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Abstract

Our heavy dependence on fossil fuglews a large amount of G@o be directly emitted
into the atmosphere. There is strong evidence that the rise of atmospheiievE€lauses a
cascade of severe environmental issues such as ocean acidificati@veseads, long drought,
and intense heat waves. This thesis explores relevant catalysis technologies that will transform
CQOzinto a building block species for chemicals production. Cataly@e utilization faces major
limitations because of the chemical stability of this molecule. Multiple technologies suck as d
reforming of methane (DRMandCO; hydrogenation have demonstrated their technological and
economical potential® overcomeCO>c 0 n v e rlimitatmms.0 s

Yet, the catalysis science and technology for.Q@ization is far from mature. Effective
and affordable catalysts suitable for industsedle applications are not readily available.
Fundamentally, the catalytic reactiegof simple monefunctional catalgts are limited by the so
called Sabatier principle. Moreover, the best performing catalysts often rely on expensive noble
metals. Catalyst discovery and design have shifted focus toward composite, bifunctional materials
manufacturedrom earthabundant éments. Breakthroughs have already been made in ammonia
synthesis, CO oxidation, watgasshift reaction, and hydrogen production reactions.

DRM converts CQand CH (both are potent greenhouse gases) into syngas, a versatile
industrial mixture. Currengl DRM catalysts are challenged by inadequate reactivity and short
lifetime. In this thesis, systematic investigations were carried out to understand the mechanistic
origin of DRM on the duasite models representative of rdif bifunctional catalystsAn
unconventional material, GlosN (a ternary nitride), was the focus this study. Earlier
experimental studies indicated that:osN is active and durable, but the source of its reactivity

and stability remain unclear. The adsorptions, desorptiod, samface reactions of DRM



intermediates on the @MdosN (111) facet weranvestigatedusing the quantum mechanical
density functional theory (DFT) method. The site preferences and DRM pathwaysMaozNo
arerevealedfor the first time regarding thisatalytic material. My work yielded clear evidence
that CaMosN promotes Chlactivation and the oxidations of surface carbonaceous species at its
Co site and CoMo2N boundary site, respectively. DFT calculations furtsteowedthat, due to

the presence dfvo distinct sites, the OH and CHO intermediates that appear during DRM do not
obey the linear scaling relationships, resulting in the oxidation reactions occurring at higher than
usual rates. The analyses based on DFT calculations are then corrobor#tiednigarfield
microkinetic modeling (MKM) designed especially for dgiék catalytic systems. My work
concluded that bifunctional catalysts containing sites with O aégdte desirable for DRM. The
MKM results further clarify that crossite diffusons of DRM intermediates, i.e., C, O, OH, CO,
and CH, play the most prominent role in mitigating coke formation.

In addition, solid and liquid Ga containing welilspersed Ni, Pd, and Ru atoms were
modeled for DRM It was found thaRu trimer embedded iGasolid solutions yields one of the
best H production ratesThen the topological cluster classificatiom@C) analy®s on ab initio
molecular dynamicsAIMD ) simulatiors suggested thdhe transition metal solutes (e.g., Ni, Pd)
dissolved in liquid Gareferthe liquidgas interface at low or moderate temperatures.

This thesis also considered indium oxide:Q#) catalysts supported on Zr, Ce, and Pr
oxides for methanol production via €ydrogenation. Experimentally, the highest CO
conversion and C¥DH selectivity were observed on ZrBupported Ip03 (Zr-In203). DFT
calculations revealed thatunique bent configuration of G@dsorption at the oxygen vacancy
site (Q) in Zr-In203 stabilizesthe formate (HCOO) intermediatBubsquent hydrogenations of

HCOO to CHO, and then CkD are also thermodynamicaltgorefavorableover Zr-In>Os than



on otheroxide catalysts. DFT modeling also showed that the product selectivity depends on the
relative activation energies between hydrogematfor CHsOH formation) and the T bond
cleavage (for CO formation) of HCOO.

This thesis demonstrated the predictive power of DFT in elucidating the complex surface
chemistries on bifunctional catalytic materidBased on the case studies, DEdupled with the
microkinetic modeling and molecular dynamics simulation techniques, produced highly valuable
knowledge that can be elusive for other research tools. More importantly, the theoretical
knowledge will allow researchers to continue the purduimore efficient and stable catalysts for

CQe utilizations so that we will be better equipped to solve some of the most urgent societal issues.
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Abstract

Our heavy dependence on fossil fuglews a large amount of G@o be directly emitted
into the atmosphere. There is strong evidence that the rise of atmospheiievE€lauses a
cascade of severe environmental issues such as ocean acidificati@veseads, long drought,
and intense heat waves. This thesis explores relevant catalysis technologies that will transform
CQOzinto a building block species for chemicals production. Cataly@e utilization faces major
limitations because of thehemical stability of this molecule. Multiple technologies suchrgs d
reforming of methane (DRMandCO; hydrogenation have demonstrated their technological and
economical potential® overcome C@c onver si onds | imitations

Yet, the catalysis science and technology for Gtilization is far from mature. Effective
and affordable catalysts suitable for isthialscale applications are not readily available.
Fundamentally, the catalytic reactivity of simple mdanctional catalysts are limited by the-so
called Sabatier principle. Moreover, the best performing catalysts often rely on expensive noble
metals.Catalyst discovery and design have shifted focus toward composite, bifunctional materials
constructed from earthbundant elements. Breakthroughs have already been made in ammonia
synthesis, CO oxidation, watgasshift reaction, and hydrogen producti@actions.

DRM converts CQand CH (both are potent greenhouse gases) into syngas, a versatile
industrial mixture. Currently, DRM catalysts are challenged by in adequate reactivity and short
lifetime. In this thesis, systematic investigations were chig to understand the mechanistic
origin of DRM on the duasite models representative of rdif bifunctional catalysts. An
unconventional material, GlglosN (a ternary nitride), was the focus on this study. Earlier
experimental studies indicated tl@adsMozN is active and durable, but the source of its reactivity

and stability remain unclear. The adsorptions, desorption, and surface reactions of DRM



intermediates on the GdosN (111) facet were modeled for DRM using the quantum mechanical
density fundonal theory (DFT) method. The site preferences and DRM pathways oghd

are discussed for the first time regarding this catalytic material. My work yielded clear evidence
that CaMosN promotes Chlactivation and the oxidations of surface carbonaceous species at its
Co site and CaMozN boundary site, respectively. DFT calculations further revealed that, due to
the presence of two distinct sites, the OH and CHO intermediates that appear during D&M do
obey the linear scaling relationships, resulting in the oxidation reactions occurring at higher than
usual rates. The analyses based on DFT calculations are then corroborated by thieladnean
microkinetic modeling (MKM) designed especially for dgié catalytic systems. My work
concluded that bifunctional catalysts containing sites with an O affinity are generally desirable for
DRM. The MKM results further clarify that crosste diffusions of DRM intermediates, i.e., C, O,
OH, CO, and CH, play thmost prominent role in mitigating coke formation.

In addition, solid and liquid Ga containing well dispersed Ni, Pd, and Ru atoms were
modeled for the development DRM technolotiyis also found that trimer clustering of Ru is the
key that guarantees $afent reactivities of alloyed Ga. Also, TCC analysis obtained from AIMD
simulation results suggested that the active Ni and Pd configurations will more likely appear at the
liquid-gas interface at low or moderate temperatures.

This thesis also considere@adium oxide (InO3) catalysts supported on Zr, Ce, and Pr
oxides for methanol production via €ydrogenation. Experimentally, the highest CO
conversion and C¥DH selectivity were observed on ZrBupported Ip03 (Zr-In203). DFT
calculations revealedhat the unique bent configuration of €&rsorption at the oxygen vacancy
site (Q) in Zr-In2Os stabilizes of the formate (HCOOQO) intermediate. The subsequent

hydrogenations of HCOO to CB, and then CkO are also thermodynamically favorable than on



other @atalysts. DFT modeling also showed that the product selectivity depends on the relative
activation energies between hydrogenation (fos@H formation) and the @ bond cleavage
(for CO formation) of HCOO.

This thesis demonstrated the predictive powddleT in elucidating the complex surface
chemistries on bifunctional catalytic materidBased on the case studies, DFT, coupled with the
microkinetic modeling and molecular dynamics simulation techniques, produced highly valuable
knowledge that can be elus for other research tools. More importantly, the theoretical
knowledge will allow researchers to continue the pursuit of more efficient and stable catalysts for

CQe utilizations so that we will be better equipped to solve some of the most urgent semiets
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1 I ntroducti on

Catalysts are vital to fuels and chemical production to meet societal [Ae@d<Catalyst
innovations focus on (i) maximizing the reactivities and targeted product selectivity; and (ii) minimizing
the costs of catalyst manufacturing. However, the Sabatier principle often limits catalyst optimizations
[4-7]. Recently, considerable emphasis has been placed on bifunctional catalysts, particularly
systemswith compatible functionalitieg8-11]. This thesis employed staté-the-art molecular
modeling tools to understand the mechanisms relevant to the beneficial promotional effects of
bifunctional catalysts for methane (@Hnd carbon dioxide (C{pconvesions. In this chapter, |
will focus on the working principles of bifunctional catalysts that demonstrate beneficial catalytic
promotions. These fundamental chemical and physical insights serve as essential guidance for

model construction and result intezpations

1.1 Grand Challenge for Catalyst Design and the Sabatier Principle

Currently, atmospheric COs a major source of concern about global climate chiritje
The rise of atmospheric G@evel is a leading cause of global warming, ocean acidificgti8]
and more frequent destructive weather patt¢td$ UNEP (the United Nations Environment
Programme) predicted that the global temperature will likely increase by more than 3°C by 2100
if current emission policies are maintairj@é8, 16] To mitigate this issue, global greenhouse gas
emissions must be cut by at least 50% of the 1990 level by[20b0r herefore, the utilization of
CO, captured from emission sources or directly fromaingl8, 19] for the production of value

added fuels or chemicals will play an essential [20g 21](Figurel.1).
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Figure 1.1. Possible chemical and fuel production catalytic routes based erutlli@ation.
Major source for Greenhouse gases (GHG) emissions in the United States are transpi
(27%), powegeneratior(25%), industial activities(25%), residential consumption (13%hd
agriculture(11%). The large portion of GHG emissions contribute to the (@), followed

by CHs (11%).

CO; has long been considered a buildirigck chemical22] and can be converted into
carbonatef23], polymergq24], urea[25], methano[26], and syngaR7]. However, the challenge
for CO, utilization is that it is thermodynamically stable. The chemical stability results in low
conversion efficiency, making relevant processes economiuaifyrofitable.

The central theme in technological innovation is to design and optimize catalysts suitable
for industriatscale applicationg-or rational catalyst design, the Sabatier principle states that
optimal catalysts should bind reactants moderately. The critexitdmat neither initial reactant
activation nor final product formation should be hindgdddThis tradeoff imposes a fundamental

limitation on the reactivities that currently available catalysts can achieve. An intrinsic limitation



on the maximum reaigity exists for many important catalytic reaction such as ammonia synthesis
[28], andoxygen reduction reactio®@RR) reaction§29].

Moreover, economic costs for manufacturing and applying catalysts at the industrial scale
should also be another critical factor in catalyst design. For instance, the most effective
electrocatalysts for hydrogen evolution reaction (HER) and oxygen reg@BR) are the
platinum group metals (PGM30]. The scarcity of these noble metals prohibits the wide use of
Ptbased fuel cells or other energy conversion devices despite their promising potential.

A change in the catalyst design paradigm is neededdcess the above issubrsrecent
years, weltailoredbifunctional catalysts have enabled breakthroughs for ammonia syresis
31, 32] CO oxidation[9], watergasshift reaction[10], and hydrogen productiojil]. More
importantly, eartrabundant raterials have been incorporated into these novel catalyst systems,

meaningfully lowering the capital cost.

1.2 Bifunctional Catalysts

Recently, several promising bifunctional catalysts with two different active sites that
promote surface reactionsynergisitally have been reportef83-35]. Fundamentally, catalytic
synergyamong active sites enables charge transfer and modifies surface electronic and geometrical
structures of the surface to facilitate species spillover and alter reaction patmvayisciple, a
plethora of benefits, such as unprecedented conversions and drastically improving catalytic
efficiency, can be achievgd6]. Forexample Au nanoparticleen MgO supportvould eliminate
the energy barrier of the ralieniting step (i.e., ©OH formation) completelwhencompared to

individual Au (Ea= 2.13 eV) andMgO (Ea = 1.59 eV)catalyst437].



Bifunctional catalysts are frequently encountered in supported metal catalysts and
alloys Figure 1.2aillustrates a typical catalyst particle (pink) supported on a catalytically active
substrate (blue)These active substrates are usually acidic or basic materials and will also participate
in the reactions. Theetal particles and substrate both provide the active sites that target different
reaction intermediates in the reaction netwdde to their distinct chemical naturks chemical

reactions proceed, crosge reactions become permidsi.
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Figure 1.2. Possible synergistic effects in (a) a metal catalyst particle (pink) on the cai
active substrate (blue), and (b) bifunctional alloy catalysts (represented in pink and
Comparison ofiry reforming of methane on (c) Ni particle supported on inert 8@ (d) Ni

particle supported o8&.7Zr0.302, adapted from Ref38].



Moreover, the migrations of reaction intermediatess the metaupport interface will also
contribute to broadening the reaction network's cap§#ly For instancel.ovell et al [38] tested
two Ni-supported catalysts for the dry reforming of methane (DRM), using &Qan inert
substrateKigure 1.2) and Ce7Zro.302 as the reducible suppahabling oxygen spillover and
interfacial reactionsHigure 1.2). It has been shown thaRM on Ni/Ce.7Zr0.30. yields H/CO
at a stoichiometric ratio (i.e., ~1) and 42% less carbon formation, with a ~6Q%d@ikersion
(after 24 hrs operation).

In general, alloy surfaces are subjected to three effectdigand (electronic), ensemble
(geometric), and strain effectgl0]. The ensemble effect describes the changes in local
chemisorption associated with the direct change in the neighboring atomic components at the
adsorption site, leading to a change in apison configurations accordingly. The ligand effect
describes tuning the surface electronic structure for the same surface ensemble but in a different
atomic environmeniThe strain effect describes the changes in bond lengths of materials due to
variations in lattice constan{g0, 41] DFT has proven as an effective technique for understanding
these three alloying effects via surfdi@sed descriptors, especially thibathd centefd 1, 42]

Tunable alloys with compatiblelemental constituent or compote@nd complementary
configurations are vital to regulating lattice strain and ligand effect to achieve synergies.
Furthermore, the ability to control catalyst synergy is especially advantageous for electrochemical
reactiong43]. Synergy in bifunctionallky catalysts includes two effects: species spillover and
crosssite reactions, as depictedrigurel.2b. Xu and ceworkers[44] found that biphasic PAu
nanopairtles are highly active for lowemperature CO oxidation. The authors found that the
dissociative adsorption of@nd CO adsorption occur at the-Rech sites. In contrast, the Atch

sites were active for CO oxidation. On-Rd, O (or CO) migrates from Pd to the neighboring


https://www.sciencedirect.com/science/article/pii/S0926860X17303721#!

atoms or Au clusters through spillover and reacts with CO* (or O*) across both Au and Pd sites.
Also, it has been found that high elemental dispersion increases the neighbdugsRes that
promote the bifunctionahechanisms. Similar effects have been proposed by Neurock and Mei
[45] for olefin hydrogenation, where Pd and Au sites are active for dissociative hydrogen

adsorption and hydrogenation, respectively.

1.3 Rational Catalyst Design Using Molecular Mehanisms

Heterogeneous catalyst development originates fromamniakrror experiments, which is
a tedious and very timeonsuming method. Researchers often need to screen through millions of
various potential material combinations before they find ortentbeks. Experimental techniques
such as temperatupgrogrammed desorptigiifPD) can be used to study the electronic structure
of materials in some degree. Some advanced atlewet imaging techniques (e.g., scanning
tunneling microscope) can elucidatefage properties on single crystals in an ultrahigh vacuum.
However, the required information needed to design a catalyst remains limited. The optimization
of bifunctional catalysts is also challenged by the ladhk situ methods to identify active cayaic
sites under reaction conditions, leading to uncertainties in mechanistic descigions

In the past twenty years, DFT and methods derived from DFT have significantly advanced
our understanding of the intrinsic catalyst struciar@perty relationship for many systefd$].
The DFT-based catalyst screening procedure is established for almosatalytic application.
The binding energies and energy barriers from DFT calculation are essential design parameters
[47]. Linear scaling relationships can be leveraged to accelerate the estimations of descriptor
values for different surface speciesdiffierent catalytic materials (metals, oxides, nitridds).

Through microkinetic modeling, catalytic trends can be graphically described usingdhkesio



volcano plots for the interpretation of catalyst performance and predictions. As shBigure

1.3, too strong binding (i.e., Mo) or too weak binding (i.e., Co and Ni) will both slow down
ammonia synthesis. On the other hand, theModobimetallic alloy is predicted to boost the
ammonia sythesis rate compared to its pure Co and Mo components. This prediction was

subsequently confirmed experimentdip-51].
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Figure1.3. Thevolcanoplot for the rate (TOF,§ of ammonissynthesis based on the bindir

energy of atomic NHEn). Adapted from Ref{52].

The strong predictive power of these linear scaling relationships also severely binds the ultimate
catalytic performancdBesides ammonia synthesis, many important catasaictions facea similar
bottleneck, and the only solution is to design catalyst systemadladtthe rules set by linear scaling

relationshipsPérezRamirez and Lopdb3] summarized the potential materials to accomplish this



goal. As illustratedn Figurel.4, a range of materials with increasing complexity were proposed

to breakthe linear scaling relationships.
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Figure 1.4. The mnediagram illustrating the structuralolution arranged diagonalhAdapted

from Ref.[53].

Anderson and coworker§54] demonstrated the full utility of the linear scaling
relationships to help guide the search among a vast possibility of catalyst constructs. They found
that not all bifunctional catalysts guarantee meaningful enhancement of performance. Instead, the

reactat and product species must display different behaviors by breaking the linear correlations.



It is well known that the combination of the acidic andmpdtitral transition metal sites favors the
conversion of furfural to cyclopentanof&]. For ammonia sythesis, the addition of potassium
promoter helps lower the activation energy ferdi$sociation without significantly affecting the
N adsorption energp6]. In the latter case, experiments confirmed an order of magnitude increase
of ammonia productiorate[55].

The design of multicomponent synergistic catalytic systems can be challenging. But the reward
is also highly rewarding. Multiple theoretical and experimental evidence pointed out that more work is
necessary to gain further mechanistic understgrid continuously improve our ability to advance the

bifunctional catalysis technology.

1.4 Case Studies

In this thesis, systematic studies on bifunctional catalysts also center on the chemistries of CO
conversions and utilizatidn produceuseful, valueadded chemical products. DFT calculations coupled
with advanced modeling techniques such as molecular dynamics simutgittookinetic modeling
were employed as the primary research fdoé background and underlying chemistries of DRM and
the CQ-to-methanol conversion will be reviewed in this secti®pecial attention will be given to
recent advancement relevant to these reactions in relation to the beneficial effects by bifunctional

catalysts.

1.4.1 Dry Reforming of Methane
The US dry natural gaggduction, which is predominantly methane (Has reached
3.3 x 16 Mcf (million cubic feet) in June 201f7]. CHs is one of the most important energy

carriers[58], but also a potent greenhouse gas. Dry reforming of methane (DRM) converts CH



and CQ into syngas (gas mixture of CO and)H{b9-62], methanol, and sulfuree diesel fuels
[63, 64]
DRM is a highlyendothermic reactiofEgn. (1.1)), with the reversavater gas
shift (RWGS) reactioras a side reaction. According to E¢h2), RWGS converts Hinto H2O,
and lowers the KHICO ratio to less than 1. Both @Gldnd CQ are chemically stable. Thus, the
activations of both chemical compounds are challenging. DRM are routinely conducteld at hig
temperatures (80000xC) [65]. However, under such conditions, coke formation is favfgéd
67], mainly due to Chicracking (Eqn(1.3)) and the Boudouard reaction (E¢b4)). To alleviate

coking, some partial oxidatige8], or steam reforminff9] is allowed during DRM

60 606P ¢60 ¢O V! (1.3)
O 80P 60 OO0 Tk (1.2)
6 OP & ¢O V! (1.3)
o 0P 6 60 yoO p X Ot ¢ & (14)

A fundamental solution to suppress coking without sacrificing the reforming rate relies on
innovative catalyst desidid0]. The proposed DRM mechanism is illustrate&igure1.5[59, 71,
72]. In this reaction network, the decomposition of<gblue box) via €H bond cleavage releases
H> and carbon residuals on the surface. The carbonaceous species (i.e., C, GEguasors
inducing coking through the dimerization and polymerization reactionsiviacGupling (brown
box). For DRM, the main mechanism responsible for suppressing the polymerization of carbon is

the oxidations of C/CH by O/OH (red box), produced by.@{3sociation (green boxy3]. In
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addition,the reverse Boudouardaction (indicated by a purple dashed arrow) can convert surface

carbons into CO at high temperatures.

Ha(g) 00" =—=Cola)

CH, Oxidation /+CO*
CH4 dissociation L/ """ Y Coke formation

Figure 1.5. DRM reaction network including CHdecomposition (blue box), GQuctivation

(green box), Ckloxidation (red box), and coke formation (brown box).

Kinetically, the activation of the i@ bond in CH is long recognized as the rate
determining step74, 75] However, there is much more debate on oxidation chemistry and their
influence on coke formation. With DFT calculations, Atwal [76] found the oxidation of CH
via the formyl intermediate (i.eGHO) is competitive. Moreover, the rate of CH oxidation also
impacts the DRM rate.

For catalyst selection, the reactivity of Cattivation depends on the metal site (e.g., Ni,
Pt, Co, Ru, Rh). Also, acidic (e.g.,28k) sites tend to induce coke formatjmn the other hand,
catalyst surfaces with abundamtygenspeciesare highlypotent toboostthe product selectivity
and the removal of carbon depogitg]. The synthesis of DRM catalysts already utilizes distinct
functionalities of different catalytic materials, with some bifunctional capability to combat coking.

For example, Pt supported on Zréhows significant improvement in catalyst stabilig].
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The catalytic performance of transition metals on support is very sensitive to the amount
of metal usage, patrticle dispersion, and preparation techniques. Variations in performance will be
enhanced if the support is catalytigaactive. Recently, Fu and coworkers found that monolithic
ternary nitrides such as eMosN are active and high durable during DRR®]. Due to the strong
metald-orbitals hybridization with the nitrogemarbitals in the valance bands, the electronic
structures of transition metal nitrides resemble closely to Group VIII metals (e.80PtThe
procedure for the preparation of ternary nitrides is establishefldzN [81-83], FesMosN [81,

82], and NgMosN [82] have already been applied in numeroatalytic applications. Compared

to Mo2N, CasMosN exhibited significantly higher DRM reactivity, stability, and resistance to
carbon deposition. Fu and coworkers attributed this enhanced catalytic performangl@NCo

to the synergistic interactions ofetfCo and Macontaining components. However, the synergy
among active sites remains poorly understood for ternary nitrides catalysts. A deep understanding

of the origin of such synergistic effects in these materials is vital.

1.4.2 Methanol Formation via CO2 Hydrogenation

The production of methanol production is the second largest in terms of market volume
(after urea)[84]. Products derived from methanol are commonly used in households, food,
chemical industry, and fue[85, 86] As a liquid energy carriemethanol production via GO
hydrogenation can becomesastainable fuel production pd8v].

The conversion of C&nto methanol via hydrogenation is expressed by Egs), which
can proceed through two main rou{€ggure 1.6): (i) the formate(HCOO) pathway and (ii) the
carboxyl (COOH) route followed by the reverse wagasshift (RWGS) and CO hydrogenation

reactions [47]. CO and J@ are the byproducts during methanol production. Along the formate

12



route, the hydrogenation of HCOO and@®O (dioxomethylene) are the ralieniting steps
[17,47,51]. In the carboxyl pathway, hydrogenation of CO forming formyl (HCO) is likely the

ratelimiting step.

g0 8060 060 "Ob yO T @O £ & (15)
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Figurel.6. CHsOH formation pathwaysia CO, hydrogenation

Indium oxide (InOs) is a superior catalyst to carry out £€Rydrogenation to produce
methanol at higher methanol yield and selecti{&§, 89] when compared to the industrial Cu
[90-92] and Pd93, 94] catalystsMatrtin et al [95] further showed that the RWGS side reaction
can be suppressed completely ofOif hydrogenation occurs at 20800°C,50 bar, and a high

space velocity (GHSV of 16000 . The met hanol selectivity
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DFT studies revealed that the oxygen arades in 1pOsz play an important role in
CQO; activation and subsequent hydrogenation si&8 96, 97] The influence of oxygen
vacancies becomes more pronounced feD4ron reducible supports. For instance, the stable
In203 catalysts supported on Zs@Ghow even higher methanol yield than purgincatalysts at
similar conditiong95, 98, 99] Moreover, various methanol yields and selectivities were observed
on IOz supported on Zre[95, 98100], CeQ [101], and PrQ [102-104]. One possible
explanation of suchpromotional effect is that the mixing of the metal ions from the support with
In2Os alters the density and chemical nature of the oxygen vacafid@$ Currently, the

underlying mechanisms remainclear.

1.5 Thesis Outline

This dissertatiorfocuseson the computational studies of g@-chemical catalysis for
reforming and hydrogenation applications. Chapter 1 (this chapter) presents an overview of my
research scope and motivations. In Chapter 2, the theoretical backgfoDRT and the most
essential computational techniques are introduced. Chapter 3 discusses the DFT middBliMg
on CaMosN and the reaction rates based on the ststatg analytical solutionhapter 4
revealed the trends of DRM reactivity and originttee promotional effect on duaite catalyst
models. In Chapter 5, novel gallivbased liquid catalysts containing dispersad Ni and Pd
species were investigated. Chapter 6 presents the an investigation of the reducible support effect
on In203 reactiuty and product selectivity for C&o-methanol conversionsThe overall

conclusions and research outlook are summarized in Chapter 7.
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2 Computational Met hods and

Density Functional Theory (DFT) was used throughout this thesis. In this chapter, the
fundamental elements in modern plane whaased DFT framework will be discussed. In addition,

the relevant computational methodologies derived from DFT will be introchsectll.

2.1 Density Functional Theory (DFT)

Over the past four decades, DFT has become deeply integrated into catalysis research and
applicationg46]. The theoretical framework of DFT was first introduced by Pierre Hohenberg
and Walter Kohn in 196f105]. 1 n t he f ol |l owi ng year, based on
Kohn and Sham established the KbSham (kS) equations that became the foundation of the
modern day DFT106]. Nowadays, the Kofisham formulation is being implemented in nearly
all DFT packagesuch as Vienna ab initio Simulation Package (VAER)/, 108] Quantum

Espress$109], CASTEP[110], and CP2K111]so on.

2.1.1 Kohn-Sham Formulation
According to the FK theorem[105],
1 Theorem 1: The external potential M{r) is a unique functional of the electron density
r(r).
1 Theorem 2:The ground state energy is obtained variationally: the density that minimizes
the total energy is the exact ground state density.
Although the HK theorems are theoretically exact, thdeynot offer a practical means to

compute the groundtate densityThe breakthrough was achieved by Kohn and SH#¥8] by
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solving the mambody problem using thé' single-particle K-S equation expressed by E¢2.1),

Known as Schrodinger equation

) "
— wli ——— Qe w "1 * | - (21)
ca 3 1S

Where, " i Be i s,andhe > andwi terns represent the electron
kinetic energyand the externalpotential energies, respectivelylhe third term describes the

electronelectronCoulombrepulsion Thew i ——1i s the 6functional

exchangecorrelation energyin the K-S formulation, all exchangeorrelation effects in the many
body systems are embedded intodhei term.e 1 is K-S orbital, and is the eigenvalue of

the corresponding 1S orbital. The will be solved iteratively to achieve sabnsistency.

2.1.2 Electron ExchangeCorrelation Functional

The accuracy of DFT calculations depends on the approximatiab df . Several
empirical and serrempirical functionals were developed over the pastdeeadeso find more
accurate approximation for this terithe exchangeorrelation functional developed from various
level of theoretical formulations formthesoa | | ed f unct i [A12,&813] Thatlweeb 6 s
main types of exchangeorrelation @inctionals are local density approximatidtD@) [114],
generalized gradient approximation (GGA)L5-118], and hybrid functionals (e.gBLYP [115,
119, 120] .

The LDA functional is one of the simplest approximation&of i , which assumes a

homogerous electron gas. Although LDA predicts satisfactory molecular geometries and
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vibrational frequencies, it is also known to severely underestimate the binding efl&tjje$he
GGA functionals include both the local electron density and the local gtadielectron density

to approximatéO 1 . GGA functionals are generally more accurate than LDA for transition
metals, interfaces, and some chemical syst¢h2?2]. The accuracies in binding energy
calculations are improved broadly over LDA. Severaliatams including PerdewBurke-
Ernzerhof (PBE)123], PerdewWang (PW91)[124], and the revised PBE (RPBE)25], are
available for the implementation of DFT calculations yielding similar level of accuracy.

The GGAPBE functional will be employed in thihesis unless specified otherwise due to
the balanced accuracy versus computational cost for structure optimizations and total energy
calculationd126].

Hybrid functionals are particularly useful for electronic structure calculations to obtain
energy land gaps, which are often underestimated by GGA and LDA methods. However, the
hybrid functionas are much more expensive. Also, the material band structures will not be a main

research topic in this thesis.

2.1.3 SelfInteraction Errors (SIE)

The SIE can be eountered in DFT calculations involving @and f transition metal oxides
(e.g., InOs [127, 128] ZrO, [128, 129] CeQ [129-131], Pr& [130]). SIE in standard DFT
calculations leads to erroneous lattice parameters, magnetic moments, band gaps, oxygen vacancy
formation, and reaction energies. This error arises when th€aeldbmb term and exchange part
failed to completely cancel each othzaetly [132].

The Hubbard U methodapplied in LDA or GGA functionals (known as LDA+U or

GGA+U) is effective in compensating the SIEs dandf electron system 33-135]. However,
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it is widely acknowledged that there is not a universal U value fonaterial propertie§136].

Hence, it is necessary to carry out benchmark testingtermine U empirically based on known
material properties (e.g., lattice parameters, band gaps, formation energies). In this thesis, the
HubbardU methodwasapplied to 1nOs and related system$heU values were acquired from

my own testing or taken from literature.

2.1.4 Plane Wave Basis Set and Pseudopotential
For solidstate systems, the wavefunction of an electron occupying a state thfe first
Brillouin zone of cell c¢an [b3&) Aevavefanotidns thkingsi ng

the form of the plane wave basis set is expressed ifZE2)n.

' O Béy b B8r Q , (22)

where®is the lattice vector in the reciprocal spagg, is the Fourier coefficient anklis a
wave vector limited to the first Brillouin zone in the reciprocal space. For very large kinetic
energiesk+GJ, 6,  is negligible. With a finite numbeaf plane waves (up to the cutoff energy
of Ecu), the ground state energy and density converge quickly. Once the wavefunctions are
converged at the end of the setinsistent loop, electron densityO will be calculated from
asa

The plane wawbased aproach are implemented in many packages such as AB1SHI,
GAMESS[139], Quantum Espresg@09], and VASH140].

All electron calculations with the full Coulombic potential can be very expensive because

the wave function in the proximity to the nuclscdlate rapidly. Moreover, only valence electrons
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determine the material properties or participate in chemical bonding. In order to makes DFT
calculations computationally tractable, pseudopotentials (PPs) were introduced.

Generally, the wave functionsrfoore electrons are approximated with a much smoother
mathematical formulation for a given PP. The ultrasoffl@R] and the projector augmented wave
(PAW) method[142] are the most commonly used. The ultrasoft PP (USPP) is cost effective,
requiring few planewaves. The PAWhethod constructshe PP to resemble the -allectron
wavefunctionsHence, the PAW pseudopotential is superior and tends to be more accurate than
the USPP. In this thesis, the calculations were performed using a pseudopotentiadddroerat

the PAW method.

2.1.5 Bader Charge Analysis

The electron charge density is a main product from DFT calculations. Charge density
analyses yield valuable information to help understand charge transfer, charge delocalization, and
chemicalbonding[143, 144]

The original concept of the Bader charge analysis was proposed by Richard1B&gier
who offered an intuitive means to reveal charge distributions within the molecular system. In this
thesis, charge transfers between active sites were used to und#érstahdnge in reactivity. In
this method, individual atomic charge is determined through the partitioning of a molecular
volume at the zero flux surfacgst6]. This algorithm is implemented in the Rbdsedvtstscripts

package provided by Henkelmand. [146].
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2.2 Reaction Thermodynamics

The total energies produced directly from DFT calculations represent the ground state
energies. To account for the temperature effect, the Gibbs free energies should be used as

expressed by Eqii2.3).

O ©O w O "YY (2.3

OO0 % @0 (2.4)

whereOo-0:¥d 0 J@nd"Y"Yepresent the DFT total energy, the zpaint energy (Eqii2.4)), and
the entropic term, respectivey6]. hi s t he Pl anc klo¥m?kgst),siistheit ( 6. 6 ¢
vibrational mode, and is the speed of light (2.99.0'° cm/s). The entropy energy for gaseous
specious can be calculated based on standard statistical mechanical formild#ipr@nce the

molecular free energy is known, the reaction free gneag be calculated from Eqgf2.5):
y'o "0 "0 (2.5)

2.3 Climbing Image-Nudged Elastic Band (CINEB)

To estimate the reaction rates, it is necessary to know the activation energy. For DFT
calculations, the nudged elastic band (NEB) method is one of the most implemented approaches
to determine the transition state structures and saddle point energieotetitial energy surface
[148]. To carry out the NEB transition state search, a set of linearly interpolated images are
generated using the DFT optimized initial and final configurations. Fictitious springs are imposed

between adjacent images so thatithages on the path can be continuously nudged toward the
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true minimum energy path (MEP). Upon the completion of the search, the transition state is

located, so is the energy barrier of the MEP via E&).(

0O O © (2:6)

whereO is the barrier energy an® andO arethe total energies of the transition state
(TS), the initial state (IS), respectively.

The Climbing Image NEB (GNEB) [149] method helps mitigate the slipping of the
image, especially near the saddlenpor he slipoff may result in underestimation of the true energy
barriers. In practice, @NEB moves the highest energy image towards the energy uphill by turning

off the tangential forces to maximize its energy along the band.

2.4 Dimer Method

The dimer métod[150] allows one to locate the transition state without the knowledge of
the final state configuration. The dimer search for the saddle point is driven by the first derivatives
of the potential energyl 50, 151] A pair of images (i.e., dimer), whiclnesslightly displaced from
each other along the axis, is used for each optimization stage. The search is complete when the
dimer forces are minimized and meet the convergence criterion.

The dimer method is often applied along with theNEB to accelerat¢he search of
transition state. In practice, the initial structures for Dimer calculations are acquired from the prior

CI-NEB step.
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2.5 d-Band Theory
For a chemisorption event depictedrigure2.1a, thep orbitals of an adsorbate and tthe
orbitals of the transition metal substrate will coujaieming bonding and anibonding states. In

this casethe bond strength will depend on the filling of the antibonding state, which varies with

the substrate elemerjtis2, 153]

(@) Vacuum Coupling to s Coupling to d (b)
f ) \ . o b
‘ _ antibonding e
8" 4 e —— \\
= [A8 . °*Pd
. 9, 2 S "
&5 . R
g N °c Bl =
= v% Ru .
o 4 b sMo
< ~
bonding Nb\.\
&} s
k / I\
1 1 A 1 " )
- -2 0 2
Adsorbate projected Metal projected 4
gq4[eV]

DOS DOS

Figure2.1. (a) Schematic illustration of the bonding and dmathding states on tranisih metal
surfaces for a typical adsorption event, adapted from[Re4)]. (b) Adsorption energy of O ¢

a function of the transition metddband centers, adapted from Rab5].

Such behavior gives rise to thesalledd-band theory, in which a single state at endigy
known as thal-band center, bears the predictive power of the characteristic adssubateate
interactions 4 is calculated as the first moment of the prtgda-band density of states (DOS)
relative t o fadtadingteEgmi2.7):1 evel (U

. ) ()d (2.7)

()d
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where” is represents the projected density of state (PDOS). Hammer and N@r8Ro\153,

156] declared that the bond strength of an adsorbate on different transition metals correlates
linearly with the relative position of the methbandcenter(Figure2.1b). The larger upward shift
toward the Fermi level the stronger binding energy, due to larger possibility of the formation of a
larger number of emyp antrbonding statefl57].

Thed-band center is the most relevant descriptor to predict the trend in activation energies
on alloys[158]. When a metal is modified with a second metal with a larger lattice constant, the parent
metal is under tensilerain and itsd-orbital overlap decreases, which results in a narrdveand and
an upshifted. Conversely, if the second metal has a smaller lattice constant, the overlaplof the
orbital of first metal increases. As a result,dHmnd becomes broader anddHgand center decreases.

The subtle downshift of thé-band center can also be inducsdthe ligand effect. According to
N B r s ktleed @estrons in less noble metals such as Ni, Co, Fe and Ag tend to transfer to Pt or Pd
which consequently downshifts ttdand of the lattd@2].

In practical applications, Mat al.[43] studied the elgtrocatalytic reduction of C£pn
Au-Ptbimetallic catalystgwith different compogions) and observed a correlation between
thecatalytic activityand the surface composition of bimetadéiiectrocatalystsThey found that
thesyngagatio (CO:H) on the AuPt films can be tuned by controlling the binary compositions.
This tunable catalytic selectivity is attributed to the variation of binding strength of COOH and

CO intermediates, influenced by the composHilependend-band centers.
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2.5.1 Rate Theory for Elementary Steps

The rate constant of an elementary step can be represented according to the transition state

theory (TST), as in Eqr2.8).

QN —Qoh—, (2.8)

where T is temperature (in K is the activation energy. For instantee forward and reverse

rate constants of CHlissociative adsorption can be explicitly written as E¢h9)and(2.10)

Q ———AgDp—, (29)

~

Q ———Agb—, (2.10

wherery .5 M M :PAT if\: are the partition functions for the transition state (TS), the
reactant, and product states with respect to their ground states, respectively. These partition
functions were estimated based on the standard statistical mechanical afipt@hadfor regula
adsorption and desorption events, the rate constants for molecular adsorption and desorption can

be expressed by Eqr(®.11)and(2.12)[159]:

Q — - (2.11)

- QY 30
' ' -= 212
Q 0 Agb ey (212
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wherel is the number of surface sites of the exposed surfaces the molecular mass of the

adsorbate (A) andn are the rotational and vibrational partition functions of the gas

phase adsorbate, respectivédly. andO correspond to the activation energies of the forward

and reverse elementary step, respectively, véi{eis the reaction energy for any giv reaction
step. Activation and reaction energies can be obtained from DFT calculations or estimation based

on linear relationships (see secti@s.2and2.5.3.

2.5.2 Linear Scaling Relationship

Driven by systematic DFT calculations on a vast number of adsorbates on various
substrates, resezhers realized that some chemical species follow species adsorption patterns.
Their binding energies are also bounded by linear correlations, known as the linear scaling
relationship in modern computational catalysis.

As shown inFigure 2.2a, the binding energies of the main group atomic species C are
linearly correlated with the binding of GHCH, and CH, all of which are bound to the substrate
through their C atom§52]. Abild-Pedersoret al [160] summarize the DFT calculations for
several main group elements (i.e. C, O, N, S) and their hydrogenated counterpdAas=AEi N,

0, S) with Eqn(2.13)

F'e AF K (213

where E, 5, andK are binding energy, slope, and intercept, respectively. Interestingly; the

parameters can be interpreted with a simple geometric argument as i2.E4)n. (
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*t. ® (2.14)

.D+.

A

wherew is the maximum number of bonds acceptable to the central atom A. For example, C
@ =4, hence, of CHzwill be 0.25. The positive value af indicates that the binding of AH
intermediate will be weaker than the corresponding A species. Mardorérge positive , the
conversion of A into AKis thermodynamically unfavorable, while a small positivedicate that

A and AHc intermediates are energetically similar. On the other hand, the large negstioes

that the conversion of A intdHx will be exothermic[161]. Thermodynamical linear scaling
relationshipshave been proven to facilitate catalyst design and material discovery with minimal

computational cost.
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Figure2.2. (a) Binding energies d@Hy intermediates, plotted against adsorption energies

[160], (b) ammonia production rates as a function of N adsorption energy-arahsltion state
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energies (both in eV). Solid addshed lines indicate the linear relationships betwgaeandad

En on flat and stepped surfaces, respectiy28].

2.5.3 Brgnsted Evang Polanyi (BEP) Relationship

Besides the linear scaling relationships discussed above for surfaces adsdvptisis/
and coworkers also showed that linear relationships exist between reaction energies of gas phase

r e a c t B and activatign energiegd), as shown in EqQn2(15) [162-164].

2 F 7 (2.15

Both NEB and dimer calculations are much more computationally expensive than total
energy calculations. In this regard, the advantage of the BEP is obviousJBotb in Eqgn.
(2.15) depend on reaction types and catalytic materials. Physithllydicaes the similarity
between transition states and the reactant (early transition state reaction) or the product (late
transition state reaction) st4i€5, 166] A change in can be associated with the electronic effect
(d-band center), while theurface geometrical effect is reflectedsif167]. Thereforethe BEP
relationship can serve as a tool to evaluate the geometrical and electronic properties of catalysts,
and to link these properties to their intrinsic activife33].

At this point,the combination of linear scaling relationshipd BEP enables researchers
to rapidly screen for the desired catalysts using the energetic and kinetic descriptors, allowing
significant advancement in catalyst discovery in the pastSl@ears. However, ascussed in
Chapter 1, these linear scaling relationships pts® a stringent constraint for oxygen reduction

reaction (ORR) and ammonia synthesis catalysts.
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As shownin Figure2.2b, it is evident that any catalyst located on the BEP relationships
(solid or dashed line) is unable to achieve the optimal turnover frequency displayed in the heatmap.
In theory, to inch cloar toward the peak of the reactivity volcano, thebtivation transition state
should be much lower in energy without significantly strengthening the binding of atomic N. That
is to say, the linear scaling relationships present&igure2.2b must bebroken

Liu et al [8] constructed a duaite model of manganese nitride (NMH-supported Niand
Fes clusters for NH synthesis Figure 2.3a). As shown irFigure 2.3b, both duailsite composite
catalysts yield superior turnover frequency tosMrand the Fe, Ni catalysts. DFT calculations
showed that the \site activates Nwith a barrier of approximately 0.55 eV, while the Ni or Fe

site is responsible for hydrogenatiand NH; formation.

O
N

N-N transition state

N binding energy
Figure 2.3. (&) Ammonia synthesis rate as a function of nitrogen adsorption energyza
dissociation barrier. & is a linear function of &[5], (b) calculated limitingpotential for the

Oz reduction[169].
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2.6 Microkinetic Modeling

Microkinetic modeling was first introduced by Jim Dumd&ic0], andis designed to solve
for the rates of a reaction network composed of a series of elementary steps. Modern microkinetic
modeling, based on catalytic descriptors, was pioneered by Neeskby171, 172] with strong
emphasis on rational catalysts desighe microkinetic modeling reported in this thesis is based
on the meatfield approximation that assumes homogeneous distributions of reaction species on
the catalyst surface. A general first step to construct a microkinetic model is to identify all the
elementary steps involved in the catalytic pro¢2g8]. The DFT-calculated binding energies will
be used to obtain reaction free energies (see.E2j8-2.5)), and to estimate the activation energies
(see Sectiorr.5.3. The energy barriers @ach elemenary stepwill be used to estimate the rate
constantg47], followed by the estimations of equilibrium constants.

In the microkinetic model, the reaction rate of each elementary is)eis pbtained by
solving Eqn.(2.16) with a siteconservation constraint (Eq(2.17), under the assumptions of
meanfield theory (Eqn(2.18)) and pseudsteadystate condition (Egr{2.19), all rate equations
can be solved simultaneously. All elementary step rates and species coverpgedl pe

obtained.

% = n % — 0 (2.16)
— — p (217
1 — ~
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1= (2.19)

0

O andQ; are the forward and reverse rate constants (see S2diid)) respectivelyr
andr) are the unitless pressures of the gas phasessp@cire coefficients for the stoichiometry
of species in elementary step

Most microkinetic modeling reported in literature assume a siggke active site
uniformly distributed on catalyst surfaces. The modeling of bifunctional catalysteegearch
frontier. In this work, elementary steps are allowed to proceed on different active sites in parallel.
Intermediate diffusion or spillover and interfacial reactions are carefully chosen using the inputs
from DFT analyses. It has been shown thadrbgen spillover from the metal particle to the
support[174]and CO oxidation on Hte/M bimetallic [9] is vital to catalyst activity and
selectivity.

As discussed in Chapte8s a Mathematicascript developed Hnouse, and the Catalysis
Micro-kinetic Analysis Package (CatMAP) developed by Medford and cowofké&sgwere used

to carry out the microkinetic modeling tasks.

2.7 Ab initio Molecular Dynamics (AIMD)

Molecular dynamics (MD) is one of the most powerful tools in physical science and
engineering. In particular, MD simulations are uniquely positioned to probe large scale molecular
systems (up to millions of atoms176]. However, reliable MD simulationgly on accurate
descriptions of the interatomic potentials, which can pose significant challenges to reactive

systems.
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AIMD simulations do not require empirical intatomic potentials; instead, the system
Hamiltonians are evaluated on the fly. The foroasthe nuclei at each MD step are calculated
from electronic structure calculations. Then, the nuclei motions are numerically propagated in
time. Two approaches are commonly implemented for AIMD: (1) the iBywpenheimer
molecular dynamics (BOMD)L77], ard (2) Cai Parrinello molecular dynamics (CPMI)78].

AIMD can yield highly accurate descriptions of mamydy forces, electronic polarization, and
bondbreaking and formation$177]. Results produced from AIMD have been linked to
experimental infrared[179], Raman spectrd180], and nuclear magnetic resonance (NMR)
chemical shifts[181]. However, the selfonsistent electronic calculations are far more expensive
than classic MD snulations that use empirical potentials. The computational cost increases rapidly
with the number of simulation atoms.

AIMD simulations reported in this thesis were carried out using VASP. For all simulations,
the NoseHoover thermostat was chosen to cohthe simulations temperature in tt&nonical
(NVT) ensembleThe simulationresultswere analyzedandvisualizedusing the Ovito software

[182]

2.8 Topological Cluster Classification (TCC)

The topological cluster classification (TCC) algorithm was psegdoby Malin and
coworkers[183] to identify the local structure in the condensed matter systems. The TCC
algorithm identifies a number of local structures and then compares these structures to a library of
pre-defined elementary motif$-{gure2.4a) [183]. In practice, the neighbors of each particle are

identified first, followed by the search of,3-, and Sme mber ed rings within
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netwak in the shapes of triangle, square, and pentagon shapes. Larger clusters can be constructed
by combining these basic structure motifs that minimize the local potential drigtyg?2.4b.

In this thesis, TCC was used to directly link the interactions in the system with any cluster
structural identified.to for the liquid gallium (Ga) catalysts. Using the AIMD simulation
trajectories, the Pd and Nctave sites in the Ga solution were investigated to collect information
on the spatial locations of Ni or Pd, configurations (i.e., monomer, dimer), and the coordination

with Ga solvent.
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Figure2.4. (a) Three basic structures, triangle, square, and pentagon identified from the-s
path rings (gray), bonds between ring particles are shown in white, spindle particles are
in yellow (they build a pyramid shapériscture), and the extra particle (red). This figure
adapted from Ref183]. (b) Motifs used in the TCC algorithms: to thifeéd symmetric (5A)

four-fold symmetric (6Aand sp4b) local order, and fifeld symmetric (7A and sp5b). Adapte

from Ref.[184].
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3 Mol ecul ar Mechani sms of Me-Shtaa e

CeaMaxN Cat al ysts

Chapter 3is reproduced from Ref. [34] with permission from the Royal Society of

Chemistry.

3.1 Introduction

Dry reforming of methane (DRM), as described by E@rl), converts methane (GlHand

carbon dioxide (Cg) into a range of valuadded chemicals including syngfs9-62] methanol,

[60] and sulfusfree diesel fueld63, 64]and thus engenders environmental and economic benefits.

For DRM, however, carbon formatioresults in rapid catalyst deactivation, and remains a
technological obstacle that hinders lagpale processes to realize its beneficial poten{és.

185, 186]

60 600 ¢c60 ¢O, YO ¢t QWué a (3.)

Scheme8.1. Parallel CH and CQ conversion pathways (indicated by respective green

blue arrows) in the DRM reaction network. Potentially relevant intermediate stef

species are also presented. The hydragen/dehydrogenation steps are not explic

labeled. CO and tHroductions are also indicated by purple arrows.
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The reaction network derived from transition metal DRM catalysts based on various
reviews on this topic is summarized Scheme3.1. [59, 71, 72]Akin to most C1 chemistries
related to CH, the initial GH bond activation is a rafemiting step (RLS), where the GH
turnover frequency is often a reliable metric for the catalyst effid@®y.Specifically, Rostrup
Nielsen and Hansdi87] showed that the DRM rates on transition metals follow an order of: Ru
> Rh > Ir > Pt > Pd in a lowo-medium temperature range 37923 K) and at the ambient pressure.
For earth abundant metal catalysts such as nickel (Ni) and cobalt (Co), F&paireio and
coworkerq188] demonstrated that supported Ni catalysts may outperform-nudtie Rh and Ru
catalysts. However, Nvased atalysts are notoriously susceptible to codlated deactivation,
[187] doping atoms like Sn may slow down carbon deposition at 10008R] Chenet al. [190]

showed that coking on Co(111) at high temperatures.
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Methane decomposition yieldingz2lt the meallic sites, according to Eqi3.2), can be
presented in a stepwise sequence (green arrovheme3.1). [187, 191]In parallel, CQ
activation (indicated by blue arrows Bcheme3.1), supplies O or OH to manage surface

carbonaceous (C, GHintermediates.

Methane decomposition: § '0© & i o, YO  x UQma ¢ & (32)

Reverse Boudouard: 6 i 60 O ¢6 G, YO  px O ¢ & (33)

The reverse Boudouardaction is able to convert solgdate carbon into CO via E((3.3).
As such, higher temperatures (above 1000 K) generally favor carbon refd88aln addition,
reverse wategas shift (RWGS) reaction plays a role in DRM to produg® Hs a side product.
CO. chemisorption and dissociation are sensitive to surface structuresamiee enhanced by
suiface defectd192, 193]To some extent, thei© bond activation in C&competes for the same
active sites against GHctivation. Hence, there is a constraint on monofunctional transition metal
catalysts to maintain a balance betwe&hl @ctivation and ZH conversion into CO.

There is plenty of evidence that DRM benefits from bifunctional catalysts. Commonly,
CHa activation occurs at the metal sites, whileG@tivation may take place on either acidic or
basic oxide support§/2] For instance, noble madtPt catalysts supported on Zr@romote CQ
conversion during DRM while suppressing the carbon res[d9d, 195]The insights revealing
what DRM mechanisms are enabled by specific rgtpport functionalities can be leveraged to
overcome the limitinddRM performance issues in future catalyst design ende@iqr72]

Transitionmetal nitrides are metalloids with characteristic hybridization betweed-the

and 2-orbitals of respective metal and N elements. These materials are less expensive and
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intrinsically coke resistant, and thus, have long been employed as alternatives to transition metal
catalysts in many applicatiord.96] Many ternary metal nitrides exist as stable medimponent
monolithic materials, and add one more compositional paramet@éndeauning of their catalytic
properties. One notable example issk3osN, which has been long recognized as an outstanding
material for ammonia synthesi®0, 197]Recently, Fuet al [79] demonstrated that GlosN

exhibits promising reactivity towardRM at temperatures below 873 K, and remains functional

at up to 1073 K without significant catalyst deterioration. This appealing behavior has been
attributed to the synergistic effects between Mo and Co components, high active site density, and
the abilty to balance ChHland CQ consumption rates.

Without a consensus on the DRM mechanism catalyzed Bj@dl, in this work,
periodic Density Functional Theory (DFT) was employed to reveal the origin of the DRM
reactivity and coke resistance based on a ghasied CeMosN facet that exposes coexisting Co
and molybdenum nitride functional regimes, as geometric configurations among actives sites could
play significant roles in directing the occurrence of RLS to mitigate site crowding and competition.
With DFT calculations, we were also able to draw contrast between #hMaoghd ternary nitride
and individual single crystalline Co(0001) and #M¢110) surfaces to show that the superior
performance indeed results from the synergistic effects stemming fratnakste configuration.
Moreover, the DRM kinetics on GMdosN is quantified using a newly developed microkinetic

model that accommodates the dsid functionalities.
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3.2 Methods
3.2.1 Catalyst Models

The xray and neutron diffraction revealed thatsMosN has a cubicOQd lattice
structure[198] Thebulk ternary CeMosN nitride can be dissected into gactameric clusters and

a Ma:N framework with bridging nitrogen speci@sgure3.1a).

(b) Mo,N(110) (c) Co(0001)

bridge
hep  Tee

Teos
Figure 3.1. (a) Dissection of the molybdenum nitride (Bf) and cobalt in bulk ternar
CaosMosN single crystal. (f) Top views the cleavagdosepacked (111) orientation ¢
CasMosN, Co(0001), and (d) MdN(110) surfaces, respectively. Accessible adsorption
are also labelled. The Co, Mo, and N atoms are depicted in dark blue, pink, and ligl

respectively. The supercell boundaries depicted with solid lines.

The CaMosN(111) surface exhibits patterned Co and molybdenum nitride<NMo

domains Figure3.1d). Theneighboring Co domains are connected via a single corneatQum,
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while the Mo domains are isolated and bounded by three Co dorBaicts.alternating patterns
help break up continuowsctive site domains that would be susceptible to the establishment of
large-area carbon structures. Indeed, Rosiigisenet al.[199-201] suggested that interruptions
of continuous domains help suppress coking because the size ofsitetieesembleoi coke
formation is typically larger than what is needed for reformi@tpavage along the (111)
orientation may yield a number of possible clpseked configurations. Here, the chosen facet
represents the highest density of active sites; and was erdfigy&einalipowYazdiet al [202]
for the modeling of Wand H adsorptions.

The Co domains ifrigure3.1d exhibit a 3fold symmetry. The center of thef8ld site is
denoted as hgpThree distinct Co sites can be identified, denotedias a7 , andfxy . In the
top layer, the Cpatom is bonded to one gdwo Ca, and two Mo atoms. The €gpecies is
bonded with three Gatoms and three Mo atoms. ThesGpecies is bonded to two Cowo Ca,
and two Mo atoms. All three Co sites are located at the laoyndth the Mo domain, and the Co
species are undercoordinated relative to the other two Co sitessho§l(111). Due to the
varying numbers of coordination and ligand, each Co site is considered electronically distinct,
corroborated by thd-band centers listed ifable3.1. Thed-band centers for all Co sites shift
toward the Fermi level relative to Co atoms in Co(00&igyre3.1 c) following an order of Co
> Cx > Ca. Also, all Co sites are negatively chargddalfle 3.1), indicating there is charge

transfer from Mo to the nearest Co.

Table 3.1. The calculatedd-band center (in eV) and Bader charge (in e) for Co(0OC

Co:MosN(111), and MeN(110). Surface site notations are consistent wigfure3.1d.
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Surface Atomic site  d-band center Bader charge

Co(0001) Co -1.27 0
Co -1.14 -0.10
Co -1.09 -0.37
CosMosN(111) Cos -0.92 -0.26
N - -1.17
Mo 0.00 0.88
N - -1.44

Mo2N(110)
Mo -0.04 0.32

* Such labeled values represent an average of-tvend center or Bader charge of differt

Mo atoms in the surface layer.

The Mo domains also exhibitf8ld symmetry, consisting of three equivalent Mo atoms
(labeled agt ) and one bridging N in the top layer. The boundary sites are denotadMs-B
Ca), B2 (Mo-Co,), and B (Mo-Cog) for the Mo atoms bounded with differeno Grespectively.
The exposed bridging N, carrying a net chargeldf7 e, is designated as.T

We also included the clogmcked facets of respective Mb(Figure3.1 b) and Coltigure
3.1 ¢) single crystals to represent the pure components @& for later comparisons. The
selection of Meterminated MeN(110) facet is because this surface exhibits a similar atomic

arrangement to the Mo domain of Mo3N(111).

3.2.2 Density Functional Theory

All periodic DFT calculations were performed using Mienna Ab initio Simulation

Package (VASH)L40].The generalized gradient approximation with the PerBavke-Ernzerhof

40



functional (GGAPBE) was used to account for the electron exchange and correga#idhThe
interactions between valence electrons and isascwere described by the projector augmented
wave (PAW) methogtl42], with a cutoff for the expanded plane wave basis set up to 400 eV. The
Brillouin-zone was sampled using the Monkhd?ack k-point mesh[203]. The convergence
criterion forself-consistat iterations is 1.0xI(PeV, with a residual force smaller than 0.02 eV/A
for ionic relaxations.

The binding energie® ('O reported inTable3.2 are defined according to Eq3.4):

50 O 0 0 , (34)

where'O , O , andO represent the total energies of the adsorbed
surface species, adsorbate in gas phase, and clean surface, respectively. Furthermore, the energy
barriers 0 ) and reaction energie¥'Q) for each elementary step reportedTiable 3.3 were

obtained according to EqQN&.5-3.6):

O O 0, (3.5)
YO B O i B O f (3.6)
whereO ,0,B O i, andB O i are the total energies of the transition state

(TS), the initial state (IS), and the summation of total energies for all product and reactant species,
respectively. The total energies for the TS were obtdnoedthe Climbing Imagéudged Elastic
Band (CINEB) and the dimer methodd.49, 150]All TS structures were confirmed with only

one imaginary frequency.
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All Gibbs free energies were estimated at 973.15 K and 1 bar by employing the standard
statistical mehanical approach.[204] Under such conditions, the rate constants on
Cox:MosN(111), Co(0001), MgN(110), and Ni(111) were evaluated based on the transition state
theory (TST), se&able A.3in ESI. Based on the ordef-magnitude analysis of the rate cargs,

a reduced DRM mechanisneonsisting of 10 elementary steps, five gas phase speciesQCkl
CO, H, and HO), and eight surface intermediates (*, C, CH,>CCO, O, H, and OH) was
proposed to obtain the turnover frequencies (see Appédikherate constants and equilibrium
constants on GMo3N(111) and Ni(111) are summarizedTiable A.4in ESI.

The effective charges were obtained based on the Bader charge addlgs&hed-band
c e nt &wese cdlcUlated as the first moment of pinejected density of states (PDOS) relative

to the Fermi level-( ) according to EqQn(3.7): [122]

. R (-)0|-8

3.7
O (3.7)

where” represents the PDOS.

3.3 Results andDiscussion

3.3.1 DRM Intermediateson CasMo3N(111) andSite Preference

The optimized surface bound intermediatessCEIO;, Hz, CO, and HO at their preferred
locations on CgMo3N(111) are shown iRigure3.2. The binding energiesﬂ (p and their preferred
binding sites are listed ifable3.2, along with the|| pvalues on Co(0001) and Mé(110). The

optimized structures on Co(0001) and4M¢110) are illustrated in Figure AA.2 in ESI.
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| COH | COOH | [ CHOH |

mmmm

Figure3.2. Optimized structures of the DRM intermediates oa\MimN(111). Atomic distance:
(in A) are shown in dashed lines. The C, O, H, Co, Mo, and N atoms are depicted in broy

white, dark blue, pink, and light blue, respectively.

Table3.2. Binding energiesd ‘Gn eV) and the preferred binding sites ongk@osN(111),

Co(0001), and MeN(110).

CosMosN(111) Co(0001) Mo2N(110)
Species
P Binding 50 Binding . o Binding g 0O
site site site
CHa 4 -0.08 NP -0.06 NP -0.01
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CHs 4 -1.93 fcc -1.98 fcc -3.01

CHz B2 -4.49 hcp -4.04 fcc -5.22
CH B2 -7.07 hcp -6.39 fcc -1.41
C hcpu -7.97 hcp -7.04 hcp -8.33
H> 4 -0.39 - - ; -

H B2 -2.87 fcc -2.82 fcc -3.31
0 B> -6.22 hcp -5.77 fce 7.71
OH B: -3.80 fcc -3.48 fcc -4.78
HO 4 -0.67 top -0.30 top -0.77
CO 4 -1.99 hcp -1.69 hcp -2.54
COz 4 -1.50 hcp -0.05 bridge -0.82
COH B> -4.70 hcp -4.33 fcc -5.13
CHO B2 -3.04 bridge  -2.21 hcp -3.17
COOH 4 -2.82 bridge  -2.29 hep -3.47
CHOH 4 -4.27 fcc -3.77 hcp -4.52

Molecular CH prefers thel  site, with a binding energy e0.08 eV. This value is on a

similar order of magnitude tbe adsorption of closeshell, nonpolar species on metal or metalloid
surfaces. Still, as shown ifable 3.2, CHs binds slightly stronger than on Co(0001) and-Mo

Similar to CQ, CO also prefers thé site, with a binding energy 61.99 eV. However, unlike

CHs and CQ, both H and CO bind stronger than on @i{1) but weaker than on IM(110).
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The carbonaceous Ghhtermediates (i.e., CHICH,, CH, and C) prefer thé |, B, By,
and hcp site, respectively. In fact for Gia similar pattern has been observed elsewhere by Kua
and Goddard on Pt(111R05] The geometric interpretation of such site preferences is that CH
(x =071 3) favors the site that would satisfy the valence of the central C atom,irS@hilar to
H andCO, CH: (except for CH) species continue a trend where the binding energies are weaker
on Co(0001), but stronger on hi(110).

The O, OH, and kD species prefer the respective B:, and4  site. For the oxygenated
carbon species, CHO prefers thede, whereas the primary binding sites for COH, COOH, and
CHOH are B,4 hand4 |, respectively. The binding energies of all above species also follow
the order of MeN(110) > CaMo3N(111) > Co(0001pN(110). Atthed  site, the distance (2.52
A) between Chland the surface (a surface Co site) is the shortest. Electronically, the stromger CH
binding can be associated with the negatively charged, undercoordinateileGbat facilitates
electron back donation to thédganti-bonding orbitals.

CO, prefers the4  site and alsdinds stronger-(.50 eV)than on both Co(0001) and
Mo2N(110) The chemisorbed GGstructure is bent; as illustrated figure 3.2, its C atom is
located at thd  site, and the two O atoms bind at the two neighboting sites.

Molecular B prefers thet  site with a binding energy @0.39 eV. The dissociation of
H2 is facile, then the dissociated H atom migrates to the B

Based on their site preferenc&sgure3.2), it is evident that DRM intermediates (except
for C) predominantly occupy two types of active sites: (1) the negatively charged Cdl sites (
or4 ) for CHs, CHs, Ho, CO, CQ, HO, CHOH, and COOH; and (2) the boundary sitesaiB
B>) for H, O, OH, CH, CH, COH, and CHO. Interestingly, we observed that all the reactants and

products prefer one of the two Co sites:4CHO, and H on the”Y site, while CO and C&on
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the”Y site. On the other hand, the reaction intenated are more likely to occupy along the Co
and Mo domain boundaries. Hence, the variety afMeaN(111) surface sites enables the fine
differentiation of the site preference that potentially benefit DRM in terms of mitigating active site
competition blokage.

The tuning of binding energies due to the electronic effects in alloys (includihpghd)
is wellknown and also crucial in catalytic applications such as $¥dthesis[197] As reported
in Table3.2, we noted a familiar alloying effect for DRM catalysis as well, that is, a majority of
DRM intermediates bind stronger on BN{110) but weaker on Co(0001) relative to
CosMo3N(111), except folCHs, CHz, CQOe. In this case, stronger adsorptions of2GQ¥ ) and
CH4 (Y ), particularly the latter, will favor the conversions of both chemically inert molecules
thermodynamically.

Last, the binding energies of reaction intermediates asMGsN(111) are also put to
comparison with Ni(111), Ni(100), and Ni(211) as the benchmark sys{@0B] Again, the
stronger adsorptions of GHand CQ on CosMo3N(111) are considered as an enhancement
favoring DRM. Among the reaction intermediates, only thenatdO binds notably stronger on
CosMo3N(111) than on all three Ni facets. The remaininggGHCH,, and OH bind similarly to
the most active sites among all facets. Overall, we anticipate that the energetics the reaction routes
will unlikely be verydifferent from Ni. For the products, the bindings of &hd CO are also
comparable to those on N206] thus, CO poisoning will not be a serious concern. Howew€, H

a side product of DRM, does bind stronger osNImyN(111).
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3.3.2 Elementary DRM Steps on CaMo3N(111)

A total of 25 elementary steps can be adapted Boheme3.1 to characterize DRM. The
associated reaction energi®&f and energy barrie (O ) from DFT calculations are summarized
in Table3.3, with the TS structures depictedrigure3.3. In addition, TS structures on Co(Q0

and M@N(110) are shown in Figures A.3 and A.4 in the accompanying ESI.

Table 3.3. Reaction energie@ufﬁ in eV) and energy barrierggf in eV) on CaMosN(111),

Co(0001), and MgN(110).

CosMosN(111) Co(0001) Mo2N(110)

Elementary step - ” -
YO O YO O YO O

R1  CHa(g) + 2*2 CHg* + H* 008 0.65 001 102 -1.60 051
R2 CHs(g)+O*+*Z CHs* +OH* 0.60 0.97 036 1.60 -0.08 1.89

R3  CHs*+*2 CH*+ H* 046 051 013 072 -0.12 0.85
R4 CHp*+* 2 CH*+ H* 063 0.16 -0.33 0.22 -0.66 0.40
RS CH*+*%3 C*+H* 002 096 040 113 -0.14 1.11
R6 CO(g)+*2 CO 152 - -0.05 - 0.82 -

R7 CO#+*% CO*+O* 050 0.69 -1.03 0.46 -3.13 0.10
R8 C*+0*2z CO*+* 072 211 -057 1.84 114 276
RO H*+O*z OH*+* 067 1.38 035 127 151 1.99
R10 C*+OH*z COH*+* 0.86 1.38 -0.14 1.75 099 2.26
R11 COH*+*2 CO*+ H* 081 071 -079 0099 -1.36 1.27
R12 CH*+0*7 CHO*+* 1.34 1.65 090 159 1.95 2.13
R13 CHO*+*2 CO*+H* -0.64 0.40 -1.08 0.14 -0.96 0.76
R14 CH*+OH*z CHOH* +* 157 1.95 093 151 217 256
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R15 CHOH* +* 7 CHO*+ H* -091 054 - - -1.73 041
R16 CHOH* +* 7z COH*+ H* -0.73 0.23 - - -1.32 -
R17 CO* +H* z COOH* +* 128 143 0.23 1.38 0.37 0.93
R18 CO* + OH* z COOH* + O* 061 098 -0.12 1.06 - -

R19 COOH*+*2 CO*+ OH* 111 044 098 024 -1.99 0.28
R20 CO#+C*2 2CO* 021 180 -1.68 1.78 -1.99 1.42
R21 CO*Z CO(g)+* 1.99 - 1.69 - 254 -
R22 2H*Z 2*+ Ha(g) 1.26 - 1.09 - 213 -
R23 H*+ OH* z H.0 (g) + 2 1.29 - 0.85 - 271 -

3.3.2.1 CHa4Activation

Both direct and @assisted TH bond activation of Cl as the RLS for DRM, were
considered for DFT calculations. Xiregal [207] reported that Ckldissociation can be promoted
on Ocovered IB group metals (e.g., Cu, Ag, Au). Most recently, thd Bond activation were
extended over transition mefahsed &cets, clusters, complexes, and oxides by Latimer and
coworkers[208] who revealed a linear correlation between thel @ond activation energies and
the cohesive energies of respective materials.
Direct CH4 activation (Fq O Fg 77 :InR1, CH was treated as a loosely bound
molecule, due to its weak binding) (08 eV), prior to activation. TREOandO are-0.08 eV and

0.65 eV, respectively, producing @ ) and H (B2). Asllustrated inFigure3.3 (TS1), the €
H bond activation occurs at the site, also preferred by the initial Gladsorption. Also, in

Figure3.3 (TS1), the CH bond length in the TS is stretched to 1.66 A. This barrier is significantly
higher than on MgN(110), but much lower than on Co(0001), as well as Pt (1.01[209)]

Ni(111) (091 eV),[206, 210]Jand Ni bimetallic alloys[211]
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O-Assisted CH activation (fq F'© g5 Eq'): The preadsorbed O species may
participate in the abstraction of H from hydrocarbons to as$ist @nd activation (R2). As
illustrated inFigure3.3 (TS2), the participating O negtb move closer to the H by migrating from
its preferred B site to the B site. The @H distance decreases from 2.55 A in the IS to 1.15 A.
DFT calculations showed that thed3sisted step is more endothermic (0.60 eV) than R1, with a
barrier of 0.97 eV. A comparison between the direct arals€isted CH activation is also
dispayed inFigure3.4 a. The higher CH bond activation barrier can be attributed to the nonacidic
nature of the CH bond, and the energypmpensatiomo displace O from its preferred site in the

TS structure.
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Figure 3.3. Optimized transition state structures (corresponding to the elementary s
Table 3) on CeMosN(111). Side views are shown as the inset figure. The C, O, H, Cac
and N atoms are depicted in brown, red, white, dark blue, dark pink, and light

respectively. Atomic distances (in A) are shown in dashed lines.

CHx decomposition F7 © F e 7 °): The decompositions of GHand Ch (R3 and R4)
occur with quite modest energy barriers at 0.51 and 0.16 eV, respectively. FagidaCBH
dissociation following the initial CHactivation is common, e.g., on Ni cataly§209-212] The

energy barrier for CH decomposition (R5), however, increases substantially to 0.96 eV. Therefore,
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we anticipate that the CH could be a relevant species tim@@tion. From the above analysis, a

lumped CH activation step was used in lieu of an explicit{&ldcomposition sequence, with the

overall kinetics determined by the energy barrier for the first Bond dissociation (see Appendix

A in ESI).
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Figure 3.4. Potential energy profiles for (a) direct (black) anehs3isted (red) G bond

activation; (b) direct (black), fdssisted (blue), and-&ssisted (red) C{activation pathway:

on CaMosN(111). Theenergy barriers are labeled in parentheses.

3.3.2.2 CO2 Activation

Direct CO2 activation (f F

Three CQ activation pathways, the direct;a&$sisted, and-@ssisted, were considered.

20 g E

F'): On CaMosN(111), R7 is moderately

exothermic {0.50eV) with an energy barrier of 0.9/, with the GO bond elongated to 1.75 A

(TS7). This barrier (0.69 eV) is similar to that (0.67 eV) on Ni(12D6, 210]but lower than on

Pt(111) (1.81 e\209, 213) and on N&n[214].
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H-Assisted CQ activaton (FE 5°° FEFE5° FE Eq): The Hassisted C®
activation (R17) is a critical step in RWG315-217]in which H species (originating from GH
decomposition) is utilized to convert @to a carboxyl (COOH). However, on §€#o3N(111),
the R17 step is quite endothermic (1.28 eV able3.3). In addition an energy barriesf 1.43 eV

is required to enable thei @ bond formation. This barrier is much higher than that on Ni(111)
(1.13 eV[206, 210} and on Pt(111) (0.75 €}209]), respectively. Once COOH is formed, thie C
O bond cleavage (R19) is rather exothermilcl(l eV) with a modest barrier of 0.44 eV.
Reverse Boudouard reaction(r f £ © F [): The reverse Boudouard process (R20)
converts solid carbon into CO usi@§: as the caeactant. On GMosN(111), R20 is moderately
endothermic (0.21 eV), versus EqB.3). Nevertheless, the energy barigprohibitively high at
1.80 eV when compared to Ni(111), i.e., 1.13 pA18]

The potential energy profiles depictirggtthree routes are summarizedrigure3.4b. The
direct reaction pathway is clearly is the most competitive routeif@rlidbnd cleavage and will be
adopted to represent for G@ctivation in the microkinetic model.

C and CH oxidation by O and OH. The oxidation pathways of C and CH species are less
straightforward than CHand CQ dissociations. Here, four pathways converting C and CH into
CO were considered.

Direct C oxidation (F~ F* © g F): CO formation via the combination of atomic C and O (R8)
takes place at thé site and requires both atoms to migrate from their respectivieahchB®

sites to4  for Ci O bond formation. This process is quite endothermic (0.72 eV) with a high

enery barrier of 2.11 eV.
CoxidationviaCOH(F E°° FE3§ 2° g E 57): Analternative path is to enable

the G O bond formation via the COH intermediate (R10), which then decomposes into CO and H
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(R11). TheYO and'O are 0.86 eV and 1.38 e¥,especti vel y. The OTH
exothermic {0.81eV) with an energy barrier of 0. V. The only limitation to this oxidation route
is the surface concentration of OH species, which is produced from RY@&thdO being 0.67
eV and 1.38 eViespectively.
CH oxidation via CHO (5 F© F5 ¥ 20 g E 97): CH from incomplete CH
decomposition can be oxidized by O via the formyl (CHO) intermediate as in R12. This step is
quite endothermic (1.34 eV) and will need to overcome an energyrlrti5 eV for €O bond
formation. Still, the energy barrier related to CHO formation is lower than R8. The dissociation of
CHO into CO and H is an exothermic ste@.§4 eV), with an energy barrier of 0.40 eV.
CH oxidation via CHOH (F5 F7° r7 H® 2° F7 ErE§ 77°° FE
7 ): Like C, CH can also be oxidized by OH via R14. However, the formation of CHOH is highly

endothermic (1.57 eV), with a prohibitive energy barrier of 1.95 eV. The subsequent CHOH
decomposition forming CHO is exothermi©.@1 eV) with a moderate energyrivar of 0.54 eV.
Alternatively, CHOH can form COH and H via B8 bond scission (R16), which is exothermic (
0.73 eV) with a low energy barrier (0.23 eV).

Based on DFT calculations, the RLS for all oxidation elementary steps involvé the C
bond formation.
3.3.2.3 Coke Formation

The sources of coke formation are frequently attributed te cC&tking and Boudouard
reaction[219] According to Nikoo and Amin220] CHs cracking is favored over the Boudouard
reaction between 900 K and 1273 K. Orsk8osN(111), the Bodouard reaction (reverse of R20
in Table 3.3) proceeds with a very high energy barrier 1.80 eV. Here, we focused on CH

dissociation (R5) and CO decomposition (R8), both of which have lower energy barriers (0.96 eV
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and 1.39 eV) than that the Boudouard pathway. With the CO desorption energy of 0.13 eV on
Co:MosN(111), the likelihood of CO decomposition (R8) is much diminished, as CO is more
likely to desorb. Hence, CHlecomposition will be considered as the main mechanism for coke
formation on CaMosN(111).

According to Bradford and Vannicgy9] carbon diffusion resulting in coke formation is
sensitive to catalyst structures, especially the presence of large ensemble of metallic sites. Because
the Ca@MosN(111) facet is dominated by erspersed Co and M domains, large and continuous
metallic domains for coke formation are absent. The electronic structures modulated by the
interactions between the Co and4Malomains also suppress coke formation. OgMoaN(111),
the most preferred bding site for C is hcpl with a binding energy 007 eV. A stronger carbon
binding on M@N(110) indicates that, on GdosN(111), C atom likely prefers the M over the
Co domain. However, the top layer N species at the Mo hcp site blocks the acegbsmfhence,

C binds at a secondary binding site (f)cp As a result, carbon binding is weakened on
CosMo3N(111). Figure 3.5 illustrates four possible carbon removal pathways ogMoeN(111)
versus €C bond formation producing the&ggregates. We observed that the oxidation of C by
OH should be the most compet#i against CC bond formation with the lowest energy barrier

(1.38 eV versus 1.90 eV).
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Figure3.5. Coke formation pathway versus carbon removal pathways evi@GN(111).

3.3.2.4 DRM Pathways on CaMo3N(111)

Figure3.6 graphically depicts the free energy profile (at 973.15 K and 1 bar) of the DRM
processes on GBIosN(111) based on the above analysis of DFT calculations. By adopting
Scheme3.1, we emphasize the parallel €ldnd CQ conversion pathways (distinguished by
respective solid purple and dashed gold lines) at the initial stage. It is evident that the initial CH
CiH bond activation is the RLS. In comparison, subsequent dédompositions follow free
energy downhill upon thmitial activation, while the Cedissociation free energy profile is much
lower. The release of CO and b the gas phase products also follow steep free energy downhill
due to significant entropy gains. The multiple CH or C oxidation pathways areligfgayed.
According toFigure3.6, indeed, the Ci4 CHOA CO (blue) and @, COHA CO (pink) routes

are more competitive than the direct C oxidation and BHd@thways. In fact, the conversions of
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C and CH, as the most abundant carbonaceous species, still resemble the oxidation pathways

proposed on transition metal DRM cataly$5€)]

TS (CH, activation)

CH, adsorption

/

TS (CO, activation)

Free Energy, (eV)

2CO0, 2H,

Reaction Coordinate

Figure3.6. The free energy profiles depicting DRM ons®mwsN(111)- generated at 973.1
K and 1 bar. Gas phase €é&nhd CH and clean surfaces are used as zero energy refert
The main DRM routes are highlighted by thick lines including @&d subsequent O
formation) and CH dissociation; C, CH oxidation via respective COH and C
intermediates; and CO plfbrmation thaare illustrated in gold, purple, pink, blue, and bla
respectively. The less competitive pathways (e.g., CHOH formation and subseitie

and O H bond dissociation) are represented in thin dashed or dotted lines.

DFT calculations revealed that teiges in the CéMosN Co domain can support parallel
activations of CHand CQ at two distinct sites; meanwhile, the bridge {&0) and hcp sites

permit C/CH oxidation to proceed without interference. Hence, thesiteatonfiguration in
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Co:MosN(111) not only mitigates the site crowding and competition, but also allows béth C
activation and €O bond formation to occur at their favourecsit

The performance of DRM on Co(0001) and #¢110) surfaces was also evaluated to
better understand the synergy effect inM@osN(111).In Figure A.5 the DRM consisting of only
CHaactivation and the most competitive CH oxidation pathways were showmtheiactivation
of CO» shown in a separate inset figure. On Co(0001) angN¥Id.0), the CH bond activation
occurs at the plo and Teo sites, respectively. Thei@ bond activation on MéN(110) is more
exothermic {1.60 eV), with a lower energy barrier%Q.eV) than on Cs#MosN(111). Still, the @
assisted CH activations of CHon Co(0001) and M®(110) are not as competitive according to
DFT calculations. This actually coincides with prior theoretical works, which already suggested
that the CH activationcan sometimes be inhibited by the O and OH intermedigi#6, 221,

222]

The direct CQdissociations on both Co(0001) and M¢110) proceed with lower energy
barriers. This process is particularly facile on-M(10) with a barrier of only 0.10 eV. Mdes-
Salvadoret al [223] also suggested that M is highly reactive toward CQOactivation. In
contrast, Co(0001) is more inert with an energy barrier of 0.46 eV. The binding energyai CO
Co obtained by Wang and-emrkers is-0.04 eV,[224] in good agreement with this worl0(05
eV in Table 3.3). Wanget d. [225] stated that the CObinding strength correlates with the
correspondingl-band center of on transition metal surfaces. By extrapolating this behavior to the
4  site in C@Mo3N(111), thed-band of Ceatom on CeMosN(111) is closer to the Fermi level.
Also, Ca is more negately charged than the Co atoms in Co(0001). Both factors result in more
active Co sites in GMosN(111) than Co(0001) for Cfactivation, and will ultimately favor

DRM.
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Facile CQ and CH activations occur on Mdl(110) based on DFT calculations. In
princple, this surface may be susceptible to either coking related to strong C and CH li8jing,
or the hindrance of O passivation. The most probable oxidation pathway on Co(0001) proceeds
via the CH oxidation by OH, with a relatively low energy barriet &1 eV, while all oxidation
pathways are hindered on M(110) due to the high reaction barriers ( > 2 eV). Conclusively, as
illustrated in Figure A.5, MgN is predicted to lose its activity much more rapidly than Co and

CosMosN.

3.3.3 Microkinetic Modelingof DRM on CosMosN

The microkinetic modetonsists of 10 chemical species (i.e.,saCHp, C, O, H, CH, OH,
CO, KO, and CQ) in 10 elementary steps (see Appendlixn ESI). CH (x = 2-3) dissociations
following the initial CH; activation are quasquilibraed and were lumped into a single £H
decomposition step, producing CH, C, and while CQ activation produces CO and O directly.
The carbonaceous species (CH and C) are converted into CO coupled with O and OH, respectively.
A Mathematica script was deeped according to AppendiA to obtain the TOF for CH
activation and surface coverage values at 1 bar and 973.15 K. The initial feed consists of equimolar
CHzand CQ (i.e.,n n =0.5bar) at a molar flow rate of 1 mol/s. The compositiomhfer
exiting gas stream consisting of CO, ldnd HO, and the unreacted GHCO;, is determined by
the equilibrium constant for Eqr.1). The predicted TOFs were estimated based on a 5590 CH
conversion as the function 6fOand6 O.

As shown inFigure A.7(ad), a series of linear scaling relationships were established to
estimated O, 6 O ,06 O, andd ‘O for H, CH, CO, and OH, as the key intermediates of the

developed DRM microkinetic model. The qualities of linear scaling relationships and BEP are
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indicated by MAE, MAX values as discussed by Zaffran and coworfZ#6-228] The binding
energies of H{'O ) exhibit a high degree of correlation simultaneously @it® andd O (Figure

A.73), with a standard error of 0.11 eV. The corresponding parameters associatédQwithd

6 O are 0.16+£0.09 and 0.12+0.10 (both are unitless), respect®elyentional linear scaling
forms were adopted based on respediiv@ andd ‘O for CH an OH according to Ref. [64229]

Unlike other transition metal surfaces, the binding sites for C and O are uniquely distributed in
different CosMo3N(111) regimesi.e., the Co and the boundary sites. The acquired slopes of
0.76x0.07 (Figure A.7b) and 0.63+0.09 (Figure A.7d) for i2esurfaces are in reasonable
agreement to the values of 0.75 and 0&229] and thus remain faithful to the empirical
formulation & ¢ ¢, wheret and¢ represent the maximum H atoms bonded to C and

O to fulfill their valency and the actual H atoms attached these central atoms. Because CO prefers
to bind with its carbon end on transition metal and metalloid surfg2@}and thus, a correlation
betweerd ‘'O andd ‘Owas attempted. As shovimFigure A.7ca linear scaling relationship does
exist betweer® ‘O and6 ‘O, with a slope of 0.52+0.11 and & Wlue of 0.92. Thus far, all key

DRM intermediates apgaring in the microkinetic model can be related t® ando O.
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Log4(TOF, s)

BE,, eV
w

BE,, eV

Figure 3.7. Predicted Logy(TOF) (s!) for CHs activation according to EqrA34, as a
function of6 ‘Oand6 O. Thevolcano heat map was generated using the linear correle
presented in Eqns.Ap4-A58) as described in the Supporting Information. Reac
conditions used in the microkinetic model: T = 973.15 K, P = 1 bar, 55%cat¥ersion,
CH4/COp ratio = 1:1 at a molar flow rate of 1 mol/s. The transition metals are represen
white squares, while nitrides and phosphide are represented by yellow circles. The d¢

for Ni2P was estimated based on R281].

Adescri pt or hcansoeetl based adrCoakd 6riCeadopts both the linear

scaling and BronstedevansPolanyi (BEP)relationshipsderived for the initial €H bond
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activation (sedrigure A.8 in ESI). As indicated iRigure 3.7, a rather broad range 6fO and
0 Ovalues were covered with the chosen surfaces. Detailed reaction mechanism and the kinetic
rate formulations are described in Appendix

The catalyst reactivities for both desite CaMosN and singlesite surfaces are
characterized by the turnover fremncies (TOFs) of CHCiH bond activation. The trend
describing the DRM rates is illustrated by the heatméfigure3.7. The estimated Log(TOF)
values (in ¥) on 15 closepacked surfaces (including those ofs®osN, MozN, and N;P) are
explicitly identified on the heat map. The peak region encompasses Ru aMads:No The
majority oftransition metals (e.g., Fe, Co, Ni, Rh, Ir, Pt, Pd) are dispersed in an area bounded by
6 'O (1.0~2.8 eV) and O (-0.9~1.5 eV). Au, Cu, and Mbd are located much further away
corresponding to either much weaker or strorg& and ¢ ‘O values.The microkinetic model
predicts that Ru is among the most active shsifie transition metals, followed by Co, Ni (both
the 211 and 111 facets), and Rh; the next tier includes Ir, Pt, Pd, Ni(100), and Fe, with Cu and Au
among the least active surfacekisltrend is reasonably consistent with the findings from Rostrup
Nielsen and Hansen, among other studis?, 232, 233]

The two metalloid catalysts, Md and NpP, were also considered as singlie catalysts.
Mo2N, located in the lower left corner &igure 3.7, is also significantly less active than most
monofunctional transition metals, as well asi@osN according to Figure A.NizP, reportedly
an effective DRM catalyst resistant to carbon cok[@§1] displays a competitive Lag(TOF),
similar to that of Pd or Pt thanks to moder@t® and6é ‘O on Ni:P(0001).

CosMo3N(111) is adjacent to Ron the heatmap in a close proximitythe activity peak
of the volcano. The high Lag TOF) exhibited on CsMosN(111) can be attributed to the unique

dualsite configuration. From literature, conventional DRM catalysts often rely on functional metal
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oxide supports (e.g., TED[194, 195]ZrO,, [234] Ce/Zr& [69]) to acquire the key functionality

for COz activation for carbon residual removigll] Relative to Ru on the heat map,O and6 ‘O

are both stronger on @dozN(111). On CeMosN(111), the C and CH intermediaga®ferentially

occupy the Co site, while the O and OH occupy theModl boundary site. Hence, Gldctivation

and carbon oxidation kinetics proceed at the respective Co ag tmmains simultaneously,

which is an advantage for a catalyst consisting otarabeduatsite configuration.
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Figure3.8. Predicted surface coverage for {a) (b)—, (c)— (d)— , and (e)}— based or

the same condition as in microkinetic modeling: T =973.15 K, P = 1 bar, 55%0G¥ersion,

CH4/CQOy ratio = 1:1 at a molar flow rate of 1 mol/s. The transition metals are represen

white squares, while nitrides and phosphide are represented by yellow circles.

The predicted coverages of key DRM intermediates (i.e., C, O, CH, H, and *) from

microkinetic modeling are summarizadFigure3.8. Atomic C and O are shown to be the most
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abundant surface intermediates (aka. MASIsFi¢jure3.8 a,— is relevaninainly in the bottom
right corner, i.e., the strong C binding regime@< 1.5 eV). The absence of carbon coverage (in
the lower lef corner) suggests that strong O binding is able to counteract the dominance of C by
occupying these active sites against C. This way, higbalues are located on the kafand side
of the heatmapd( O < 0.2 eV,seeFigure3.8b), a strong O binding region. Similarly, deep in the
strong C binding regions— retreats and eventually yields to high (Figure 3.8a) due to the
competition from surface C species. The remaining digaie 3.8c) bounded att’O > 1.5 eV
and6 ‘O > 0.2 eV corresponds to surfaces that are mostly adsedrbate

Based ord ‘O and6 O, the Sabatier principle dictating DRM suggests that too strong C
or O binding may hinder thei® bond activation due to active site blockage by C or O; while
weak C or O binding results in intrinsically high activation barriers. For instance, when coupled
with the predictions shown iRigure 3.7, the cause underlying low TOFs associated withNo
and Fe- due to the excessively high- (Figure3.8a) - becomes evident. On clean Au(111) and
Cu(111), the high TH activation energy barriers reduce the TOF despite high-sipen
availability.

In fact, DRM rates on most cloggacked surfaces shown kigure3.8a are not severely
interfered by C species. Then, we focused on three Ni ssnggal facets (111), (100), and (211)
- to validate the performance of the established DRM mechanism, as coking iskaavell issue
specially on the lovcoordinated Ni site$218] UsingFigure3.8a,— indeed follows a decreasing
order of Ni(100) > Ni(211) > Ni(111), suggesting that, under current modeling conditions, coking
only becomes a serious issue in the presence e¢démndination sitesNe also noted that, &0
increases in the order of Ni(111) < Ni(211) < Ni(100), the TOFs of all three Ni facets can be

projected onto the opposite sides of the volcano plot along the vertical dirdeigome(3.7).
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Hence, despite similar magnitudes of TOF, low coordination Ni sites benefits from highér C
activation rates while Ni(111) benefit from less hindrance of coke formation.

Due to strongeC binding on CeMosN(111) than on Ru, Co, Ni(111), as indicated in
Figure 3.8a andFigure 3.8d, there are small fractions of C and CH onsK2o3sN(111) surface.
Nevatheless, CgMozN appears to tolerate such C presence. A plausible explanation is that: (i) C
does not bind as strongly as on Ni(100); (i) atomic O binds stronger than Ni, Ru, and Co. The
left-shift of CaMosN on the heatmap due to the latter is necgssamaintain sufficient active
sites and sustain a high level of &tbnversion.

Lastly, this work also suggests that a moderater — will not necessarily be detrimental
to catalyst performance; and may even be beneficial to sustain the progression of DRM on the
surface. However, the optimal surface conditions and the potentiabatalyst related to reaction

intermediates on catalysurface should be more thoroughly and systematically explored.

3.4 Conclusions

DFT calculations were performed to elucidate the molecular mechanisms of DRM on
CosMo3N(111) so that the origins of its catalytic reactivity and coke resistdm@cter can be
understood. The proposed mechanism emphasizes initial parallela@HCQ activations,
followed by oxidation and conversion of carbonaceous species into CO andhel full
mechanism revealed that £403N(111) is capable of activating oinert molecules efficiently;
and the dominant CO formation pathways proceed via the COH or CHO intermediates. DFT
calculations revealed the varying site preferences for reaction intermediates at different catalytic
regimes of CeMosN(111). Generally, CiHHand CQ activation favors the Co regime, while C

oxidation and removal favor the boundary sites.
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Trend analysis based am O and 6’0 (the catalytic descriptors) and linear scaling
relationships confirmed that edosN exhibits a superior DRM reacttyi that is comparable to
Ru. Also, CaMosN performs significantly better than either of its singiee analogs (i.e., Mdl
and Co). Steadgtate microkinetic modeling revealed that the electronic properties and a unique
dualsite configuration collectivgl enable a high turnover rate fori & bond activation on
CosMo3N(111) and higher tolerance for surface C species due to facidi€dciation. It is also
likely that the presence of moderate C and CH species help manage a moderate O coverage on the
surface as well. The synergistic interactions between the &dd Mo nitride regimes make

CosMosN a promising candidate for durable DRM.
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4 Mi taitg ng Coke Formations for Dry

DuaSli te Catalysts: A Microkinet

Chapter 4 is adapted with permissianith permission from the Royal Society of
Chemistry

N. Manavi, B. Liu, Mitigating Coke Formations for Dry Reforming of Methane on Dual
Site Catalysts: A Micraketic Modeling Study, Submitted fthe Journal of Physical Chemistry

(Under review)

4.1 Introduction

Innovative catalysis is vital to modern energy and chemical production to reduce energy
consumption and prolong catalyst durabili@onsiderable attention has been given to bifunctional
catalysts to acquire the necessary functionalities to carry out complex rel@3j@&5238). Tailored
bifunctionalities enable synergistic cooperation that promotes charge triBisfefacilitates species
spillover[38], and lowers transition state enerdi&g.

Beneficial catalytic effects were observed in an array of carefully designed bifunctional
systemsBimetallic alloys were engineered to provide distinct geometric differences to enhance
catalytic performanceFor example, Wanget al [239] demonstrated that CO and atomic O
preferentially adsorb at the respective Au and the M sites in bimetalli¢ i = Cu, Ag, Co, and Ni)
alloys during CO oxidation. The more electronegative Au atonoe@charge transfers away from the
M sites that strengthen the binding of atomicABo, bifunctionality is observed on monometallic
catalyst surfaces where steps and terraces act as distinct activeTsitearis and Rossmeisl

predicted that electrocatalytic methanol oxidation reaction (MOR) overpotentials on structured Pt
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catalysts are lower than on either the step or the terrac¢i@dsBeyond alloysZhaoet al [37]
argued that the activation energy of water dissogiatioring the wategas shift reaction is
reduced significantly to 0.1 eV at the interface of the Au/MgO-ditalmodel.

To reveal the underlying principle, Andersenal. [54] showed that a meaningful boost to
reactivity will most likely be achieved wheaeactant and product species display distinct behaviors
between the two active site types in a bifunctional system. In computational catalysis, such behaviors
can be intuitively described by BrgnstedansPolanyi (BEP)[163, 241] and linear scaling
relaionships[229, 242, 243] Generic models suggest that not only are different BEP parameters
necessary to achieve bifunctionality, but the variations of these parameters at different active site types
should also favor different reaction steps.

The best ffect can be achieved for specific catalysts on composite systems composed of two
different catalytic materials (e.g., metal catalyst particles andnatallic supports). Using Biand Fe-
load MniN, N2 activation and NElformation occur at the interfacialtrogen vacancy site\g) and
metallic sites. The coupled dtsite catalysts facilitate the migration of critical intermediatésge T
strong binding NH species can be transferred to the preferredtdl the metallic & (Ni or Fe)
to regenerate the \sites. For this reasoammonia turnover frequencies (TOF) from microkinetic
analyses can be boosted by up to 7 orders of magifjude

In this work,dry reforming methane (DRM) was chosen as a case study to demathstrate
bifunctional catalysts are particularly effective in coke mitigation. DRM vyields vedided syngas
from the CH and CQ feedstocksNevertheless, there is a grand challenge formadyle (i.e., Ni,

Co) and noble metals (e.grh[244], Pt[195], andIr [245]) to sustain high reactivities without the
hindrance of cokin§65]. A common practice to suppress coking is to introduce a secondary active

site that weakens C binding and increases the energy barriér€ abQpling[246], as in Pt alloys
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consisting of postransition metals (i.e., PtM, M = Pb, Bi, and TI) during ethdahydrogenation

[247]. Additionally, the diffusion of carbon species and coke (i.ear@ G) formation through

the GC coupling reaction depends on surface structi@48]. It has also been demonstrated that
surface Sn in NiSn alloys lowers the rafeC-C bond formations versus-G bond formations

[249]. Moreover, transition metal particles supported on reducible oxide help prolong the catalyst
durability [38, 194, 195, 250]A comparative analysis performed by Lowtlial [38] suggests that

the SO./Ce.7Zr0.302 support plays a much more active role in oxygen spillover than silica,
allowing the oxygen species to oxidize carbon residuals on Ni catalysts rapidly.

Recently, Fuet al [79] reported a solid DRM performance displayed by aMi@oternary
nitride, CaMosN, which is stable for over 50 hours at 800°C. They attributed the enhanced
catalytic performance to the synergistic interactions between the Co ahddtiases. Previously,
CosMosN was investigated as a monolithic dgdke model system using Density Functional
Theory (DFT) calculationg4]. The intrinsic reactivity of DRM on GMosN benefits from strong
site preferences displayed by reaction intermediates. We observed thddoGrpositions favor
the Co sites, while the Ghbxidations prefer the GbBlooN boundary sites. For DRM, these
reaction steps dictatechproduction and coke accumulation rates. The analytig @@Hsumption
rate indicates that GBlosN should be competitive aigat some of the best transition metals (e.g.,
Ru, Ni) and metalloid catalysts (e.g. 2R [34].

Here, Ca@Mo3N was employed as an idealized model to understand how-aitkial/stem
active toward both ClHactivation and carbonaceous oxidation yield highctivity yet durable
performance during DRM. Also, a series of pure transition metals frequently appearing in DRM
literature were included to obtain a general trendanGO productions, and coking suppression.

Using DFT-calculated binding energies oftoanic C and O as descriptors, the catalytic
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performance of the unique Co and Modomains in CeMosN is directly compared with
functionalities derived from the step (211) and terrace (111) geometric features of pure transition
metals. Aided by linear scalj relationships, the reaction intermediates and transition states of
specific elementary steps that do not follow the same trend were identified. Mechanistically, the
synergy in these dualte systems was probed by examiningdiosssite diffusion anatrosssite
reaction steps with medield microkinetic modeling. We showed that the site coupling will
widely enhance the CO and ldroduction rates by facilitating species migration and lowering
reaction barriers and is particularly effectivemitigating coke formations on surfaces that bind C

and O strongly. The modeling results suggest that-a@edigned duasite systems can achieve

high reactivities without deactivations due to site blocking.

4.2 Methods

4.2.1 Catalyst Models

As described previously34], the bulk of CeMosN was cleaved along the (111)
orientation. The resulting facet consists of patterned cobalt (Co) and molybdenum nitritlg (Mo
domains Figure4.1a). Here, the same surface was used to generate data to describe #itedual
system. We showed that three electronically distinct Co atoms existeircobalt domain
(highlighted by the blue dashed triangle), don@&sds; , fa7 , Na7 » andhcp.. The geometry
optimizations of each adsorbate were performed at different locations within the Co domain. The
lowest binding energies (the preferred binding site) were used to represgrgiteeThe B, B,
Twmo, and | sites in the MeN domain (highighted by the red triangle) were explored similady

representhes; site.
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As illustrated inFigure4.1b and cduatsite models based on pure transition metals (i.e.,
Ag, Au, Co, Cu, Ni, Pd, and Pt) comprise terrace and step sites. Surface geometries also influence
fundamental catalytic beharis and enable bifunctionality. By convention, the (111) and (211)
facets were employed as theasd s sites, respectively. The (111) facet that dominates the terrace
of transition metals shows the higher activity of £&ad CQ activationg[248]. Coke brmation
via the GC coupling reaction can also be enhanced on this facet for Ni, R4 8dand Cd248,
251]. Atoms at the step sites in the (211) facet are highlighted in darker grey. Unlike the terrace,
the step sites favor carbon oxidation (CO fation) [248, 251] OH formation[251, 252] and
lower activity for GC coupling reaction (reported on 248, 251}, resulting in lower coke

forming rates.
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Figure4.1. (a) Top and side views of GdosN (111); (bc) terrace (111) and step (211) surfac
The Co, Mo, and N atoms in eMosN (111) are shown in blue, pink, and grey. The Co (g)tt
and MeN (site 3) domain boundaries are highlighted in blue and red dashed lines.
symmetry sites in (1) represent site.swhile sites in (211) for site ¢ duatsite models. The

dark grey color highlights the edge sites.

4.2.2 Density Functional Theory

All spin-polarized, periodic DFT calculations were performed using/teanaAb initio
Simulation Packag@/ASP)[253, 254] The generalized gradient approximation with the Perdew
Burke-Ernzerhof functional (GGA’BE) was used to account for the electron exchange and
correlation[123]. The core electrons were described using the projector augmented wave (PAW)
method[142], with a planewave basis set which was expanded up to a cutoff of energy of 400
eV. The reciprocal first Brillouirzones of transition metal and £bosN surfaces were sampled
using 4431 and 2 23 1 k-point meshes based on the Monkhdtatkschemg203].

All reported binding energie® (O  :) adopt the formulation expressed by E@hl):

"% - % - F% ngu U% W % (41)

whereO -,0 ,0 ,0 ,andQ represent the total energies of the adsorbed surface species,

gasphase references (GHH2, and RHO), and clean surface, respectively. The Bayesian error
estimation with van der Waals corrections was applied to quantify the uncertaintié® and

0 'O based on the BEE#W functional[126].
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The reaction energie¥Q) and energy barrier€)) were obtained from Eqns4 2) and

4.3:
YO B O K BO h (42
O O © (43)
whereB O B O r, O ,andO represent summations of the total energies of all

product and reactant species, the total energies of the transition state (TS), and the initial state (IS).
The total energies of the TS wedentified from the Climbingmage Nudged Elastic Band (Cl

NEB) followed by the dimer method449, 150]and then confirmed with a single imaginary
frequency. The calculatedOandO for duatsite systems in Table 2 are based on the preferred

site prefeence and lowest TS energies.

4.2.3 Linear Scaling Relationships

DRM reaction intermediate® (O U , x =1~2, y = 0~3, z = 0~1) bind with either their C
or O end at the active site. For this reason, {8&[Eulated binding energies of atomic C and O
species (denoted @s'‘O and 6 O) are logical descriptor choices to discuss the trends af CH

reforming [248, 255] Through linear regressions,’0 - from Eqn. 4.1) were fitted tad O

and6 ‘Oto establish linear scaling relationshj@60, 233, 243, 256which, in turn, were used to
interpolate reaction energies over the entire descriptor space. Similarly, the Bifvestsd
Polanyi (BEP) relationships were obtained through linear regressions using valu&O(aad

‘0O) from Eqgns. 4.2) and 4.3). Activation energies interpolated from BEP relationships are used

to estimate the rate constants. We employ the combined linear scaling relationship and BEP
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correlations to accelerate catalyst screening to reveal the dependence of DRM rates on an arbitrary
catalyst surfac§242, 243, 257]Moreover, Anderseat al [54, 258]demonstrated that the BEP
relationship parameters were used to measure the extent of bifunctional promotion. Here, the linear

scaling and BEP relationships were constructed specifiicaliye respective;aand s sites.

4.2.4 Microkinetic Modeling
Schemed.1. Schematic illustration dDRM on dualsite models. Different active site regim
are represented in blue and rezspectively Blue and red arrows indicate reactions pargl s

sites. Yellow arrows indicate cresge reactions and diffusion steps.

CO(g) , Hy(g), H,0(g) CO,(g)

CO4(9)

Ce(9)

CO(9) , Hx(9),
H,0O(g)

The analytical results of DRM on singtée catalysts were derived under a crshsady
state approximation assing the initial CH activation as the rafiemiting step[34]. In the full
dualsite mechanism (Table B.1 in Supplementary Materials), these steps proceed in parallel on
both s and s sites (seeScheme4.1). Furthermore, the reaction network was expanded to

incorporate coke formation steps. We adopted the coking process described by taldaatkelrs
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[248]. Specifically, dimerization and polymerization of C species vi& Coupling are used to
represent €and G formations. The site couplings include five crsgi® diffusion steps for C,

CH, O, OH, and CO because these species will likelypidate on the surface. Seven crsis

reaction steps involving Gkbxidation were included due to the site preferences of the
participating reaction intermediates. The reactivities were represented by the turnover frequencies
(TOF, st) of H, and CO prductions. The extent of coking was measured in terms of the TOF of
Cs production. The reported numerical solutions were produced with a stoichiometr@@H

ratio (= 1:1) at 973 K and 1 bar using the CatMAP packagg].

4.3 Results andDiscussion

4.3.1 Binding Site Preferenceof DRM Intermediates

Table4.1 compares the binding energies of DRM intermediates between the respective s
(Co) and s(interfacial) sitesThe carbonaceous species (i.e.33E, G, and G) generally prefer
the negatively charged sites ofCasMo3N(111) Within the Co domainCHs and CH predictably
choose the sites that fulfill the tetrahedral valencyhefcentral C atomi84]. As illustrated in
Figure4.2, CHs prefers thed  location of the ssite. The valence rule was initially discovered
on transition metal facets and has been extended to the transition metal (Co) and nitiidle (Mo
domains in composite systems likes®@sN. The valence rule is preservenr iCH and CH.
However, CH slightly prefers the Blocation of the ssite instead, whil€H exhibits negligible
site preference. Although Mo chooses the more electronegative species, the negatively charged N
(-1.17 e) at the center of the Mddomain Figure4.1a) forces O, H, OH, COH, and CHO toward
the B sites(Figure4.2). The patterned GMosN Co and MeN domains highlighted that active

site geometries and configurations influence the streargthocations of surface adsorptions, both
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of which ultimately deermine the performance of the disitle system. The catalytic performance
results will be discussed in the following sections.
Table4.1. Binding energies (eV) of reaction intermediates based on Edhof the sand s

sites of CaeMo3N(111). The numbers in boldface highlight the site preference.

Site C @) CH CH: CHs OH CHO COH H CO C2 Ge

S1 1.27 -0.37 0.67 0.76 0.54 -0.55 1.54 1.57 -0.49 1.25 3.26 10.26

S 1.44 -0.73 0.67 0.69 0.70 -0.67 1.27 1.45 -0.61 1.37 4.65 11.45
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Figure4.2. Top and side views of the optimized geometries of DRM intermediates on resg
ss(l abel ed w{(ktabér®y ain itsNosN§lblj. ThE G, OH, Co, Mo, and

N atoms are illustrated in brown, red, white, dark blue, pink, and light blue.

DRM at the terrace and steps sitédransition metal catalysts have been systematically
investigated and discussed in the literaf@s, 251, 259]According to DFT calculations, DRM
intermediates generally bind stronger on the-tmerdinated edge site of the (211) fadeg(re

4.1c) than on the clospacked (111) faceF{gure4.1b).

Potential Energy, eV
Potential Energy, eV

Potential Energy, eV

Reaction coordinate Reaction coordinate Reaction coordinate

Figure4.3. Potential energy profiles and the optimized TS structures at the interfacial site:
lines) versus at the Gilomain (dashed lines) of edosN(111). The C, O, H, Co, Mo, and
atoms are depicted in brown, red, white, dark blue, dark pink, and light blue. Atomic dis

are shown in dashed arrows.

We also identified the elementary steps displaying significéet dependence on
Cox:MosN(111): CH dissociation Figure 4.3a), OH Figure 4.3b), and CHO [igure 4.3c)
formations. The TS structures obtained at the interfacial sites were compared with results based

on the configurations in which reactants are confined within the Co domain. As shown in Figure
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3, all crosssite reaction steps at the interfacial sites result in lower activation energies. for CH
dissociationO is 0.4 eV lower than the reaction occurring at the Co domain (solid lifrégtire

4.3a). TheO of OH formation is 0.58 eV lower even thoudl® is more endothermid={gure
4.3b), suggesting tha¥O and'O would not follow the same trend prescribed by the BEP
relationship designed for pure Co. TheGbond formation producing CHO is a critical step in
CHx-oxidation. The correspondin® of the crosssite reaction between CH and O is 0.37 eV

lower than on the Cdomain Figure4.3c).

Table4.2. Reaction energie§/(f) andenergy barrier energies for DRM reactions dgsiaglesite
catalysts), s and duaisite catalyst (most favorable binding site and the lowest barrier between the

s and s sites were chosen) for eidosN (111).

s1 (Single-site) 2 Dual-site
Elementary step pE Ea pE Ea pE Ea

(ev) (ev) (eVv) (eV) (eV) (eV)
R1 CHq(g) +2*z CHs* +H* -0.08 0.65 0.31 NF -0.08 0.65
R2 CHs*+*Z CHx*+ H* -0.38 0.51 -0.62 0.42 -0.46 0.51
R3 CHx*+*Z CH*+H* -0.70 0.47 -0.63 0.16 -0.63 0.16
R4 CH*+*Z C*+H* -0.03 0.95 0.17 1.03 -0.01 0.96

RS COyg)+2*z CO*+0O* 1.07 189 082 246  0.70 1.89
R6 C*+0*7 CO*+* 034 174 066 244 072 2.11
R7 H*+O*z OH*+* 042 196 067 1.38 067 1.38
R8 C*+OH*z COH*+* 086 128 068 1.47  0.86 1.40

R9 COH*+*7z CO*+ H* -0.93 0.92 -0.69 0.60 -0.81 0.60
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R10 CH*+O*z CHO* +* 122 2.02 1.34 1.65 1.34 1.65
R11 CHO*+*Z CO* + H* -0.90 0.96 -0.52 0.78 -0.64 0.78
R12 CO*z CO(g) +* 1.99 NA -0.49 NA -0.37 NA
R13 H*+ H* z 2* + Hx(Q) 1.23 NF 1.23 NF 1.23 NF

R14 H*+ OH*Zz HO(g) +2* 1.17 1.20 1.29 1.29 1.29 1.29

R15 C*+C*2z Cp*+* 074 190 174 187 074 1.90
R16 Co*+Cx*+Co*z Ce*+2* 047 NC  -245 NC 0.47 NC
R17 Cez Ce(g) +* 703 NA -816 NA -7.03 NA

NF: Not Found, NC: Not Calculated, NA: Not Applicable.

The reaction energiesYQ) and energybarriers 0) of all elementary steps on
Co:MosN(111) are summarizeth Table 4.2. The freeenergy diagram depicting DRM by

incorporating the site preferences are presented in Agjlire
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Figure4.4. Linear scaling relationships for (a) OH adsorptions, (b) CHO adsorptions (blu
s1 and orange:2¥ based on binding energies of O and C on ilsites. BEP relationships for (¢
CHi O bond formation, and (d)i® bond famation (blue: site ;sand orange: site;s Data
produced in this work are represented with solid symbols. Hallow symbols in (a, b, d
reproduced using the data reported by Jalid and cowdik48% The BEP relationship in (c

on the s site was repduced according to RR259].
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The calculated 'O - are also plotted againgtO or6 O at site g, as shown in

Figure4d.4a-b and Figure B.2 (Supplementary Materials), to reveal the intrinsic trends. Based on
the linear regression, Gkix = 1~3) (Figures B.2&), CO (Figures B.2d), and COH (Figures B.2e)
follow the trends that are indistinguishable between ilaad s sites. The slopes and intercepts
extracted from linear regression agree well with published literature @58F The identical
parameters in these linear scaling relationships indicate tis&t $pecies will be insensitive to the
active site types.

The adsorptions of OH and CHO are the exceptions. As shofxigune4.4a, the slopes
between theisand s sites are almost identical (i.e., 0.55 eV versus 0.56 eV), but the intercept of
the s site is 0.37 eV lower. Similarly, the linear scaling relationship for CHO atthigesshifts
downward from thesssite while the slope remainse sameRigure4.4b). Theorigins responsible
for the observed trends in OH and CHO are similar. Although @dth and6 ‘O  strengthen
with stronger O and C binding, given similarO or 6 ‘O values, the extra binding energy
difference separates their site preferences betweensated 3. The relationship between O and
OH can be understood straightforwardly. CHO often bimills both its C and O atoms. Hence,
CHO acquires its additional binding strength at theit® owing to the contribution from its O
site.

It has already been demonstrated that BEP parameters can be directly linked to the
promotional effects of bifunctiwal catalyst§54]. We found that steps related to £&xtivation
(Figure B.2f), CH (x = 1~3) dissociations (Figures B-Agand CO formation (Figure B.2j) do
not display noticeable site preferences. Nevertheless, the slopes and intercepts in the BEP
relationships foICHO (Figure4.4c) and OH Figure4.4d) formations vary substantially. On the

s: site, the slope (0.84) is higher than that on tls&ta (0.59). On catalyst surfaces (e.g.3MaszN)
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with strong CH and O bindings, we anticipate that the CHO formatiaressential step to remove
carbonaceous surface spedidgecomes kinetically favorable due to the [@wpredicted by the

BEP relationship. The activation energies of OH formatidrnibes sites are always lower than

on the s site Figure4.4d). However, the negative slope indicates that OH formation activation
energies varynversely with the formation energies. The lowest activation energies occur on

CaosMosN and Ru surfaces.

4.3.2 Coke Formation

In DRM, the rate of coke formation is influenced by the competition between-the C
coupling (e.g., R15, R1® Table4.2) and the rate of C or CH conversion into CO (e.g., R6, RS,
R10 inTable4.2). As disaissed previously, a duaite system that binds O or OH species strongly
accelerates the conversion of C or CH to better compete agai@stdatipling and thus suppress
the coke formation pathway246].

C and CH conversions (R8 and R10) with OH and Oispete more kinetically favorable
on CaMo3N(111) than direct C oxidation (R6) due to a love{34]. Moreover, CeMosN(111)
facilitates step R7, which further favors C oxidation by providing sufficient OH species. As shown
in Table4.2, the reaction energy and energy barrier - Coupling on thesssite are prohibitively
high (1.87 eV). Also, &prefers the ssite (Table4.2) over the ssite. Hence, thexsite weakens

the bindings of C, & and G species, resulting in less coke forming on the surface.

4.3.3 Catalytic Trends in DRM Reactivity

The formation energies of 14 species and the energy barriers of 12 elementary steps (listed

in Table 4.2) are compiled for microkinetic modelinghe rate expressions for the digik
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mechanism are derived from Table B.1 in the Supplementary Material. The main DRM pathways
are duplicated omsnd s sites, using the respective energy set repond@ble4.2. Crosssite
reaction and diffusion steps account for processes related,toxidhtion and coke formations.
DFT calculations based on thesge were used to represent singi systems. The energy dataset
and the setup for the microkinetic modeling reported in this work were prepared in Appendices 1
and 2. The TOFs of HHCO, andCe production were obtained at 973 K and 1 bar with the active
site ratio (s &) of 7:3 (by counting the Co and interfacial sites in the curregiiGgN model).

The catalytic reactivities (LagTOF, s']) for Hz, H.O, CO, and eformations and their
dependencies od ‘O and6 ‘O are presenteh Figure4.5. The rates of Hand HO formations
are shown in the same plottagir reactivities occupy different parts of the heatmap separated by
the dashed lined~{gure 4.5a). The predicted ¥0 TOFs indicate that the reactivities of RWGS
peak atd ‘O above 3 eV and ‘O close to 0 eV. Among the transition metals projected onto the
heatmap, the Group IB metals (i.e., Cu, Ag, Au) appear near the refeRW@S boundary under
the simulated catitions. Meaningful RWGS will likely occur on coppkased catalystR60,
261] H is one of the main products in DRM. However, water is a side product of the reverse
watergas shift (RWGS) reaction. RWGS lowers s$¢lectivity as H participates in R7 aRd4
instead of the recombination reaction (R13). The CO produdtignre4.5b), on the other hand,

could be adversely impacted by coke formations.
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Figure 4.5. Turnover frequencies (LagTOF, s']) for (a) H, H.0, (b) CO, and (c) &9)

productions on duadite models at 973 K and 1 bar. The active site ratio is sesas 3:3. The
dashed line represents the boundaries betweamdtHHO as the major reaction products. T
labels are projected onto each heatmap based on the lower values of the descriptors be
two sites. The error bars were generated from the Bayesror estimation based on the BEE

vdW functional.

H2 and CO production rates represent the intti¥RM reactivities. As shown iRigure
4.5a-b, whend ‘Ois lower than 3 eV, the Horoduction pathway will dominate RWGS. AsO
continues to decrease, the &hd CO production TOFs increase initially, then diminish before C
binding becomes too strong. For a giverO, we observe a similarolcanclike dependence of
the TOFs o ‘O. Overall, in the ranges of 1~2.5 eV aiid2 eV for the respective Oando O,
resides the TOF maxima for both &d CO. We mapped a g of typical transition metal DRM
catalysts on the reactivity heatmaps, using the descriptors based on thedEHinctional for
van der Waals corrections and Bayesian error estimdtl@s¢ As expected, Ru, Co, Ir, Ni, and
Pt are among the begerfaming catalysts for DRM187, 262]

In the Supplementary Materials, the &hd CO production TOFs on singdée models are

also presented in Figures B-BaDespite similar trends to the disale systems described above,
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the highperformance area is nosonfined to a narrower range (i.8.,0: 1.5~2.5 eV and O: -
1~1 eV). Beyond this range, the TOFs for ahd CO quickly drop due to the blockage by the
strong C and O species. In comparison, the peaks of the reactivityfptnise@d.5a-b) broaden,
and tilt along the offliagonal direction, permitting catalysts like #¥wsN to sustain HHand CO
production activities despite strong C and O binding.

Here, the rates ofdproduction as a gaghase species were used as an indicator of how
catalysts manage the accumulation of carbon residuals. As shoWwigure 4.5¢, high Ce
production rates overlap partly with the production peak (e.g., Ir, Pt) on the heatmap because
high CH: dissociation TOF tends to produce carbonaceous species at a higher rate as well.
However, there is a notable shiftward the right, along the diction of weakening O. This
behavior emphasizes the roles of O and OH species in mitigating the accumulation of carbon
residuals resulting from CHtlecomposition.

Unlike H2 and CO, a distinct §production behavior can be observedrigure4.5c, i.e.,
Logid "YU "Q decreases drastically far O<-1 eV. Unlike H, and CO, a distinct €production
behavior can be observedn the other hand, strong C binding and highu@issociation TOF in
singlesite systems will produce rapids @roduction and carbon accumulations that noticeably
hinder B and CO production (Figure B.3c).

When projected onto the heatmdfigure 4.5¢), the duakite CaMosN model appears
superior to other transition metals. As discussed in the previous sectiorsMosNq111),the O
(s2 site) converts the CH or C speciesqie) into CHO at a much lower energy barrier. Because
CHO also favors the;ssite, this step will boost CO production and free thsites from the

occupation of @(n = 1, 2, 6) for subsequent GEctivation and dcomposition.
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4.3.4 Bifunctionality and Coke Mitigation

We quantified the enhancement of, KO productions, and coke suppression, using the
relative performance gains, defined as ifig /i ], using the TOF results presented in
Figure 4.5 (duatsite) and Figure B.3 (singigte). Although H production rates are promoted
broadly Figured4.6a, below dashed lines), the performance gains are especially pronounced for
catalysts with strong C binding, decreasing as O binding gradually becomes weaker. A similar
trend can be observed for CO productidiig(re 4.6b). It should be noted that Hand CO
productions benefit the most on 803N and Ru surfaces, confirming the analyses conducted in

the previous sections.

LogiolrauarTs ingel Log o[ ayaf Teinglel Logdlrauef Teingiel
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Figure4.6. Performance gaind.ogid pmo Ly . Ja{Qr (a) H, (b) CO, and (c) &productions
achieved on duaite models relative to the singdée models at 973 K and 1 bar. The das
line in (c) indicates the sign change for the relative rates d@r&@luction. The negative sic

meanskm Ly Py | u g

The suppression of cokrmation was evaluated iffigure 4.6c. The rates of €
production in the systems decrease whe@ < 3 eV andd ‘O< 0 eV, as indicated by the dashed

boundary. We note the most significant suppression occurs when C and O bindings are strong (area
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highlighted in blue). It can also be pointed out thatpghmmotions of H and CO productions
(Figure4.6a-b) coincide substantially with the suppression of coke formation. We also noted that
CosMosN is oneidentified system capable of carrying out DRM at high intrinsic reactivity while
mitigating coke formation simultaneously.

As shown inFigure4.7, the most dominant surface intermediates on bo#imd s sites
are C and O. The other traceable species include CH saiki@ s site and H. We expect to see
high C Figure4.7a and e) and GF{gure4.7b and f) coverages concentrate in areas withdo@
ando ‘O values respectively, regardless of the active site types. Coke formation precursors (i.e.,
C and CH) and carbon residual)€an only be observed at thesge, as evidenced by their site
preferences. The CH fragment is a product derived from incompletdeCéimposition. As shown
in Figure4.6c¢, catalysts with the most abundant CH species bind C moderatelyo(V@tharying
between 1~2 eV) but much wea with O. At the ssite, the G species is negligible and can only
be observed along the boundary separating the C and O coverages. Even stronger Gbdding (

< -2 eV) will diminish coke accumulation and produce a catalyst surface coveagdric O.
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Figure4.7. Surface coverage of (a) O, (b) C, (c) CH, (d)@ site s, (e) O, (f) C on site;sand

(g Hat 973 K and 1 bar.

4.3.5 MechanismsResponsible forCoke Mitigation

To understand the origin of coke suppression due to site couglengrosssite diffusion
or the crosssite reaction steps in the origirthlalsite model were artificially disabled. This time,
the impacts on £production rates were evaluated by commathe TOFs between the full ()

with the rates resulting from the respective modificatidwssillustratedin Figure4.8a, the rates

of Ces production increase in the absence of the esitesdiffusion steps (i.e., i ).
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The disabled steps prevent the migration of C, CH, O, and OH species between the two site types.
Hence, we can conclude that upon the formatiohC and CH (at their favored site), the
dimerization and polymerization of C species (i.e., R4, R15, and RIébie4.2) will have to
resume at the same site leading solence, the enhanced production rates can be considered
strong evidence regardirige roles of C, CH, O, and OH migrations in coke saggon. Such
crosssite diffusion mechanismwould impact duakite catalysts with strong C and O binding
(highlighted in blue)because of the high GHdecomposition TOFs and Goxidations,
represented by systems such asMGnN.

When thecrosssite reaction steps are removed from the original-dit@lmechanism, the
rates of @ formation respond more complexly. Again, rates efd@@mation would increase (i.e.,
i.e.,l i ) mainly on catalysts that bind C and O stror(gighlighted in shades of blue).
Such a response suggests that interfacial reactions of C or CH asitieensth OH or O at thexs
site help mitigate carbon accumulation thanks to lower activation energies. However, for catalysts

with moderaté ‘Oard 6 ‘O, the rates of &formation will drop significantly (i.ei, |1 i )

in the absence of crosge reactions. This behavior is surprising and possibly due to the dominance
of one species (e.g., C or O) for a given active site. Therefore, these catalysts will depend heavily

on the crossite reaction steps to carry out DRM.
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Figure 4.8. Comparisons of €production rates by disabling (a) creste diffusion and (b
crosssite reaction steps in the digile mechanism at 973 K and 1 bar. The dashed lines inc
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when compared to the rates from the modified mechanisms.

4.3.6 Rational Design ofBifunctional Catalysts for DRM

Finally, to guide future catalyst desigiyalsite systems with othei:s; site ratios (i.e.,
1:1 and 3:7 versus 7:3) will be discussed. Both chosen ratios represent smaller fractions of the s
sites. Such variations mean more abundant interfacial sitessMogh to amplify their roles in
CHx-oxidation while limiting the supply of carbonaceous species from the Co sites. For transition
metals, the concentrations of the step sites will rise.

The relative performance gains in,HCO, and & productions correspond to these site
ratios (i.e., Logoli 45 /i 45 ]and Logdi qr /i g5 1) are presented in Figure B.4 in
the Supplementary Materials. We found that modest gains can be obtained &od HCO

produdions for a composition of equimolarand s sites (Figure B.4a). Transition metal catalysts
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(e.g., Rh, Ni, Ir, Pd, Pt) with equimolar terrace and step sites £s1:1) acquire the most gains
for (~ 1 order of magnitude). As the fraction of theite decreases to 30% (i.e.;s3= 3:7), the
enhancement of the >Hproduction rate becomes uneven when compared to the original site
composition. We observed pockets (enclosed by dashed lines) where preddction rates
decreased slightly. The changasH. and CO production rates reflect a potential limit to boost
syngas production by simply increasing the concentration of the oxyplsiies.

The impacts on £€production by varying the:s; site ratio are reported in Figures B.4c
and S4e. By lowéng the fraction of the s1 site, the rates efp@duction decrease whén'O <
0 eV. This finding suggests that increasing the concentrations of the more oxyphilic site benefit
coke suppression, thus confirming the catalytic role of such sites irdoussion. On the other
hand, G production may even increase if the second site binds too O weakly and will not play a

role in coke mitigation.

4.4 Conclusions

In this work, DFT combined with microkinetic modeling was employed to investigate and
understad how bifunctionality can be exploited to boost syngas production from DRM and
mitigate the hindrance of rapid cokinghe origin of enhanced catalytic performance resides in
the site preferences displayed by DRM intermediates. Using DFT calculations, the site preference
of each species was identified. More importantly, we showed that not all reaction intermediates
(e.g.,OH, CHO) follow the unified linear scaling relationships between two active site types.
Specifically,the Co and CaoMoxN interfacial sites in the CMo ternary nitride (i.e., CoszN)

show distinct reactivities toward Gldecomposition and Glbxidation repectively.
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Furthermore, the impact on syngas production and coking was quantified usinfjeftean
microkinetic modelingThe modeling resultsonfirmed that CgMosN is the most effective in
mitigating coke formation by facilitating the oxidation and gortation of carbonaceous species
(e.g., C, CH) from the initial active sites to sustain a high reactiintyparticular, crossite
diffusions of O, OH, C, and CH species effectively mitigatie formationBifunctional catalysts
also provide a valuablavenue for the consideration of esatiundant catalytic materials with

unconventional chemistries in the designs of novel systems.
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5 Liqguid Met al Gallium Catal yst s

5.1 Introduction

Liquid metals have emerged as a hew concept for catalytic reaf@&8)264]in the past
ten years. They have displayed good selectivity and stable performance for hydrocarbon
dehydrogenation reactions and graphitic carbon growth.

Gallium is a popular substrate for manufacturing liquid metal catalysts thanks to its low
melting point (29.8 °C) and low toxicity. Moreover, alloys of Ga witHZs5], Pt[266], and Rh
[267] at low atomic percentages (1~10 at.%) may remain in the Igjateé for targeted catalytic
reactions. Taccardi and cowork§268] reported thathe dehydrogenation okbutane catalyzed
by liquid PdGa alloys yields butene with up to 85% selectivity. The catalyst remains stable over
20 hours of operation at 450 °CThe dissolved Pd atoms have a strong affinity to H atoms.
Therefore, the Pd species at the-ligisid enhance the activation and dehydrogenations- of
butane. The high butene selectivity can be attributed to the dissolved Pd widely dispersed in liquid
Ga. The weakened alkene adsorptions facilitate product selectivity. Unlike conventional
heterogeneous and homogeneous catalysts, liquid metal catalysts (e.g., Gabaseédzalloys)
are highly dynamic. High active site mobility suppresses coke formatioacaadhulatiof269].

Gallium-based liquid metal catalysts can catalyze: Ca@hversions as well. For example,
bimetallic PbGa[268, 270J]and NiGa[271] are applicable for C&eduction to produce methanol
(CHsOH). Gallium oxide (i.e., G&®z) is a suitable catalytic material for methanol steam reforming
[272], photocatalytic water splittin2 73], and CQ reductiongd274].

Liquid bimetallic Ga systems have the potential to becomeegfesitive dry reforming of

methane (DRM) catalyst§268, 275, 276] Dispersed Ni, Pt, Pd atoms in Sn, Pb, Bi, In, and Ga

93

f



solutions can tolerate coking during £pyrolysis[269]. A robust cokeresistance character is a
priority for DRM catalyst design. However, the primary challenge is the inadequate knowledge o
the configurations and behaviors of catalytic active centers under realistic DRM conditions.
Moreover, the characterization of liquid metal catalysts remains in its incubation stage. &rabau
al. [277] observed that Pd atoms are distributed-homogeneusly underneath the surface,
covered mainly by Ga, and appear at the surface briefly. Liquid Ga systems have been subjected
to ab initio molecular dynamics (AIMD), molecular dynamics (MD), and Density Functional
Theory (DFT) investigationf265, 266, 27&882]. Liquid phase Ga and thermodynamic phase
transitions were simulated by Netial [278] using the potential derived from deep learri2®g3].

The phase diagram depicting the equilibrium amoi@g, b-Ga, Gall, and the liquid phase was
generated. Ligd Ga under extreme pressures (to 33.4 GPa) and temperatures (up to 1000 K) were
investigated by Drewitet al. [284] using AIMD simulations and analyzed. The global and local
liquid structures were analyzed using pair distribution functions (PDF) antbtiqed cluster
classification (TCC) analyses.

Molecular models representing pure and bimetallic Ga catalysts were constructed to
elucidate the catalytic reactivity of dmsed liquid catalysts for DRM. AIMD simulations were
employed to generate configumats of Pd, Ni, and Ru species embedded in crystalline and
amorphous Ga substrates. DFT calculations were performed to co@pDtand 6 O as
descriptors. In the first step, the performance of the stéite catalyst was predicted using the
dualsite model developed in Chapter 4. Microkinetic modeling revealed that the turnover
frequency of H production on RuGa increases by at least four orders of magnitude over pure
Ga(100) due to strong carbon binding on Ru trimers. It is also found that thegoorid weakens

on other Ru configurations such as dimer and monomer, suggesting that the clustering of Ru is the
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key that guarantees sufficient reactivities. A similar trend can be applied to Ni and Pd. However,
the binding of C is much weaker on Ni and &mers and trimers when compared to Ru. The
trajectories of Ni and Pd solutes in Ga solutions were generated using AIMD and then analyzed
using the TCC algorithm to understand the clustering of transition metals in liquid Ga. As
temperature decreasesg throbability of observing transition metal species at the surface of liquid
Ga becomes higher. Therefore, the active Ni and Pd configurations will more likely appear at the

liquid-gas interface at low or moderate temperatures.

5.2 Computational Details

5.2.1 Sold-State Catalyst Models

The lattice of orthorhombic bulk crystal was used to construct-stdig¢ Ga catalysts.
Geometry optimizations of the bulk yield the lattice constants of pure Ga as a = 4.53 A, b = 4.59
A, and c = 4.75 A. Xay analysis indicatelttice parameters at 297 K=at.52 Ab=4.49 A .c=
7.63 A[285]. Thecoreelectronsvereapproximatedisingthe PAW method[142], with theplane
wave basisset expandedo 400 eV.The GGA-PBE functionalwas appliedto accountfor the
electronexchangecorrelationeffects[123]. The Brillouin zone was sampled using the Monkhorst
Packk-point mesH203]. All other computational details are the same as in Chapter 3.

A 4-layer Ga sla cleaved along the (100) facet was generated for surface reactions. The
bottom two layers were fixed to the optimized bulk value. Monomers, dimers, and trimers of
transition metals (i.e., Pd, Ni, and Ru¢reembeddedn Ga(100)surfacedor DFT calculatons
to obtain the baselinevaluesfor 6 'O and 6 ‘O. Figure 5.1 depictsthe optimized Ru trimer

(designatedsthes: site)embeddedn Ga(100).ThesurfaceGaatomsarelabeledass,. Because
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Gaitself is alsoknownto be catalyticallyactive,the functionalitiesof boththe s; ands, siteswill

beinvestigatedvith DFT calculations.

Figure5.1. Top view of a Ru trimer embedded in Ga(100) surface. The Ga and Ru ato
shown in green and pink. THReu trimer (denoted as sitg) $s highlighted with blue dashe

lines. Thearrowsindicatethetop, bridge,andhcp sitesassociatedvith the Ru trimer.

5.2.2 Liquid State Catalysts Models

AIMD simulationswereperformedn the canonicalNVT) ensemblevith 96 Gaatomsin
periodicallyboundedsimulationcells. For bimetallic systemsthetotal numberof atomsremains
the same Eachbimetallic systemconsistsof 9 Pd (Ni, Ru) atomsand87 Gaatoms.Systemwas
heatedo 1000K for 2 psto makesurethat the original crystal lattice is eliminated.Thenthe

systemis cooleddownto 303 (the melting point),400,500,600,and800K for 4 ps,respectively.
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The cell volumewill be adjustedto matchthe liquid densitycorrespondingo eachtemperature.
The NoséHooverthermostatvasusedto controlthe temperatureAll systemswvereequilibrated
for another5 pswith a time stepof 0.5 fs. For liquid systemstheBrillouin zonewas sampled
usingtheGi-point.

Semiperiodicslab modelswereusedto describehe molten catalystsurfaces A vacuum
of 20 A was addedo separateperiodic images alongthedirection perpendiculato the open
surfacesTheslabswerethen equilibrated for 2 ps.The singlel k-point was kept for the
calculations.

The PDFs were generated from the trajectories of the last 2 ps of the simulations using
the Ovito softwar§l82]. The local structure of different liquid catalyst models was analyzed using
the TCC algorithm. The basicipciples of TCC were introduced in Section 2.13 of this thesis.

A total of 20 trajectories (each for an interval of 100 fs) were chosen from the last 2 ps of
each simulation to examine if Pd or Ni species are present in the detected clusters by the TCC
algorithm. In each frame, the numbers of Bd Ni-containing clusters were counted and then
divided by the number of clusters that appeared in those 20 trajectories durifsthi@ frame.

The results are presentedTiable3 in termsof the percentages

5.2.3 Microkinetic Modeling

The full dualsite DRM model (discussed in Chapter 4) was adopted for kinetic modeling
and catalyst performance evaluations. That is, all the elementary steps in the reaction network are
permitted on both sites. The catalyst radies will be assessed regarding the turnover
frequencies of K and CO productions. Similarly, coke formations were described by the

elementary steps related te &d G formations[248]. To account for the active site synergies,
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five equilibrated crossite diffusion reactions (for C, O, OH, CH, and CO), seven ¢3itss
reactions, and three coke formation steps are included to represent the synergistic interactions
between different aiste site types. The descriptbased kinetic modeling package CatMAR5]

was used to calculate steashate turnover frequencies (TOFs) fof, IO, and & productions

and the surface coverages at 973 K and 1 bar.

5.3 Results and Discussion

5.3.1 Bimetallic Ga Catalysts

The catalytic descriptors (i.6), O and6 ‘O) were first calculated on crystalline Ga and
Gaderived systems. For instance, the optimized C and O atoms at their preferred locations on
Ga(100) and Ga containing Ru monomer, dinaed trimer are displayed Figure5.2. Thed O
and0 O are listed inTable5.1, along with the values on Pd(111), Ni(111), and Ru(0001). It is
shown that addingransition metalto pure Ga alters the adsorption energies of C arttadjs,
making C bind strongeat the s; site andO binding weakerFor NiGa and RuGa, by increasing
the number of dopant atoms from the monomer to the trimedingirenergy of C becomes even
stronger while adding more Pd atofasther weakers the C bindingat thes; site. The O atom

prefers the ssites. Also, its binding becomes stronger on monomers than on dimers and trimers.
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Figure5.2. (a-c) Optimized structures of C on Ru trimer, dimer, and monomsdj;qgtimized
structures of O on Ru trimer, dimer, and monomer in RuGl) @ptimized structures of O ar
C on pure Ga(100) surfaces. The C, O, Ga, and Ru atoms are depicted in brown, red, g

pink, respectively.
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Table5.1. Thed ‘Oand6 O (in eV)on Pd(111), Ni(111), Ru(0001), Ga(100), and,d-, Ru

doped Ga(100) surfaces.

Surface C O

Pd(111) 2.28 1.21

Ni(111) 2.41 0.21

Ru(0001) 1.76 -0.27

Ga(100) 3.97 -0.08

Monomer  Dimer Trimer Monomer Dimer Trimer

PdGa(100) 3.62 4.32 4.00 0.33 1.20 1.43
NiGa(100) 3.50 3.21 2.96 0.21 0.47 0.54
RuGa(100) 3.26 3.35 2.35 0.21 1.09 0.47

5.3.2 Microkinetic Modeling of DRM

In this work, the alloyed Ga catalysts welescribed using two distinct active site types,
denoted asisand 3, where srepresents the metallic site andepresents the Ga site.

The dualsite model for MKM was adapted from Chapter 4. The turnover frequencies (as
Log1g TOF]) for Hz, H2O, CO,and G productions were obtained at 973 K and 1 bar withyan s
ratio of 1:9.

The MKM results are summarized figure5.3, in which the variations of Hor H.0),
CO, and G productions withb ‘'O and6 ‘O are depictedAs shown inFigure5.3a-b, the TOFs of
H> and CO production follow a decreasing ordetCagMo3N(111) > Ni(111) ~ RuGa(100) >

Ru(0001) > Pd(111) > NiGa(100) > Pd(111) > Ga(100) > PdGa(100).
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Figure5.3. Turnover frequencies (LagTOF,sY]) for CO, H, and G production at 973 K an

1 atm. The active site ratio used in the ekitd model is 85, = 1:9 to represent Gach systems.

For alloyed Ga catalysts with diluted transition metal solutes, catalytic reactivity and
product selectivity (e.g., Hl will largely be determined b§ ‘O, asd ‘O remains approximately
constant. As shown iRigure5.3a, the binding of Mecomes stronger in the order of PdGa < Ga

< NiGa < RuGaWhen 6 O is above 3 eV, as on pure Ga or PdGa, RWGS will dominate,
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producing HO as the main product irestd of H. Whend Ois below 3 eV, Hbecomes the main
product. Overall, the Hand CO production rates peak wherO and6 ‘O are in the range of
1~2.5 eV, respectively. A more straightforward trend can be observed for CO production. The
TOF frequency increase monotonously with increasing binding energies of C. Nevertheless, the
TOF maxima still exist for all major products. This means that too strong C binding will eventually
hinder B and CO productions.

Guided by the heatmaps, it can be learned that the binding of C should be adequately strong
to achieve DRM reactivities comparable to Ni or Ru. This is a potential challenge to alloyed Ga
catalysts with low concentrations of Pd and Ni. DFT calculationwstidhat the formations of
Ru or Ni trimers might be necessary to lowelO below 3 eV This finding can be used as a
guideline to optimize bimetallic liquid Ga catalysts for DRM.

Predictions of coke formations from DRM are showrrigure5.3c. Unlike B and CO,

Cs formation drastically drops whem O is below-1 eV, suggeding that strong O binding is
necessary to suppress coke formations. The ratesfofr@ationin Ga systemare lower than the
transition metal catalysts. This promising result does indicate Ga alloys possess the potential to

resist coking.

5.3.3 AIMD Simulations of Amorphous Ga

The liquid catalysts were modeled using the slabs taken from the last trajectory snapshot
of the bulk simulation as the starting point. A vacuum of 30 A along the dimension perpendicular
to the surface was added. First, the changtseafposition of Pd or Ni atoms (see the inset figures
in Figure5.4) in the slab are shown Figure5.5. It shows although both Ni atoms (Ni atoms

numter 2 and 5, seasetfigure of Figure5.4b) migrate away frontheinterface after 1.0 psand

102



prefer tostay in the sublayers They reemerge to thenterface only occasionallyafterwards
However, Pd atoms stay at the surface longer than Ni atoms. Pd and Ni surface atoms need to
remain at the surface to be catalytically relevant. Next, the time evolution of Pd or Ni distance
from the surface when CO is used as a probe molecule. Similar analysisfich@GhGa[267],
PtGa[266] and PdG4268] indicates that adsorbed CO can keep Pd and Ni atoms at the surface
via adsorption.

The PDFs representing the Ga, PdGa, NiGa, PdPd, aml Ni-Ni pairs in liquid Ga,
PdGa, and NiGa systems are showiigure5.5. At short GaGa distances (r < 2.5 A), the g(r)
value is negligible, suggesting that liquid state does not contain the dimeric bond characteristic of
the Gal structure. The first peak of @aa pair in g(r) is located at r = 2.75 A which is in good
agreement with the value (~2.73 A) obtained by Xiehgl [282] usingin-situ high-temperature
XRD method at 800 K. The location of the first peak remains unchanged for PdGa and NiGa
(Figure 5.5a). This is because the PdGa and NiGa systems are quite diluted, and@se Ga
interactions are not notably affected by the presence of the Pd anllifdsdeigure5.5b shows
that the first peak of R@a and NiGa pairs in g(r) are located at 2.55 A and 2.45 A, respectively,
due to the smaller NGa bond length than the P@a bondFigure5.5¢c shows that at distances in
the range of 2.5 3.5 A, PdPd and NiNi pairs can be detected. Since, these distance ranges
perfectly describe the Pd and NiNi bond distances;igure5.5¢ confirms the existence of at

least Ni and Pd dimers in the liquid gallium.
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Figure5.4. The zposition of two (a) Pd and (b) Ni atoms in liquid PdGa and NiGa slab m
as function of time, depicted in orange and blue lines. Inset figuresthledmal locations of
chosen dopant atoms liquid PdGa and NiGaurfaces witlmumbered Pd and Ni atoms. C
Pd, and Ni are shown in green, purple, and pink colors. Dash lines resemble the first mi

density of the Ga for the PdGa and NiGa surfaces.
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Figure 5.5. Radial distribution functions, g(r), for (a) &a pair in pure Ga (blue), PdC
(orange), and NiGa (green); (b)-Bdh pair (orange) in PdGa system, anelQdi pair (green) ir
NiGa; (c) PdPd pair green in PdGa system, ardi-Ni pair (red) in NiGa obtained from AIML

during the last 2 ps of AIMD simulations.
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To identify the bonds between neighboring atoms, the TCC method was applies with a
maximum bond length cuiff of reaca= 3.70 A, rpaca= 3.50 A, rpara= 3.31 A, rnica= 3.35 A,
andrnini = 3.01 A, Alsofc parameter is set to 0.82¢ontrol the maximum degree of asymmetry
of a fourfold ring of neighbors before it is detectetstead as two threefold rings of neighbors
[183]. Figure 5.6 presents the results for fourteen specific motifs with different types of local
environments: threéold symmety (62Z), motifs with fourfold symmety (6A, 9A, 10A, 11F, 12E,
BCC), and fivefold symmetric (7A, 8A, 8B, 9B, 10B, 11C, 11E, 12D). They werwioled by
analyzing 20 frames from the last 2 ps of AIMD simulations of Ga, PdGa and NiGa systems.

Results show that clusters larger than 8B will form for the bimetallic PdGa and NiGa systems.

0.5 g SCa

0.45 B GaPd
0.4 B GaNi
0.35
0.3
0.25

.)

0.2 ,
0.15 ﬁjﬂ

: Tila®es"s® ‘ﬁ’“m

P Gl ™ h @ or R o P O N N (O
Cluster name

mean Pop per frame

Figure5.6. Fractional populations for each cluster motif over the last 2 ps of AIMD simule
at 800 K.Orange: Ga; Blue: PdGa; and Grey NiGa. Inserted pictures of clusters are take

Ref.[183].
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Table 5.2 lists the probabilities of finding Pd or Ni atoms in each cluster. For clusters
smaller than 8B, there is no significant differetetweenthe chance of finding Pd or Ni in the
clusters (except for 6A). However, active sites are most likely to appear in the clusters larger than
8B. Therefore, the presence of active sites on the surface can be increased by controlling the cluster

formation.

Table5.2: the percentage of active sites appearing in each cluster assockitpar @b.6.

Active site appearance (%)

Cluster name

PdGa NiPd
6A 4.4 16.7
6Z 32.2 24.7
TA 34.2 35.3
8A 16.0 23.7
8B 40.3 33.9
9A - 100.0
9B 44.4 60.0
10A - 0.0
10B 50.0 -
11C 100.0 -
11E 0.0 -
11F - 0.0
12E - 0.0
BCC 24.1 16.7

Figure5.7 shows the TCC analyses of the PdGa surfaces using 20 frames at last 2 ps of
AIMD simulations at 303, 600, and 800 K. As temperature increases, the fraction of larger motifs

(larger than 8B) écrease. Hence, at moderate or lower temperatures{@03K), clusters larger
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than 8B are more likely to form. As discussed, the probability of the appearance of active sites in
these clusters is higher (s€able5.2). Therefore, at low and moderate temperatures, more active

sites are expected to appear on the liquid Ga surface.

PdGa

0.7

= 800K 600K m®m303K
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7TA 6A 6Z 8A 8B 9A 9B 10A 10B 11C 11E 11F 12E BCC

Cluster name

Mean Pop per frame

Figure5.7. Fractional populations for each cluster motif in PdGa during the last 2 ps of /

simulations at 303, 600, and 800 K.

5.4 Conclusions

DFT calculations coupled with microkinetic modeling showed that the rate of
hydrogenatiomproduction can be competitive against conventional transition metal catalysts when
Ru trimers are formed in bimetallic Ga catalysts. Also, strong O binding is necessary to mitigate
coke formation during DRM.

Although Ni and Pd have high tendency to diffuse the Ga solution, we can anticipate

that the transition metal active sites will be immediately available once adsorbents are introduced
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to the system. The TCC analysis revealed that more transition metal species are likely to appear

on the liquid Gawrface to participate catalytic reactions at low and moderate temperatures.
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6 Mechanistic Understanding of Suprg

Selectivity of | ndi uHny dOrxa gleen &tait aa

Chapter 6 is reproduced in part with permission from:
C. Y. R. Vera, N. Manavi, Z. Zhou, {C. Wang, W. Diao, S. Karakalos, B. Liu, K.J. Stowers, M.
Zhou, H. Luo, D. DingMechanistic understanding of support effect on the activity and selectivity

of indium oxide catalysts for CGydrogenation, Chem. Eng. 426(2021)131767

6.1 Introduction

Hydrogenatiorof CO, to methanol is a promising route to mitigates@@issions into the
environment while producing an important constituent to the chemical indqR288y288]. Apart
from efficient CQ capturing and hydrogen production from renewable sources, the successful
deployment of this technology also relies on the development of highly active, selective, and stable
catalyst for the C®hydrogenation to methanf87, 288] Currently, he industrial production of
methanol uses syngas (CO/¢lidy) as the feedstock in a process that involves a Cu/ZnO4Al
catalyst[289-291]. In the absence of CO, chased catalysts usually afford low methanol
selectivity resulting from theompeting side reaction of reverse wajas shift (RWGS). In
addition, Cu catalysts are susceptible to wassisted sintering, which deteriorates its loegn
stability [291].

Recently, indium oxide (k®©s3) has been discovered as a highly selectidesteible catalyst
for methanol synthesis from GQeven superior to Cu/ZnO/ADs under the same conditioff39,
96, 97, 292294]. Both experimental and theoretical studies suggested that the surface oxygen

vacancies (¢ on InOs play a key role in activatg CO; and H molecules during the reaction
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[89, 9698, 292296]. The catalytic properties of bulkJ@z catalyst can be substantially affected
by doping with a small amount of second metal or metal oxide, which provides an opportunity for
tuning its actvity and selectivity in C@conversion. For instance, the addition of 297] Co,
[298] Ni, [299] or Pd[99, 306302] has been shown to boost the activity afOmnin methanol
synthesis from Cg) due to the promoted formation of surfaceo® IOz as wdl as improved H
dissociation. Similar promotional effect has also been reported f0g tHoped with rare earth
metal oxides like Y or La, which was attributed to the enhanced reducjBBityFrom a practical
point of view, however, kD3 catalyst shald be dispersed on a support material to better utilize
and stabilize the active indium species. Previous studies have shown that a remarkable support
effect exists for IpO3 catalysts in C@ hydrogenation to methanol, with Zs@iving the best
performance among various candidaf293, 296] It has been suggested that the catalytic
properties of supported @z should be determined by its electronic interactions with the support
rather than ¥ geometric effect§293]. The exceptional activity of b®s supported on Zrg)
especially in the monoclinic phase, has been correlated with the formation of abuncesiidg
from tensile strain at the phase boundary due to a less favorable latiitengi96]. Moreover,
the synergy between indium oxide species and the zirconia substrate with variable interfacial
structures has been proposed to have important consequences on the product selectiyity of CO
hydrogenation over KZr oxide catalysf303]. Despite these efforts, the nature of the interfacial
active sites as well as the role of surfaceo®@ both the active b®s and the support in the
performance of I¥0z-based catalysts remains elusive.

The basicity and reducibility of oxide catalystsultb have substantial impact on their
ability in the adsorption and activation of g@hus playing important roles in determining the

catalytic properties for COhydrogenation reaction§304, 305] In this work, we have
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systematically studied #@s catalysts supported on three metal oxides (i.e.,2Z€2Q, and Pr@),

with different reducibilities for Cehydrogenation under ambient pressure. Rare earth (lanthanide)
metal oxides are known for their strong basic properties and reducible charac{@0ti&07]

CeQ is a weltknown reducible oxide widely used in numerous catalytic reactgfivs 308] For
methanol production from GOCeQ has been demonstrated to be an excellent support for Cu
based catalysts by generating a metatle interface invaling Cu and ceria nanoparticlg04,

305]. For In-based catalysts, a promoting effect of Ga® support was also observed in theeCO
conversion[101]. Due to their excellent oxygen ion mobility and variable stoichiometry,
praseodymium oxides (PgPhave found many applications as catalysts for different reactions,
[102-104]as well as a promoter for the creation of oxygen vacancies opaBd@rQ [309-311].

For CQ hydrogenation reactions, it has been employed as a promoter of Pd&&yst with
promising resultsj104] but the use of Pras a support for b®s has not been reported. These
catalysts were characterized by powdera) diffraction (XRD), N> adsorption, transmission
electron microscopy (TEM), #Hemperature programmed reduction{FPR), temperature
programmed desorption of GECO,-TPD), in situ X-ray photoelectron spectroscopy (XPS), and

in situ diffuse reflectance infrared Fourigahsformed spectroscopy (DRIFTS). DFT modelling
were also conducted to account for the support effect on the formation of oxygen vacancies and
reaction mechanism in Gydrogenation. The role of support in the activity and selectivity of

In203 catalysts hs been discussed in light of the experimental and computational results.

6.2 Methods Section

6.2.1 Computational M ethods

Periodic spinpolarized DFT calculations were performed using the Vieina

initio Simulation Package (VASH253, 254] The PerdewBurke Ernzerhof (PBE) functional
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was used to account for electron exchange correlation eff&3% and the projecteaugmented

wave (PAW) method was used to approximate core eledttd@} The planevave cutoff energy

was set to be 520 eV for the opization of bulk lattice. Integrations over the first Brillouin Zone
were performed using the Monkhefackk-point sampling method with&ax 4 x 4mesh[203],

For In, Zr, O, C, and H species, their respectivk %4,5p), (4s, 4p, 41, 59), (2, 2p), (2s, 2p), and

(1s) states are treated as valence electrons. The Hubbard U method is used to correet the self
interaction errors of In, Zr, Ce, and Pr oxid@4,2] with respectivedles valuesof 4.0eV, 7.0 eV,

5.0 eV,[313] and 0.5 eV[314] corresponding to each metal ion. Theke values were shown to
produce reasonable geometric and electronic structures for the native metal oxides.

The adsorption energ¥) ) of adsorbate (A) is expressed by E(hl).

0O ©0: © (o) (6 1)

whereO-, 0 ,O are total energies of the slab with adsorbate, clean surface, and the
isolated adsorbate in the gas phase, respectively.

Thereactionenergy is expressed by Eqf.2):

o) 0 0 (62)

whereYO ,0O , andO represent the reaction energy, the total energies of

reactants and products, respectively.
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The Nudged Elastic Band (NEB) methidd 9] wasusedto searchransition states a0,
hydrogenation and i® bond cleavage. All transition state structures were refined using the

DIMER method[150].

2.5
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E.=0.16"AE + 1.35
R?=0.84 o

E, = 0.72*AE + 0.81
R?=10.85
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Figure 6.1. Linear correlations between energy barrief) @d reaction energyE) for CO,

hydrogenation (orange) and g@biformation (blue).

As shown inFigure 6.1, DFT calculations revealed that the energy barrierg éad
coreponding react i dheelamerdarydH bosd fo(mgton (orangeynd G O
bondscission (blue) steps dn2Oz (110), InOs (110) Q(O4), IN203 (110) Q(Oy), Zr-In203 (110)
Ov(0s4), Celn203 (110) Q(Os), and P#iN20s (110) Q(Oa4) follow linear relationship Such
relationships have been employed to estimate the energy barriers for tteteateining steps

related to initial CQhydrogenation and Gi® formation during C@to-CHzOH conversion.
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6.2.2 Catalyst Models

Semiperiodic slab models eve employed to represent@z as active sites for CQo-
CH3OH conversion. Slab models representing the most common facets HIC&Q, and PrQ
were also constructed. To account for the@CH3:OH conversion at the interfacial sites, mixed
oxide models were used. Computationally, such models maintairdefeled active sites and
allow probing the catalytic effect related to local mixing.

In203(110): In20O3 has been frequently used as active congmt for CQ-to-CH3OH
conversions}96, 97]The (110) facet was adopted due to its low surface energy (0.999[96h
The (110) facet is cleaved from the qmetimizedin2Os bulk. A four-layer 1rOs slab with lateral
dimensions of 10.30 A x 14.56 A was built, with the bottom two layers fixed at the optimized bulk
lattice values. A vacuum space of A0separates the periodic images of the slab along the
perpendicular directio’A 3 T 3-cefteretk-pdint mesh was employef815] with a plane
wave cutoff of 400 eV The break condition for the ionic relaxation is 0.05 eV/A. Dipole
corrections aréncluded since only one side of the slab was used for adsorption.

As shown inFigure6.2a, the top layer of k©3(110) contains two types of O sites (denoted
as Q and Q); and three types of In sites (denoted aslm, and In) differentiated by different
coordination numbersvith neighboring O atoms. In the mixed oxide modelsly dhe most
energetically stable substitutions for the support metal ions (i.e., Zr, Ce, and Pr) were considered.
The Zr dopant favors the isite Figure6.2b), while Ce Figure6.2c) and Pr Eigure6.2d) both

prefer the Ia site. The oxygen vacancy (Ovas created at the;030, and Q sites.
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Figure6.2. Optimized slab models: (a)203(110), (b) Zrin203(110), (c) Celn20z (011), (d)
Pr-In203(011),(e) Zr0x(011), (f) InZrO2(011), (g) Ce@111), (h) InCex(111), (e)
Prop(111), (f) InProx(111), (g) P#O3(111), and (h)n-Pr.0O3(111). The In, Zr, Ce, Pr, and O

atoms are in pink, green, yellow, gold, and red, respectively.

Models for catalyst supports:A threelayerZrO, (011) slab in a (¥ 2) supercell based
on the tetragonal Zr{attice was chosen to represent the Zs@pport Figure6.2e). Its bottom
two layers were also fixed at the optimized bulk values. FeZr@p(011), two types of O
vacancies (@and Q) are produced as shownhigure6.2f. Similar approaches were applied to
the cubic phase in aX1l) unit cell of CeQand PrQ. The Gterminated clos@acked (111) facets
were chosen for both oxides and are illustratdelgnre6.2g andrFigure6.2i, respectively. Similar

mixed oxide support models containing In dopants are shovigure 6.2h andFigure 6.2,
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respectively. We identified that the cubic fluorite Pi®unstable and will likely transform into
the more stable RDs; phase[316] Experimental works showed that surface Peén bereduced
to PrOs at 830 K. Hence, the more stable®yphase, as shown igure6.2k-l, was included

the following analyses.

6.3 Results andDiscussion

It has been shown that the &®-CHsOH conversion pathway on Jd@s proceeds
according to RAR7,, as indicated by the IR results and suggested by other resed8688;
292, 297, 317TThe HCOO (formate) and GB are considered as key inteuredes for CHOH

formation.

60 060 (R1)

¢O ©° 10 (R2)

60 'C 008 67 (R3)
08 6% 'J © 600" §° (R4)
§'00° 'd © §0G" (RS5)
§06° "G © 800 O (R6)
600 "00 800 "0 (R7)

The CQ-to-CH3OH conversion on #D3(110) was studied as a benchmark system. As
represented by the grey dashed Im€&igure6.3b, without any @, molecular CQ@binds at the O
site mocrately with a binding energy ef.45 eV. The value obtained from this work agrees well

with that reported by Ye and coworkd@/]. The formation of HCOO is endothermic on the
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perfect InO3 surface. To enable thé 8 bond formation, H needs to additional energy to migrate
onto the In top site adjacent to the adsorbed, Ghich also transforms into a metastable
configuration @esignated as [+ bi-CO,] in Figure6.3a). Once HCOO* is formed, it is likely
hydrogenated quickly and desorb as formic acid.

To understand the mechanism for theaSsisted C® conversion, the @O4) site in
In203(110) Figure6.2a) was chosen. As shown by the purple dashed lir@ire6.3b, the CQ
binding energy remains unchanged, but the dissociated H atom binds much stronger at the In site
adjacent to ({O4). This favors HCOO formation and lowers the overall potential landscape, and
the formed HC@ intermediate will be more stable at thg@) site as well. The HCO@-CH-O
conversion (R4) produces orie species that fills the {04) site. Nevertheless, R5 (GE
formation) is endothermiwith a substantial energy barrierl.18 eV)and has become a potential

ratelimiting step for CQ-to-CH3OH conversion.
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Figure6.3. (a) Optimized structures of G@nd its hydrogenation intermediates via the forn
pathway on pristine and doped-@(1 10) surfaces with @ and (b) the potential ener¢

profiles depicting methanol formation from €Bydrogenation on pristine and dopeeQa

As stated earlier, @erimental evidence suggests tmagthanol formation from CO
hydrogenation occur via the formate pathway ovefincatalysts regardless of the support
materials, and the variations in catalyst activities are influenced by the mixing of support metal
ionsin In203. Mixed oxide models are adopted to mimic the intimate interactions betwgen In
and its support at the interface that modified the structural properties (efgrim@tion) of the
catalyst. Firstly, two possible model surfaces, i.e-d@wed h,Os with O, (denoted asZr-
In203(0y)) and Indoped ZrQwith O, (denoted ak1-ZrOx(0y)) are chosen to study the dominance
of either InOs or support materials in activity and selectivity of §CHH production As energy
profile in Figure6.4b showsathoughthe CQ-to-HCOO conversion om-ZrOz(Oy) (Figure6.4a)
is moreexothermic, further conversion to form @dand CHOH will be more challenging when
compared with the conversion onfr03(0y). Hence, the overall activity and @BIH production
rate aredetermined by the pOs catalyst rather than the suppdrhis result is consistent with the
experimental results that Bz phase is the major contributéw the activity of supported In

catalysts
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Figure6.4. (a) Optimized structures of G@nd its hydrogenation intermediates via the formn
pathway onin-doped ZrQ (011) surface. (b) Potential energy profiles for 2@®CHsOH
conversion on Zdoped 1n0s (110)(denoted aZr-In203(0y)) (red) versus kdoped ZrQ(011)

(denoted as HZrO2(0Ov)) (blue) surfaces.

Next, he M-In20s3 (110) models (M=Zr, Ce, and Pr, degure6.2b-d) were employed to
understand the impact of different M ions onQg activity. In Zr-In203(0yv), CO, binds at the
Ov(O4) site in a bent configuration, with both of its O atoms coordinated with the same Zr atom.
A similar configuration has also been reported by Zlead [100]. Also, CQ binds even stronger
on ZrIn203(0y) than on 1803(0y) by ca. 0.5 eV (Table C.1), ifwhting additional promotional
effect related to Zr dopinghe potential energy profiles on.s doped with Ce (blue) and Pr
(green) in the presence of, Gites are also included Figure 6.3 for comparison. Even in the

presence of the energetically stable Siies, which are as the active sites for.@CHsOH
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conversion, molecular Cinds at the lattice O site incarbonatelike configuration. The C®
binding energies both @a203 O\(03) and P#In.0z O\(Os3) are weaker than on An203 Oy(O4)
(Table C.), suggesting that the stronger £8inding on Z¥inoO3(Oy) is due to its unique
configuration. The Qsites in the Ceand Prdoped I1nO3 surfaces are still capable of facilitating
HCOO formation and stabilization, but the §£&Hand CHO formations are more endothermic
than on Zrdoped 1n0O3(110). This comparison suggests that all doped surfaces argaisitio
promote CHOH formation, while the Zdoped 1nO3 shall exhibit the most promotional effect.

This trend is consistent with the activity results in terms of methanol formatioRigate6.5a).
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Figure6.5. Indium-massnormalized formation rates of (a) methanol, (b) CO and (c) mett
selectivity of various supported.s catalysts as a function of reaction temperature. Rea

conditions: 0.3y catalyst, 1:3 C@H., 20ml/min, 0.1MPa.

To understand the support effect on the methanol selectivity, the CO formation pathways
on Zr and Cedoped InO3 catalysts were investigateli.has been reported that CO formation
through direct dissociation of adsorbed£0r carboxyl species (OCOH*) dn203(110) and Z¢
In203(110) is energetically unfavorableeven in the presence of, Gites. [97, 100, 292]Our
calculations also showed tt@COH* is much less stable than HCQ@hd will likely decompose
into CQ* and H*. We are also able to show that direct Qilssociation pathway is the least
competitive on all surfaces, and thus, can be eliminated from the consideratetralY86] and
Zhanget al [100] also separately reported that £dissociation into CO on p3(110) and Zr
In203 (110) consisting 0Oy are prohibited. Although the HCOO formation is challenging on the
Ov-free InO3(110), continuing hydrogenation of HCOO will likely produce COOH, the precursor
for CO formation(data is not shownHere, in the context of support influence, we propoae th
CO formation would proceed via the much more stable HCOO* intermediate, which undergoes
Ci O and GH bonds cleavage and a simultaneoubl ®ond formation producing CO and OH
species. This is treated as a parallel pathway tgOCfIrmation, resulting in B3OH eventually.

The energy profiles (Figure 10) showed that the energy barriers for CO formation (blue dashed
lines) are higher than that for @B* formation (red solid lines), in order twercome GO and C

H bond cleavage followed by the migration of H (in HCOO¥*) onto the oxide lattice O. This trend
is corroborated by the high&s for CO formation from the kinetimeasurements (Table.2),

suggesting CO formation could become more coitipeat only higher temperaturdsigure6.5).
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Moreover, the potential energies corresponding to the dop@d $nrfaces are lower than on the

pristine InOs,, indicating that CO production will also be promoted at th@3support interface,

again in agreement with the exp &) between tha | res
formation energy of CO(g) and GB* was obtained on Zpromoted 1rOs surface (2.08 eV),

followed by InO3(0Ov) and Celn203(0Oy) surfaces, which was 1.12 and 0.89 eV, respectively
(Figure6.6). This trend is qualitatively consistent with the kinetic results and may account for the
superior selectivity of InZr (seleigure6.5¢c) over InCe and I#Os especially at low temperatures

(<250 C) .
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Figure6.6. Potential energy profiles for parallel CO and4O#i formation pathways on 103

and doped I#03 surfaces with Q

The XRDanalyses showed that there is a large fraction@®QO:s in the bulk phases of
InPr, suggesting that the G@action increases after reaction. In this section, the adsorbed CO
structures on surfaces with 6ite wereobtained Figure6.7), with their binding energies$ (% )
listed in Table C.1. Except on-Zm>03 Oy(O4) and ZrQ(011) Q, carbonatelike structures have
been observed for G@dsorption on both the 4@s catalyst and its support. It is also interesting
to note that although Ginds on support Zrgd111)Oy stronger than the Zadoped 1rOs (110)
Ov surface, carbonate is not formed. Therefore, the adsorbeavil®e convertednto HCOO

instead.
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Our calculations also indicate that €kinds on PrQand CeQ supports much stronger
than on the Is0s-based surfaces. It has been observed that the presence of Prt he cat al \
material (as support or dopant) faeates carbonate species formation on the surface. The

formation of PsO.COs has been clearly identified experimentally.

In,0; 0,(0,) Zr-In,0,0,(0,)  Zr0,(011) Zr0,(011) O,

Ce-In,0,0,(0,) Ce0,(011)  Ce0,(011) O,

2 AN
YV

Pr-In,0; 0,(0;)  Prg044(-101) PrgO4(-101) O, Pr,0;(111) O,

™ @

Figure6.7. CO. adsorptions on various oxide surfaces. The In, Zr, Ce, Pr, C, and O atorr

in pink, green, yellow, gold, brown, and red, respectively.

Our DFT calculations suggested that at th®trsupport interface thsurface activeOy
should be located on thexDs phase rather than the oxide support. In additto® jincorporation
of metal dopants from the support oxide teQg results in highelO, formation energiess
compared with that on dloped InOs surface, being the highest on-IBrO3 surface followed by

Celn20s surfaceg(Table C.1). This trend is consistent with the calculation results reported in
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previous theoretical worKLOO, 292] Recently, it has been experimentally demonstrated that the
catalytic activity of InOz in CO, hydrogenation is initiated by the formation of surfagelit the
overreduction of 1n0s to In® with time on stream could lead tmtalyst deactivatiofi295].
Accordingly, our theoretical studies suggest @vatessive formation dd, or overreductionon
In203 could be effectively suppressed by creating a mmetiatoxide interface between J0s

and a metal oxide support suchZa®;, thus benefiting the duraity of the In2Os catalysts.

6.4 Conclusiors

In this work, experimental measurementgesented in this thesigjere combined with
DFT simulations to gain insights into the role of different oxide supports in tuning the activity and
selectivity ofsupported IpOz catalysts for C@hydrogenation to methanol. In line with previous
studies, 18Os supported on Zr@showed higher activity and selectivity than that on £&hile
the presence of surfa@ is important in activating the 1@ catalysts, e catalytic activity may
not be directly correlated with either the-t¢ducibility or the abundance of heatlucedOy, as
suggested in prior work. DFT calculatioimslicated stronger binding of G@n the Qdefective
InZr surface with a unique bent caniration, in contrast to the carbonate structure on InCe. The
latter resulted in a higher tendency in the formation of spectator (bi)carbonate species on reducible
oxide supported kOs catalysts as well as a lower reaction energy in the subsequent éyaliog
step. e superior activity of InZr in methanol formation may originate from the significantly
lower energy barriers in the ratelimiting step, i.e., hydrogenation of formate (HCOO)
intermediates to C¥D and CHO, in agreement with thkinetic results The discrepancies in
methanol selectivity may be accounted for by énergy barrier differencéetweerthe parallel

competing reactions, i.éhydrogenatiorvs. C-O bond cleavage ¢iCOO, which eventually lead
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to the formation of methanand CO products, respectiveljhe incorporation of metal oxide
support to 1a0Os catalyst was also shown to be beneficial for the stable catalytic performance by
creating a mixed metal oxide interface betweefOinand support, which can suppress the

excessive formation of surface,O
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7 Concl usions and Outl ook

This thesis focused on GQtilization and the role of bifunctionality imoosting the chemical
production from DRM and hydrogenation proces¥sT was used to construct disile model
systems, identify reaction site preferences, establish catalytic trends, and evaluate catalyst
performance. The main findings are summarized below:

1 The ternary nitride GsosN, which has been shown to be durable for harsh DRM conditions,
was studied as a model bifunctional catalyst.

1 DFT calculations produced concrete evidence indicating notableraterence displayed by
specific reaction intermediates and elementary steps. For instance, carbonaceous species prefer
the Co site, while O and OH species favor the CeMooundary site. Also, the activation of
CHas favorsthe Co sites, while CHx = 0, 1) oxidations prefer the boundary sites.

1 Furthermore, DFT calculations were utilized to confirm that-ditel systems permit reaction
intermediates (i.e., OH and CHO) to break the bounds imposed by the linear scaling
relationships.

1 Meantfield, steadystatemicrokinetic modelingconfirmed that the DRM turnover frequency
on CaMosN may exceed some of the b&siown pure transition metal catalysts such as Ni,

Pt, or even Ru.

1 Most notably, the ability of GiMosN to mitigate coke formation is far superiaen transition
metal catalysts by facilitating the oxidation and transportation of carbonaceous species (e.g.,
C, CH) thanks to the crossite diffusions of O, C, OH, CO and Gifecies.

1 The approach employed in this thesis to unravel the complex origatalf/tic performance

will also impact on future discovery and design of bifunctional catalyst
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Gabased alloys with Ni and Pd as active metals were set out to verify the reactivities of Ni

Pd and Run liquid Ga solutions for DRM reaction as single atom alloy catalyst.

1 DFT calculations coupled with microkinetic modeling on salidte Ga systems showed that
the trimer clustering of Ru in bimetallic Ga improvesgtdoduction rate.

1 The TCC analysis on amorphous PdGa and NiGa revealed that more transition metal species
are likely to appear on the liquid Ga surface to participate catalytic reactions at low and
moderate temperatures.

For CQ hydrogenation, the support effects on thalyéit reactivity and product selectivity

on InOs catalysts were also investigated using DFT. The main findings are:

1 Bicarbonates are the predominant species with little or no detectable formate (HCOO) or
methoxy (CHO) on the surface of the pure suppaxides. Such experimental observations
were confirmed with DFT calculations on e&dsorptions. DFT further showed that the.CO
adsorption at the oxygen vacancy )@ strengthened idr-In.Ozin a unique bent binding
configuration not observed on otrserrfaces.

1 A stronger CQ binding facilitates subsequent formation and stabilization of the HCOO
intermediate, which is a common intermediate for both methanol and CO formations.
Carbonatdike structure is favored on Ce®upported or unsupportecb@s caalysts.

1 DFT predicts that #Os supported on Zr@showed higher activity and selectivity toward £0
hydrogenation than on CeOThis finding agrees well with the kinetic measurements. The
hydrogenation of HCOO to G is the ratdimiting step, which isthermodynamically

favored onZr-In2O3(0Oy) than on Cdn203 andIn203(0y) surfaces.
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1 The discrepancies in methanol selectivity can be explained based on the difference in the
energy barriers between the hydrogenation ain@® ®ond cleavage pathways involgin
HCOO.

1 The theoretical studiesonsistent with experimentahdicated thatthe support of 1503
catalysts induce the formation of a mixed oxide phase at the interface to excessive formation
of surface Q.

In this thesis, DFIbased molecular modeling demonstratedas a powerful tool to
unequivocally clarify the catalytic functionality of walkefined active sites in model systems. |

also demonstrated the potential of DFT in exploring sophisticated composite catalyst systems

when coupled with AIMD and MKM techniques. Given the success of this work, there is a bright

future for theoretical modeling mdvancing the fundamental catalysis science and technology for

CQe utilization and other catalytic applications.

DFT calculations showed that €dosN is very active for DRM, however, additional studies

are needed to explore other catalyst surface stegtorobtain further insight into the catalytic

activity of this catalytic material. One focal area is to understand if the other surface compositions

of Co domain and MfN domain can participate in the disle mechanisms. Although trends in

DRM activity were predicted with MKM, several simplifications such as total neglect of lateral

interactions between intermediates were made. In the future, such molecular interactions between

adsorbates should be included. BesidegMoeN, we shall be able to pursugher nitride alloys

such as NiMosN or FeMosN to broaden the bifuncational catalytic material repertoire and boost

the utilization of catalysts formed with eadbundant metals.

In addition, we are still at the infant stage to study and understandttigtic properties of

liquid heterogenous catalysts. The performance of doped liquid Ga catalysts have not been fully
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tested for DRM. For this reason, detailed fundamental investigations are needed to estimate the
catalytic activity of this catalyst for BM using different transition metals (Ni, Pd, or Ru) as an
active site. For DRM active site engineering, dimer, trimer, or cluster transition metal
configurations on liquid gallium will be explored to enhance catalyst reactivity. More systematic
studies tosuppress coke formation are desperately needed in order to apply these materials for

meaningful DRM applications.
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Appendix A-Mo | ecul ar mec hnaenidsrny orfe fnoertmnhi:

CeMxN catalyst with dual

-
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°

Figure A.1.Optimized structures of the intermediates listed in Table 3.2 on Co(0001). C,
and Co are depicted in brown, red, light pink, and dark blue, respectively.
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Figure A.2.0Optimized structures of the intermediates listed in Table 3.2 aiN{d@0). C, O,
H, Mo, and N are depicted in brown, red, light pink, dark blue, and light blue, respective
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Figure A.3. Optimized transition state structures on Co(0001). Atomic distances (in .
labeled and indicated in dashed lines. C, O, H, and Co are depicted in brown, red, wr
dark blue, respectively.
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Figure A.4. Optimized transition state structures on -kdominated MeN(110). Atomic
distances (in A) are labeled and indicated in dashed lines. C, O, H, Mo, and N are def
brown, red, white, pink, and light blue, respectively.
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