severely weakened for the physical
mixture catalyst with random assembly due to its spatially
normalized features.

In addition, this type of catalyst has superior potential since
it can be easily scaled up to industrial requirements in the
future and it has extensive application prospects for various
reactions.
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