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ABSTRACT: The Sabatier reaction (CO, + H, > CH, + H,0)
can contribute to renewable energy storage by converting green H,
with waste CO, into CH,. Highly dispersed Ru on CeO, represents
an active catalyst for the CO, methanation. Here, we investigated
the support effect by considering a single atom of Ru and a small
Ru cluster on CeO, (Ruy/CeO,). The influence of doping CeO,
with Ru was investigated as well (Rug/RuCe,_;0,,_;). Density
functional theory was used to compute the reaction energy
diagrams. A single Ru atom on CeO, can only break one of the
C—O0 bonds in adsorbed CO,, making it only active in the reverse
water—gas shift reaction. In contrast, Rug clusters on stoichiometric
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and Ru-doped CeO, are active methanation catalysts. CO is the main reaction intermediate formed via a COOH surface
intermediate. Compared to an extended Ru(11—21) surface containing step-edge sites where direct C—O bond dissociation is facile,

C—0 dissociation proceeds via H-assisted pathways (CO — HCO

— CH) on Ruy/CeO, and Rug/RuCe,_;O,,_;. A higher CO,

methanation rate is predicted for Rug/RuCe,_,0,, ;. Electronic structure analysis clarifies that the lower activation energy for HCO
dissociation on Rug/RuCe,_;0,, | is caused by stronger electron—electron repulsion due to its closer proximity to Ru. Strong H,
adsorption on small Ru clusters explains the higher CO, methanation activity of Ru clusters on CeO, compared to a Ru step-edge
surface, representative of Ru nanoparticles, where the H coverage is low due to stronger competition with adsorbed CO.

KEYWORDS: CO, methanation, ruthenium, CeO,, mechanism, density functional theory

1. INTRODUCTION

Global warming is a primary driver for developing new
sustainable fuel and chemical production technologies. The use
of the greenhouse gas CO, as a carbon feedstock is also being
considered in future scenarios." CO, methanation (CO, + 4
H, — CH, + 2 H,0; the Sabatier reaction) can contribute to
closing the carbon cycle when H, is produced from renewable
sources. The Sabatier reaction is also of practical interest as it
can be operated under mild conditions. Moreover, CH, is an
energy carrier compatible with the current energy infra-
structure. CO is often a byproduct of the Sabatier reaction, so
it is important to develop catalysts that achieve a high
selectivity to CH,. CO, methanation can be catalyzed by
transition metals such as nickel, cobalt, and ruthenium
supported on metal oxides, carbides, and carbon supports.”~"*

Ru supported on CeO, is a promising catalyst for the
Sabatier reaction because it combines the excellent perform-
ance of Ru with oxygen vacancies in CeO,, which can play a
role in activating CO,.»>'> The activity and product
distribution of metal-catalyzed reactions depend typically
strongly on the size of the metal particles. They can be further
modified by changing the extent of metal—support inter-
actions.'”'*"*> While intrinsically, the activity of Ru for CO,
methanation decreases when the Ru particles become

© 2023 The Authors. Published by
American Chemical Society
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smaller,'® the use of CeO,, which can create specific interfacial
sites with the metal, leads to different reaction mechanisms. By
enhancing the dispersion of Ru nanoparticles and promoting
stronger support—metal interactions, the activity of CO,
methanation can be improved. Furthermore, oxygen vacancies
can be adsorption sites for CO,, further enhancing the overall
reaction rate.'” Using operando spectroscopy, Wang et al.
demonstrated that CO, methanation proceeds via the formate
pathway on Ru/CeQ,, whereas it follows the carbonyl pathway
on Ru/AlLO;.'® The reducible nature of CeO, implies the
presence of oxygen vacancies, which were found to play a
crucial role in facilitating the conversion of formate to
adsorbed methanol, which would then undergo further
conversion to CH,. A study of the influence of Ru loading
in Ru/CeO, found that an intermediate Ru loading of 1 wt %
led to the highest activity, which was linked to the highest

concentration of oxygen vacancies.'” In situ DRIFTS revealed
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that the reaction mechanism of CO, methanation is temper-
ature sensitive. The reaction predominantly follows the
carbonyl route at low temperatures, while the formate route
was dominant at higher temperatures.'” As activity appears to
benefit from a higher concentration of oxygen vacancies,
doping of CeO, with other metals has also been explored.”*~**
One such case pertains to the doping of Ru in the CeO,
lattice.¥'>** Besides the role of oxygen vacancies, the size of
the supported Ru particles will also affect the catalytic
performance. It has been shown that single atoms of Ru on
CeO, are highly selective to CO, i.e., they do not produce
CH,.'”"™ Guo et al. speculated that the size-dependent
selectivity is due to strong metal—support interactions and H
spillover being affected by the size of Ru.'” A similar impact of
the size of the metal phase has been observed for Rh/TiO,,
where it was found that a single atom of Rh on TiO, cannot
adsorb both H, and CO, thereby preventing further hydro-
genation of CO.”

Despite the interest in Ru/CeO, catalysts for CO,
methanation, there needs to be a more detailed mechanistic
understanding of the nature of the active sites, the reaction
mechanisms, and the role of oxygen vacancies. Herein, we
addressed these aspects by carrying out DFT calculations for
the Sabatier reaction on three models for Ru/CeQO,. The first
model represents single Ru atoms on CeO, for which we
expect to have CO as the dominant product. The other two
models involve a Rug cluster to describe very small particles of
Ru on stoichiometric CeO, and CeO, in which a Ru atom
substitutes for a Ce atom. For CeQ,, the most thermodynami-
cally stable (111) surface was chosen. The complete reaction
energetics for the two latter models active in CO, methanation
were used to perform comprehensive microkinetics simulations
of CO, methanation.

2. METHODS

2.1. DFT Calculations. Spin-polarized density functional
theory (DFT) calculations were performed using the VASP
software (version 5.4.1)*°7*® with the Perdew—Burke—
Ernzerhof (PBE)*” exchange-correlation functional. The
interactions between the core and electrons were treated
using the projector-augmented wave method.”*™** A cutoff
energy of 400 eV was used after the optimization of surface
models. Exploration of the effect of the cutoff energies on the
total electronic energy, wherein we sampled cutoff energies
between 400 and 600 eV, revealed that the total electronic
energy was already sufficiently converged at a value of 400 eV,
i.e, yielding energy differences smaller than 0.001 eV/atom
(Table S1). To adequately describe the electron localization in
the Ce 4f orbital, an on-site Coulomb repulsion as described by
the Hubbard U parameter as Dudarev et al. introduced.*® The
U value was set to 5.0 eV for the Ce 4f orbitals, which lies in
the range of 3.5—5.5 eV, providing sufficient localization of the
electrons left upon oxygen removal from CeO,.”*™** The
maximum force criterion for ionic convergence was set to 0.05
eV/A. van-der-Waals interactions were considered using the
DFT-D3 method with Becke—Jonson damping.’”** All the
transition states were determined using the climbing image
nudge elastic band (CI-NEB) method"' and confirmed by
vibrational analysis with a single imaginary frequency in the
direction of the reaction coordinate. The Hessian matrix
constructed for the vibrational analysis was based on a finite-
difference approach by perturbation of the atomic positions by

0.01 A. Adsorption energy, activation energy, and reaction
energy were reported, including a zero-point energy correction.

The bonding and antibonding states were analyzed using a
projected crystal orbital Hamiltonian population implemented
in the LOBSTER software.*”*’ To investigate the redistrib-
ution of electron density of HCO* adsorbed on different
models, atomic charges were calculated using the Bader charge
decomposition scheme.**

The oxygen vacancy formation energy was calculated by

EO,V = Edef + EHZO_Esto_EH2 (1)

in which E, and E, refer to the energy of defective surface
and stoichiometric surface. Eyy o and Ey, are the energy of H,O

and H, in the gas phase.

The optimized CeO, lattice parameter is 5.49 A, which
agrees well with the experimental value (a = 5.41 A).* The
(111) surface of CeO, was adopted in our calculation because
it is the most stable surface." " A surface model containing
three O—Ce—O triple-layers with (4 X 4) supercells was built,
and a vacuum layer of 15 A was added to mitigate the
interaction between neighboring supercells. The bottom O—
Ce—O layer was fixed, while the top two O—Ce—O layers were
allowed to relax. For the k-point sampling, only the gamma
point was used. A Gaussian smearing width of 0.05 eV was
adopted to determine the partial occupancies.

2.2. Microkinetics Simulations. Microkinetics simula-
tions based on DFT-derived parameters were conducted to
determine the most likely pathway for CO, methanation. For
each elementary reaction step in the chemokinetic network, as
given by

A B 5 C D

VA + 1y ‘ktl/c + 1 @)
A corresponding rate expression, i.e., an ordinary differential
equation in time, can be constructed as given by

— M — HATIRTY — L TCTCIDT%

"a i v,(K"TAT*[BI" — k"[CI*[D]*) 3)
Herein, v, is the stoichiometric coefficient of component X and
k* is the rate constant for the forward and backward reaction.
From transition state theory, the reaction rate constants are
calculated by the Eyring equation:

k= exp| —
h f kT

(4)

where h is the Planck constant, AE,, is the activation energy,
kg is the Boltzmann constant, T is the temperature, s and fq
are the partition function of the transition and initial states,
respectively.

For the adsorption steps, it is assumed that the adsorbed
molecule loses one of the translational degrees of freedom
concerning the initial state. The rate of adsorption is
determined by the rate of surface impingement of gas-phase
molecules for nonactivated molecular adsorption:®

_PA

kads - T
2amkyT (s)

P is the partial pressure of the adsorbate in the gas phase, A is
the effective surface area of the adsorption site, and m is the
mass of the adsorbate.
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Considering the reversibility of the adsorption step, the
molecule regains all its rotational degrees of freedom (ie.,
three degrees of freedom for nonlinear molecules and two
degrees of freedom for linear molecules) and two translational
degrees of freedom in the desorption step. Therefore, the
desorption rate is given by

kBT qvib,gasqrot,gasqtranSZD,gas AEads
des — —, exp
h ky T

(6)

where AE, is the adsorption energy. gy, gy Grot, gas a0d
Grans2D, gas Tepresent the vibrational, rotational, and two-
dimensional translation partition function of a molecule in
the gas phase, respectively. g, .4, refers to the vibrational
partition function of a molecule upon adsorption.

The microkinetics simulations were conducted in the
temperature range 350—750 K, encompassing a wider range
than typical conditions used in experiments. The gas phase
contained a mixture of CO, and H, in a 1:4 ratio at a total
pressure of 1 atm, which was chosen from experimental
literature.” The pressures of CO, CH,, and CH;OH were set
to zero. In all simulations, the gas-phase composition was kept
constant and the simulations were carried out at zero
conversion. At t = 0, the surface models did not contain any
adsorbates. Time integration of the ordinary differential
equations was performed using the backward differential
formula method, as implemented in MKMCXX, until a steady
state was obtained.”” The relative and absolute tolerances were
both set to 107%. The calculated pre-exponential factors are
shown in Tables S2 and S3.

To identify the elementary reaction steps that control the
overall rate of CO, consumption, Campbell’s degree of rate
control (DRC) analysis was employed.”® All microkinetics
simulations were conducted using the in-house-developed
MKMCXX program. Herein, the overall rate for CO,
conversion as a function of temperature is calculated by
time-integrating the set of ordinary differential equations
corresponding to the elementary reaction steps in the
chemokinetic network.

For a reaction given by

gR & vpB + vp B + - + vpB (7)

qvib,ads

the selectivity of P, is calculated by the following equation:
vprp

VIR (8)

B

where vy represents the stoichiometric coeflicient of
component R, rp represents the production rate of product

P, and ry represents the reaction rate of the reactant.

3. RESULTS AND DISCUSSION

3.1. Ru/CeO, Models. Two distinct catalyst models
featuring highly dispersed Ru/CeO, were created through
the deposition of Ru single atoms and Ruy clusters onto the
CeO,(111) surface (denoted as Ru;/CeO, and Rug/CeO,,
respectively). Furthermore, one of the Ce was replaced by Ru
in the Rug/CeO, model.

In search of a Ruy/CeO, structure, we manually built 10
models with different initial Ru atomic arrangements and
allowed for optimization. The resulting configurations and
relative energies are collected in Figure S1. The most stable
structure is shown in Figure 1. Based on DDEC6 charge

Figure 1. Most stable structure of Rus/CeO, (A: top view; B: side
view), Ru,;/CeO, (C), and Rugz/RuCe,_,0,,_; (D).

analysis, the net charges on the CeO, support and the Rug
cluster are —0.35 le”] and +0.35 le”l, respectively.”* Our results
are consistent with XPS findings that Ru is positively charged
in Ru/CeO, with electrons transferring from the Ru cluster to
the CeO, support.” As CeQ, is a reducible support and oxygen
vacancies are involved in various reactions of practical
importance,”'® the oxygen vacancy formation energy refer-
enced H,O product is calculated, before exploring the
mechanism of CO, methanation. The oxygen vacancy
formation energies given in Figure 2 show that it is more
challenging to remove oxygen atoms directly bound to the Rug
clusters in Rug/CeO, than those located further away from the
cluster and oxygen atoms on the pure CeO,(111) surface (Eq,
= —0.14 eV). The oxygen vacancies for the Ruy/CeO, model
are present in the outermost oxygen layer of CeO,.

To identify the most stable Ru-doped Ruy/CeO, surface, we
replaced different Ce ions in the top layer of the CeO,(111)
surface by a Ru atom (Rug/RuCe,_;0,,). Figure S3A shows
the relative energies for various locations of the Ru-for-Ce
substitution, and Figure S3B shows the most stable structure.
The doping of Ru has a negligible effect on the morphology of
the Ruy cluster. The doping of metals into the CeO, lattice
typically decreases the oxygen vacancy formation energy.’’
Figure 2B shows that a lower energy is required to remove the
O atoms close to the Ru cluster in Rug/RuCe,_,0,,.
Furthermore, we find that the oxygen vacancy is preferentially
located below the surface, which is different from another
theoretical study in which the CeO, support in Ru/CeO, was
doped with Cr (Ru/CrCe0,).”* To verify that the subsurface
location of the oxygen vacancy is due to the Ru dopant, we also
computed the location and formation energy of oxygen
vacancies for Ru-doped CeO,(111), i.e., a model without a
Rug cluster. As shown in Figure 2C, the formation of oxygen
vacancies below the surface is more favorable than the
formation of oxygen vacancies in the topmost layer. Therefore,
Rug/RuCe,_;0,, with a subsurface oxygen vacancy (denoted
as Rug/RuCe,_,0,, ;) will be employed to explore the
reaction mechanisms of the CO, hydrogenation. The
interaction energies of the Rug cluster on the CeO, and
RuCe,_,0,,_, surfaces are —11.28 and —12.08 eV, respec-
tively, which indicates that Ru doped in the CeO, surface can
stabilize Ru clusters on the surface.

https://doi.org/10.1021/acscatal.3c03742
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Figure 2. Heatmap of oxygen vacancy formation energy on (A) Ruys/CeO,(111), (B) Rug/RuCe,_;0,,(111), and (C) Ru doped CeO,(111)

surface.

Previous studies have consistently demonstrated that the
most stable configuration for the Ru;/CeO, system involves
the adsorption of a single Ru atom on the hollow site formed
by three surface O atoms in Ce0,.° *® The optimized
configuration of this structure is shown in Figure 1C.

3.2. Pathways of CO, Methanation. By employing the
most stable structure of Ruy/CeQO,, Ruy/RuCe,_;0,,_;, and
Ru;/CeO,, the CO, hydrogenation mechanism will be
explored in detail. The 6 Ru atoms are labeled, as shown in
Figure 1A. In the following description of the elementary
reaction steps for the Rug cluster models, we use the following
formalism to describe the different adsorption modes on top
(T), bridge (B), and hollow (H) sites. For instance, T,
indicates the top site of Ru-1, B, , is the bridge site between
Ru-1 and Ru-2, while H,_,_; stands for the hollow site of Ru-1,
Ru-2, and Ru-S.

3.2.1. CO, Methanation on Rus/CeO,. We first compare
different adsorption sites for CO, on the Ru cluster, the CeO,
support, and the interface between the Ru cluster and the
CeO, support. The results are summarized in Figure 3. When
adsorbed on CeO, in the Ruy/CeO, model (Figure 3E and F),
CO, retains a linear configuration with slightly negative
adsorption energy, comparable to the CO, adsorption energy
on the bare CeO,(111) surface.’”® The adsorption mode
changes when CO, is adsorbed at the interface between the
Ruy cluster and CeO,. Figure 3H shows that CO, interacts
with a lattice O atom at the interface, forming a carbonate
species with an adsorption energy of —0.38 eV. The adsorption
of CO, on the Ru cluster exhibits a higher affinity in
comparison to both the CeO, support and the Ru/CeO,
interface. In the most stable configuration of CO, adsorption,
it adopts a bent structure at a B;_, site of the Ru cluster with
an adsorption energy of —1.49 eV. Upon the adsorption, the
C—O bonds in CO, are elongated to 1.26 and 127 A,
compared to the typical bond length of 1.18 A observed in the
gas phase.

H, adsorption becomes stronger in the order: CeO, support
(Figure 3L) ~ Rug—CeO, interface (Figure 3M) < molecular
adsorption on Rug (Figure 3LK) < dissociative adsorption on
Rug cluster (Figure 3J,N,O,P). The most stable configuration
of H, adsorption is associated with an adsorption energy of
—1.11 eV. After adsorption, H, dissociates into two H* atoms
at the B,_; and B;_, sites. During the CI-NEB calculation, it

Figure 3. CO, (A—H) adsorption configurations and H, (I-P) on
Ruy/CeO,. The adsorption energies are given in eV and include zero-
point energy corrections.

was found that H, dissociates spontaneously (Figure 31-0).
We specify that all H, adsorption processes discussed herein
are dissociative, and for brevity, we solely report the
corresponding adsorption energies as the associated activation
energies are found to be negligible. The preferential adsorption
of CO, and H, on the Rug cluster indicates that the
hydrogenation of CO, will predominantly occur on the Rug
cluster.

For investigating the mechanisms of CO, methanation, we
included several pathways, namely, (i) the direct CO,
dissociation pathway, (ii) indirect CO,* dissociation pathways
involving HCOO* and COOH* intermediates, and (iii) a
Mars—Van Krevelen reaction mechanism where an oxygen
vacancy in the CeO, support is involved in CO,* dissociation.
The activation energies for all elementary steps are shown in
Figure 4 in the form of a reaction network. Forward and
backward activation energies are provided for every elementary
reaction step. Every step is enumerated, and the corresponding

https://doi.org/10.1021/acscatal.3c03742
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Figure 4. Reaction network of CO, methanation on Rus/CeO,. Hollow nodes represent the reactants and products. Filled nodes represent the
surface intermediates. Different reaction mechanisms are shown with different colors. The reaction numbers are shown as gradient blue ellipses.
Unit in this figure: eV. In our main text, we utilize the notation R (followed by the reaction number) to indicate the specific step under discussion.
This notation allows for clear and concise reference to individual reactions throughout the text.

reaction intermediates are depicted in the Supporting
Information (Figures SS—S9). Direct scission of one of the
C—O bonds in adsorbed CO,* leads to adsorbed CO* and O*
(CO, direct dissociation pathway). H-assisted CO, dissocia-
tion involves the hydrogenation of O or C in adsorbed CO,*
leading to COOH* (the COOH pathway) or HCOO*
(formate pathway) intermediates. COOH* can be readily
dissociated into CO* and OH*. The dissociation of HCOO*
leads to HCO* and O*.'®** Another CO, dissociation
pathway via a Mars-van Krevelen mechanism involves an
oxygen vacancy in the support. The formation of oxygen
vacancies in the CeQ, surface can be facilitated by spillover H
from metal particles.”’

Direct Dissociation of CO,. The CO, direct dissociation
pathway is shown as the gray and brown paths in Figure 4. The
adsorption energy of H, on the surface containing CO,* is
—0.78 eV. The direct dissociation of CO,* leads to CO* and
O* (AE,, = 1.04 eV, AE; = 0.55 €V). Adsorbed O* then
proceeds with two-step protonation to OH* (AE,, = 1.11 eV,
AEg = 0.15 €V) and H,0* (AE,,, = 0.84 ¢V, AE, = 0.47 eV).
The desorption of H,O costs 0.76 eV, and the desorption of
CO (R7) costs 2.26 eV.

15234

The cleavage of CO* can occur through direct dissociation
or dissociation upon the hydrogenation of CO*. The
adsorption energy of H, is —1.15 eV. Direct dissociation of
CO* proceeds by overcoming a high activation energy of 3.71
eV, representing the highest activation energy in the reaction
mechanism network (Figure 4). The resulting C* atom is
located at H;_, s, while the resulting O* atom is located at a
B,_, site. O* and C* hydrogenations lead to the formation of
H,0 and CH,, respectively. For the hydroxyl formation, the
H* on B,_g first migrates to B;_s (AEg = 0.24 eV), followed by
hydroxyl formation (AE,, = 0.58 eV, AE; = 0.02 eV).
Migration of H* from T, to B,_5 occurs so that the H* is close
to the hydroxyl (AE; = —0.51 eV). Recombination of OH*
and H* leads to adsorbed H,0* (AE,, = 0.92 eV, AEg = 0.55
eV). The desorption of H,O costs 0.86 eV, leaving only
adsorbed C* at H,_;_,. H, will then adsorb at B,_; and B,_;
(AE,4 = —0.96 eV), providing H* for forming CH* with an
activation energy of 0.74 eV. The final state is more stable than
the initial state by 0.32 eV. Migration of the other H* over the
cluster is required to form CH,*, which is slightly exothermic
by 0.06 eV. Then, CH* reacts with H* to form CH,* with
activation and reaction energies of AE,, = 0.72 and AE; =
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0.37 eV, respectively. Another H, adsorption is associated with
an adsorption energy of —1.07 eV to hydrogenate CH,* to
give CH;* and CH,*. The activation and reaction energies for
CH;* formation are AE,, = 1.50 eV and AE; = 0.30 eV,
respectively. The subsequent addition of H* leading to CH,*
has an activation energy of 0.90 eV and is endothermic by 0.29
eV. Finally, CH, desorbs into the gas phase with a minor
energy penalty of 0.27 eV. The overall reaction energy for CO,
methanation is —1.75 eV, which reasonablgr agrees with the
experimental enthalpy change of —1.71 eV.*!

Direct C—O bond dissociation in adsorbed CO* is the most
difficult elementary reaction step along the pathway to CH,.
Direct CO* dissociation mechanism is preferred over hydro-
gen-assisted CO* dissociation on, for instance, the stepped
Ru(11-21) surface.”” In contrast, CO* dissociation via CO*
— COH* - HCOH* — CH* + OH¥* is more plausible on
the planar Ru (0001) surface.”> As the mode of the CO*
dissociation on the Ru cluster is unclear, H-assisted C—O bond
dissociation mechanisms were also explored. There are two
pathways for H-assisted C—O dissociation: hydrogenation of C
in CO* to form HCO* and hydrogenation of O in CO* to
form COH*. The activation and reaction energies for COH*
and HCO* formation are AE,, = 1.94 eV, AE; = 1.13 €V,
AE,, = 0.94 eV, and AE; = 0.32 eV, respectively. This means
that the formation of HCO* is energetically favored. COH*
leads to the formation of C* and OH* (R21). The activation
and reaction energies of this step are AE,, = 1.75 eV and AEy
= —0.57 eV, respectively. The final state is the same as the
C*OH*H* state in the direct CO* dissociation pathway. The
overall activation energy of dissociation of CO* via COH* is
2.88 eV, which is lower than the activation energy of its direct
dissociation. HCO* formation is followed by HCO*
dissociation (AE,, = 1.31 €V, AE; = 0.08 eV), HCOH*
formation (AE,, = 1.64 eV, AEy = 1.03 eV) or H,CO*
formation (AE, = 1.02 eV, AEg = 0.77 eV). Considering the
formation of HCO¥, the overall activation energy of the
dissociation of the CO* via HCO* intermediate species is 1.63
eV, much lower than the overall activation energy of direct
CO* dissociation (AE,, = 3.71 eV) and COH* dissociation
(AE,, = 2.88 €V). Migration of H* from B;_4 to B,_g is
necessary for forming OH* (AEy = —0.11 eV), leading to a
more stable HCO*H* state. OH* formation requires over-
coming an activation energy of 0.89 eV with an exothermic
reaction energy of 0.18 eV (R24). Note that the HC*OH*
species can be alternatively formed via dissociation of
HCOH¥*, which can be obtained via hydrogenation of
COH* (R28, AE, = 0.95 eV, AEg = 0.21 eV) or protonation
of HCO* (R29, AE,, = 1.64 €V, AEy = 1.03 ¢V). HCOH*
dissociation (R30) proceeds by overcoming an activation
energy of AE, . = 0.20 eV, and this step is highly exothermic by
1.73 eV. The adsorption of H, on the surface containing CH*
and OH* is exothermic by —0.86 eV (R25). H,O* formation
via a combination of OH* and H* is endothermic by 0.72 eV
and has an activation energy of 0.89 eV. Following the
desorption of H,0O (AE,4 = —0.72 €V), CH* and H* species
are retained on the Ru cluster. These species undergo
migration to reach a more stable state, i.e,, the CH*H* state
(AEg = —0.37 eV), which is also involved in the direct
dissociation pathway. To link this latter state to the state before
H,O desorption, we combined the two steps and modified and
adjusted the adsorption energy of H,O to —0.35 eV, as
depicted in Figure 4.

Besides the HCO* dissociation pathway, we also inves-
tigated pathways involving H,CO* formation (R31, AE,, =
1.02 eV, AE; = 0.77 eV) and dissociation (R32, AE,. = 0.99
eV, AEy = —0.46 eV). After dissociation of H,CO*, H,
adsorbs on this surface with AE,;, = —0.50 eV. Then, O%* is
removed through the formation and desorption of H,O. First,
the O* protonation forming OH* (R34) has an activation
energy of 1.27 eV and is exothermic by 0.20 eV. In the next
step, H,O* is formed (R3S) with an activation energy of 1.16
eV and a reaction energy of 0.63 eV. Desorption of H,0
(AE,4 = —0.51 eV) leads to a CH,* surface intermediate,
which can be further hydrogenated to CH, according to the
mechanism discussed above.

H,CO* can also be hydrogenated to give H;CO* or
H,COH*. The adsorption energy of H, on the surface that
contains the H,CO* intermediate is —0.81 eV. To protonate
H,CO* to H,COH¥, these two H* molecules migrate (AEy =
0.17 eV). The forward activation energy for H,COH*
formation, including H* migration, is 1.26 eV (R38 in Figure
4). H,COH* can also be obtained by the hydrogenation of
HCOH*. H,COH* formation from HCOH* (R41) requires
an activation energy of AE, = 0.61 eV and is endothermic by
0.58 eV. The H* atom is supplied by the adsorption of H,
(R40) (AE,4 = —1.04 eV). Figure S6 shows the configurations
involved in the conversion of HCOH* to H,COH¥*.
Dissociation of H,COH* overcomes an activation energy of
0.13 eV, which is exothermic by 0.96 eV.

C-terminated hydrogenation of H,CO* generates H;CO*
(AE,, = 0.78 eV, AEy = 0.17 eV). Dissociation of H,CO*
generates adsorbed H;C* and O* by overcoming an activation
energy of 1.59 eV (AEx = —0.60 eV). Afterward, the
combination of O* and the remaining H* forms OH*
(AE,q = 1.1S eV, AEg = —0.38 eV). Two further H* atoms
are provided by H, adsorption (AE, = —0.68 eV). The
formation of H,0* (R46) has an activation energy of 0.75 eV
and is endothermic by 0.23 eV. H,O desorption (AE.4, =
—1.25 eV) leads to the same configuration as the CH;*H* in
the gray pathway. As CH;OH was observed as a reaction
product during CO, methanation on Ru/CeOZ,18 we also
studied the formation of H;COH* (R49, AE, = 0.84 eV, AE,
= 0.66 eV). The activation energy compares favorably with the
activation energy for H;CO* dissociation, indicating that this
is a possible pathway to CH;OH formation. Another pathway
to obtain H;COH* is via the hydrogenation of H,COH*
(R48, AE,, = 091 eV, AE; = 0.23 V). CH;0OH desorption
(RS1) costs 0.77 eV. Another possibility is that the C—O bond
in CH;0H is cleaved (RS0, AE,. = 1.35 eV, AEz = —1.65 eV).

The energy diagrams for direct and H-assisted CO*
dissociation are shown in Figure S. Direct dissociation of
CO* must overcome an activation energy of 3.71 eV. The
overall activation energies for H-assisted CO* dissociation via
COH*, HCO*, HCOH* (CO* — HCO* — HCOH*),
HCOH* (CO* - COH* — HCOH*), H,CO*, H,CO*,
H,COH¥, and H;COH* are 2.88 1.63, 1.96, 2.07, 2.08, 1.76,
1.54, and 2.18 eV, respectively. H-assisted CO* dissociation
pathways have lower activation energies than direct CO*
dissociation. H-assisted CO* dissociation pathways via HCO*
and H,COH?* are preferred over the other pathways.

Carboxyl Pathway. In this pathway, CO,* reacts with H*
to form COOH* (RS2 in Figure S8) by overcoming an
activation energy of 1.13 eV. This step is highly endothermic
by 1.01 eV. Following the rotation of COOH* (AE = —0.02
eV), the subsequent dissociation of COOH* leads to the
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Figure S. Energy diagram of direct and H-assisted CO* dissociation
on Ruy/CeO,. Solid lines between two species indicate the adsorption
and desorption steps, and the dotted lines refer to surface reactions
involving transition states. The values above and below the separated
lines are the activation energy for the forward and backward reactions.

prompt formation of CO* and OH* with a remarkably low
activation energy of 0.07 eV (AEg —1.48 eV). This
configuration is the same as that of CO*OH*H in Figure SS.

Formate Pathway. In many experimental studies, formate
(HCOO*) has been observed as a reaction intermediate,”'***
therefore also considered here. Upon HCOO* formation
(AE,, = 0.84 eV, AE; = —0.25 eV), the two C—O bonds in
adsorbed formate are elongated to 1.27 and 1.28 A (compared
to 1.18 A in the gas phase). We considered three branches for
its further conversion: HCOO* dissociation, HCOOH*
formation, and H,COO* formation. Dissociation of HCOO*
results in HCO* and O* (AE,, = 1.45 eV, AEy = —0.08 eV),
and the O* can be removed through the formation and
subsequent desorption of H,O. The first step toward H,O
formation is the protonation of O¥*, with activation and
reaction energies of AE,, = 1.64 eV and AE; = —0.31 eV,
respectively. This is followed by the exothermic adsorption of
H, (AE,4 = —0.42 eV). The formation of H,O* then required
an activation energy of 1.24 eV. H,O desorption (AE4 =
—0.67 V) leads to HCO* and H* in Figure S6. In addition to
HCOO#* dissociation, another pathway involves HCOO*
protonation to form HCOOH* (R60, AE, = 1.77 eV, AEg =
1.25 eV). Protonation of HCOO* further activates the C—O
bond. Dissociation of HCOOH* requires a low activation
energy of 0.26 eV to generate HCO* and OH* (R61, AEy =
—0.19 eV). Conformational changes of HCO* and OH* on
the Ru cluster led to the same configuration as generated by
RS6. These rearrangements are exothermic by 1.45 eV.

The third branch involving HCOO#* reacts with another
adsorbed H* to form H,COO* (R62, AE, = 1.26 eV, AEg =
0.88 eV). The resulting intermediate has an elongated C—O

bond length of 142 A. H,COO* dissociation (R63) to
generate H,CO* and O* proceeds with a relatively lower
activation energy of 0.45 eV (AEy = —0.51 eV). The resulting
O* can be hydrogenated to H,O*. H, adsorbs on the Ru
cluster with an adsorption energy of —0.64 eV. The two
hydrogenation steps of O* to form OH* and H,O* involve
activation and reaction energies of AE, = 1.12 eV, AE; =
—0.46 eV, and AE,. = 1.66 eV, AE; = 0.95 eV, respectively.
The involved intermediates occurring in reactions R65, R66,
and R67 are depicted in Figure S8. Desorption of H,O (AE, 4,
—0.81 eV) generates the same configuration of H,CO* in
Figure S7.

Mars-van-Krevelen Mechanism. We also considered path-
ways involving an oxygen vacancy in the CeO, support. It can
be seen in Figure 2 that the oxygen vacancy formation energy
concerning H,O formation in Rug/CeO, is in the range of
—0.37 to 1.74 eV. In comparison, it is only —0.14 eV for the
stoichiometric CeO,(111) surface. This means that some O
atoms can be more easily removed, but also bits that are more
difficult to remove due to the presence of the Ru cluster. The
CeO, lattice O atoms connected with the Ruy cluster typically
have positive energies for vacancy formation. The O atom
labeled k has the lowest oxygen vacancy formation energy
(Figure 2A). Figure S4A shows that there exists 5 Ce®" for the
stoichiometric Rug/CeO, surface, reflecting that S electrons
transferred from the Ru cluster to the CeO, support. Such
electron transfer is commonly observed when metal clusters
are deposited on CeO,. For instance, placing a Aug cluster on
CeO,(111) leads to 2 Ce** ions, while a Pdg cluster only
reduces 1 Ce*" ion to Ce*.°>** On the other hand, placing the
Ni cluster on the CeO, surface results in 5 Ce** ions.”> The
differences in electron transfer can be associated with
differences in reactivity, with the more reactive metals Ru
and Ni donating more electrons to the CeO, support than Pd
and Au. The formation of an oxygen vacancy k leads to the
further reduction of two more Ce*" ions to Ce" ions, as shown
in Figure S4b. This observation suggests that there is negligible
electron transfer to the Rug cluster.

We then investigated CO, adsorption on the surface with
oxygen vacancy k, as shown in Figure S3. The adsorption
energy of CO, in the O, site is —0.49 eV, with CO, remaining
linear, indicative of relatively weak adsorption. However, the
CO, adsorption on the Ru cluster is exothermic by —1.51 eV,
similar to the CO, adsorption on the stoichiometric Rug/CeO,
surface (AE, = —1.49 eV). Considering that removal of
oxygen k results in negligible changes in the morphology of the
Ruy cluster, the charge distribution, and the CO, adsorption
energy, it is reasonable to assume that the mechanism of CO,

Figure 6. Configuration of adsorbed CO, (A—E) and adsorbed H, (F—J) on Rus/RuCe,_,0,, ;.

include zero-point energy corrections.
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The adsorption energies are given in eV and
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Figure 7. Reaction network for CO, methanation on the Rug/RuCe,_,0,, ;. Hollow nodes represent reactants and products. Filled nodes stand
for the surface intermediates. Different reaction mechanisms are shown with different colors. The reaction numbers are shown in gradient blue

ellipses. Unit in this figure: eV.

methanation on Ruy/CeO, with an oxygen vacancy at position
k is the same as that on the stoichiometric Rus/CeQO, model.

We also explored the adsorption of CO, at an oxygen
vacancy close to the Rug cluster. Oxygen i exhibits the lowest
oxygen vacancy formation energy among the oxygen atoms
directly connected to the Ru atoms. The CO, adsorption at
oxygen vacancy i is exothermic by 0.82 eV (Figure S3C). One
O atom of CO,* fills the oxygen vacancy, and the C atom
coordinates with one of the interfacial Ru atoms. The adsorbed
CO,* can directly dissociate with an activation energy of 0.37
eV (R74, AEx = —1.35 eV). The dissociation of CO,*
generates a lattice O atom that heals the oxygen vacancy while
leaving CO* adsorbed on the Rug cluster behind. This
configuration is the same as that of CO*, shown in Figure SS.

To complete the catalytic cycle, the adsorption of H, (R69,
AE,4 = —1.11 eV) and subsequent reaction with lattice O to
form OH* and H,O%* are also computed (R70 and R71). OH*
and H,0* formation are endothermic by 0.34 and 0.82 eV
with activation energies of 0.98 and 0.97 eV, respectively. The
corresponding intermediate states are depicted in Figure S9.
Desorption of H,O generates an oxygen vacancy, costing 0.69
eV.

15237

3.2.2. CO, Methanation on Rug/RuCe,_;O,,_;. Figure 6
shows the adsorption of CO, and H, on the Rug/
RuCe,_,0,, , surface, which involves similar energetics as
their adsorption on Rus/CeO,. CO, and H, preferentially
adsorb on the Ru cluster. CO,* adopts a bent configuration in
the most stable adsorption state (AE,4, = —1.56 €V) with an
O—C—0O angle of 126.2°, as shown in Figure 6D. Dissociative
H, adsorption is spontaneous. In the most stable configuration,
one H atom is located in the B,_; site and the other H in the
T, site with an adsorption energy of —1.22 eV.

Next, the mechanism of CO, methanation was explored for
Rug/RuCe,_0,, ;. The calculated activation energies and the
corresponding surface intermediates are shown in Figures 7
and S10—S13, respectively.

Direct CO, Dissociation. In Figure 7, H, adsorbs on the
Rug/RuCe,_,0,,_; surface containing CO,* with an adsorp-
tion energy of —0.73 eV. Direct dissociation of CO,* yields
adsorbed CO* and O* (AE,, = 1.48 eV and AEy = —0.19
eV). The O* atom is removed through two-step protonation
to H,O*. In the first step, O* reacts with one H* to form OH*
(AE,, = 1.65 €V, AEy = 0.20 eV). In the second step, the
other H* migrates to a position close to OH* (AE; = —0.30
eV) and reacts with OH* to form H,0* (AE, = 1.35 eV, AE,
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=0.78 eV). Desorption of H,0 (AE_4, = —0.50 eV) results in a
surface containing only adsorbed CO* at the B,_; site. CO
desorption costs 2.11 eV.

For the activation of CO¥*, both direct CO* dissociation and
H-assisted CO* dissociation are considered. H, adsorption on
the cluster containing CO* is exothermic by 0.99 eV. CO*
dissociation results in C* and O* with an activation energy of
2.56 eV and a reaction energy of 0.10 eV. Compared to Rug/
CeO, (AE,, = 3.46 eV for direct dissociation of CO*), the
doping of Ru decreases the activation energy of CO*
dissociation. Next, the O* atom is removed via the formation
and desorption of H,0. OH* formation (R10) requires
overcoming an activation energy of 0.86 eV (AE; = —0.09 eV).
H* migration from B, 4 to B, 5 and OH* rotation occurs
(AEg = —0.26 eV), so H* ends up close to OH*. H,0*
formation is endothermic by 0.82 eV with an activation energy
of 1.68 eV. Desorption of H,O into the gas phase costs 0.63
eV. The remaining C* is located at the H, ; , site and
undergoes stepwise hydrogenation with adsorbed H*.
Adsorption of H, is exothermic by 0.97 eV (R13). Two H*
atoms react with C* to generate CH* (AE,, = 1.08 eV, AEy =
—0.10 eV) and CH,* (AE,, = 0.87 eV, AE; = 0.29 V). To
further hydrogenate CH,*, H, adsorption takes place (AE,q4, =
—1.08 V). The formation of CH;* is endothermic by 0.24 eV
and overcomes an activation energy of 0.88 eV. In the next
step, the CH;* species reacts with the remaining H* to form
CH,* (AE,, = 1.06 eV, AEy = 0.45 eV). As a final step, CH,
desorption regenerates the initial surface (AE,; = —0.51 eV).

H-assisted CO* dissociation mechanism is also considered
for the Rug/RuCe,_,0,, ; model. Figure S11 shows that
HCO* formation (R22, AE,, = 1.37 eV, AE, = 0.48 eV) is
more favorable than COH* formation (R20, AE, . = 2.58 eV,
AEg = 0.97 eV). COH* dissociation yields C* and OH* (AEy
= —1.03 eV), overcoming an activation energy of 1.15 eV
(R21). OH* and H* migration results in a more stable
configuration (AEy = —0.12 eV), the same as that of the
C*OH*H* state in Figure S10. Once HCO* is formed, there
are three possible reaction pathways: (i) HCO* dissociation
(R23), (ii) HCO* protonation to HCOH* (R29), and (iii)
hydrogenation of HCO* to H,CO* (R31). HCO* dissocia-
tion forms HC* and O* (AE,, = 0.88 eV, AE; = —0.43 eV).
Then, O* reacts with the remaining H*, forming OH* (AEy =
—0.08 eV), overcoming an activation energy of 0.63 eV. The
OH* species is subsequently removed by the formation of
H,0* (AE,, = 0.93 eV, AE; = 0.35 eV), which involves the
adsorption of H, (AE,4 = —0.35 eV). After H,O desorption
(AE,4 = —0.11 eV), CH* and H* remain on the Ru cluster,
representing the same state as the CH*H* state in Figure S10.
HCOH™ species can be generated through HCO* protonation
(R29, AE,, = 1.36 eV, AEy = 0.89 eV) or COH*
hydrogenation (R28, AE,, = 1.15 eV, AE; = 040 eV).
Considering the high activation energy for the formation of
COH* (R20), it is likely that the formation of HCOH* via
HCO* protonation is more favorable. HCOH* is a metastable
species that dissociates spontaneously and represents the same
HC*OH* state in the HCO* dissociation pathway with a
highly exothermic reaction energy of 1.36 eV. The hydro-
genation of HCO* to H,CO* involves a relatively low
activation energy of 0.38 eV. This step is endothermic by 0.34
eV. H,CO* dissociates into H,C* and O* (R32, AE; = —0.57
eV) by overcoming an activation energy of 0.90 eV. Next, H,
adsorption is exothermic by 0.62 eV. O* is removed by two-
step protonation, which requires overcoming the activation

energies of AE,, = 1.10 eV (R34) and AE, = 1.06 eV (R35).
The reaction energies for OH* formation and H,O* formation
are AEy = —0.18 eV and AEg = 0.56 eV. After H,O desorption
which costs 0.39 eV, CH,* species remain. The hydrogenation
of CH,* to CH, follows the pathway discussed above.

H-assisted H,CO* dissociation pathways were also inves-
tigated. H, adsorbs on the cluster containing H,CO* are
exothermic by 1.09 eV. The resulting two H* atoms are
located at B;_4 and B,_, sites. The former H* attacks the O
atom in H,CO¥, resulting in H,COH* (R38, AE, = 1.65 eV,
AEg = —0.92 eV). Simultaneously, H* located at B,_,
undergoes migration to B, ;. H,COH* can be formed through
an alternative pathway involving the hydrogenation of
HCOH*. The adsorption energy of H, is —1.04 eV. The
formation of H,COH* hydrogenation via HCOH* hydro-
genation (R41) needs to overcome an activation energy of 0.96
eV (AEg = 0.32 eV). H,COH* cleavage (R39) leads to H,C*
and OH* (AE,, = 020 eV, AE, = —1.18 eV). The
corresponding configurations illustrating these processes are
depicted in Figures S11 and S12. Another option for H,CO*
hydrogenation is the formation of H;CO* (R42, AE, = 0.95
eV, AE = 0.49 eV). Next, H;CO* undergoes a dissociation of
its C—O bond, resulting in the formation of H;C* and O*
(R43, AE,, = 148 €V, AE; = —0.66 eV). These species are
then hydrogenated to yield CH, and H,O, respectively. The
H,;C* coordinates with one Ru atom in the top layer, and the
O* locates at T, The activation and reaction energies for
combining O* and H* to form OH* are AE, = 0.93 eV and
AER = —0.27 eV. One H, molecule is adsorbed further to
remove OH* (AE,, = —1.08 eV). The formation of H,0*
needs to overcome an activation energy of 1.39 eV with an
endothermic reaction energy of 1.09 eV. After the desorption
of H,O (AE, = —0.26 eV), the reaction proceeds toward
forming the CH;*H* intermediate species via the direct CO*
dissociation mechanism. A pathway alternative to H;CO*
dissociation involves the formation of CH;OH (R49, AE,, =
1.05 eV, AEg = 0.76 eV). CH;OH is formed as a byproduct
through desorption (AE,4 = —0.60 V). CH;OH dissociation
(RS0) vyields the same configuration as H;C*OH*. The
activation energy and reaction energy for this step are AE,, =
0.97 eV and AE; = —1.69 eV, respectively.

In summary, the direct dissociation of CO* dissociation
requires an activation energy of 2.56 eV. The overall activation
energies for H-assisted CO* dissociation via COH*, HCO¥,
HCOH* (via HCO*), H,CO* H,CO* H,COH*, and
H,COH* are 2.58 1.37, 1.85, 1.72, 1.98, 1.65, and 2.23 eV,
respectively. Therefore, it is speculated that H-assisted CO*
dissociation via HCO* is the most likely pathway from the
kinetic point of view.

Carbonxyl Pathway. The relevant configurations of the
COOH pathway on Rug/RuCe,_,0,, ;| are depicted in Figure
S13. H* reacts with CO,* forming COOH* (AE, = 1.18 €V,
AER = 0.63 eV). C—O bond dissociation is facile after the
formation of COOH* with an activation energy of 0.05 eV.
This step is exothermic by 0.91 eV. Dissociation of COOH*
produces the same surface intermediate of CO*OH*H¥* in the
direct CO, dissociation pathway. The overall activation energy
of CO,* dissociation to generate CO*OH*H* via COOH* is
1.18 eV, whereas it is 1.65 eV in the competing pathway
involving direct CO,* dissociation. This indicates that the
COOH* pathway is more favorable.

Formate Pathway. The hydrogenation of the carbon atom,
resulting in the formation of formate (HCOO%*), was also
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investigated and is depicted in Figure S13. The formation of
HCOO* (R54) was found to be endothermic by 0.55 eV,
accompanied by an activation energy of 0.61 eV. The
activation energy for HCOO* formation is lower than those
for the direct dissociation of CO,* and the formation of
COOH*, whereas HCOO* dissociation requires an activation
energy of 0.79 eV (AEz = —0.63 eV). Considering the
endothermic nature of HCOO* formation, the overall
activation energy for its formation and dissociation is 1.34
eV, which is higher than the overall activation energy of
COOH* formation and dissociation. The O* species is then
removed through the formation and desorption of H,O. The
activation and reaction energy for OH* formation are 0.85 and
—0.02 eV, respectively. The OH* then reacts with H* supplied
by H, adsorption (AE,4 = —0.64 €V), forming H,0* (AE,, =
0.98 eV, AEy = 0.65 eV). Desorption of H,O (AE,4 = —0.58
eV) yields the same configuration of HCO*H* in Figure S12.
Instead of HCOO* dissociation, HCOO* protonation results
in the formation of a metastable species HCOOH* (R60,
AE,, = 121 eV, AEy = 0.55 eV), which spontaneously
dissociates into HCO* and OH* (AEz = —1.19 eV).

The formation of H,COO* through HCOO* hydro-
genation (AE,, = 0.87 eV, AE; = 0.74 eV) further activates
the C—O bond. An activation energy of 0.35 eV is involved in
the subsequent dissociation of H,COO* into H,CO* and O*
(AEg = —1.12 eV). The O* atom will be removed via the
formation and desorption of H,O. The H* atoms stem from
the dissociative adsorption of H, (AE,y = —0.54 eV). The
activation energies for forming OH* and H,O% are 0.64 and
1.51 eV, respectively. Finally, the desorption of H,O (AE,q4 =
—0.82 eV) results in the same configuration of H,CO* as
shown in Figure S12 (R67).

3.2.3. CO, Methanation on Ru;/CeO,. Figure 8 shows that
CO, and H, adsorption on Ru;/CeO, are associated with

AE,, =-0.79eV

AE,, =-0.71eV AE,, =0.03 eV

Figure 8. CO, (A) and H, (B) adsorption on Ru;/CeO,. (C) H,
adsorption on Ru;/CeO, containing CO,.

adsorption energies of —0.79 and —0.71 eV, respectively. CO,
adsorbs with the carbon atom coordinated to the Ru atom.
One O atom is coordinated with Ru and Ce, and the other O
atom points into the vacuum layer. H, adsorbs on the Ru atom
with a H—H distance of 0.86 A. The H, adsorption energy
after CO, is adsorbed slightly positive (AE, = 0.03 eV),
implying that the coadsorption of CO, and H, on the Ru single
atom is hindered. We explored the possibility of H, spillover by
considering the formation of two OH groups and subsequent
adsorption of CO, on the Ru atom. The potential energy
diagram associated with these steps is given in Figure 9. The
migration of one H atom to a CeO, lattice O atom leads to an
OH group adjacent to the Ru atom, leaving an H* species
behind on the single Ru atom (AE, = 0.93 eV, AE; = —0.32
V). The subsequent migration of the second H* atom results
in another adjacent OH group (AE,. = 1.39 eV, AE; = 0.58
eV). CO, adsorption on this structure is favorable (AE,q, =
—1.41 eV) compared with the case where Ru is coordinated
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Figure 9. Potential energy diagrams and structural configurations for
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and HCO on Ru;/CeO,. The CO, direct dissociation, HCOO
formation, and COOH formation mechanisms are depicted by black,
orange, and green lines, respectively. The values on the left and right
sides of the line represent the activation energies for the forward and
backward reactions, respectively. The energy is expressed in eV.

with three lattice O atoms. From this state, the direct
dissociation of CO, (AE,, = 041 eV, AEy = —1.25 ¢eV)
proceeds easier than the formation of HCOO (AE,, = 3.19
eV, AEg = 0.04 eV) and that of COOH (AE, = 1.91 eV, AE;
= 0.57 eV).

Starting from the CO*RuO,(OH),* state in Figure 9, we
explored the direct dissociation of the CO* and H-assisted
CO* dissociation pathways. An attempt to move the O atom
to the interface between the Ru atom and CeO, was
unsuccessful, showing that direct dissociation of CO* is not
a viable pathway. In our investigation of H-assisted CO*
dissociation pathways, we computed an activation energy of
2.12 eV to form HCO* species with a high endothermicity of
1.97 eV. As the reaction energy for the dissociation of HCO*
was calculated to be 3.01 eV, it is clear that this pathway is also
not viable. Thus, our data show that while CO* formation on
the hydrogenated Ru,/CeO, surface involving two OH groups
is facile, further dissociation of CO* to form C* precursor
species to CH, is impossible.

3.3. Microkinetics Simulations. Reaction rates and the
product distribution for the CO, methanation reaction on the
Rug/CeO, and Rug/RuCe,_;0,,_; surfaces were computed by
using microkinetics simulations based on DFT-derived
reaction energetics. Given the high reaction energy computed
for HCO* formation and dissociation on Ru;/CeQ,, we did
not investigate the other elementary reaction steps leading to
the formation of CH, on this surface. Therefore, this surface is
not included in the microkinetics simulations. The pre-
exponential factors for the elementary reaction steps are
based on a harmonic frequency analysis of the initial and
transition states (Tables S2 and S3). In our modeling
approach, each adsorbed intermediate is represented as a
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single active site, resulting in unimolecular elementary reaction
steps for all processes, except adsorption and desorption.
Microkinetics simulations were conducted in the temperature
range of 350—750 K, slightly exceeding the typical temper-
atures in CO, methanation experiments.l&és’67 The results of
the microkinetics simulations are analyzed in terms of reaction
pathways contributing to the formation of the various
products.

Figure 10 presents the reaction rates (Figure 10A) and
product distributions (Figures B and C) for the two models as
a function of the temperature. The CO, conversion rate over
Ruys/RuCe, ;0,, , is substantially higher than the rate over
Ruy/CeO,. At low temperatures, CH, is the main product for
both surfaces. With increasing temperature, the product
distribution shifts to CO. In the whole temperature regime,
Ruy/CeO, exhibits a higher selectivity toward CH, than Rug/
RuCe,_;0,,_,, which can be attributed to the lower desorption
energy of CO on Rugs/RuCe,_;0,,_; (ie., 2.26 and 1.89 €V for
Ruy/CeO, and Rug/RuCe,_;0,,_,, respectively). Overall, Rus/
RuCe, ,0,, | exhibits a higher CH, formation rate than the
Rug/CeO, surface. To explain these observations, the reaction

15241

pathways, the DRC, and the degree of selectivity control
(DSC) will be discussed.

A so-called reaction pathway analysis was conducted to
understand the dominant reaction pathways. Forward and
backward reaction rates of all elementary reaction steps are
considered and are given as molar fluxes. These fluxes were
then normalized to unity so that fractional contributions
(Foom) of the different pathways could be discussed. The
dominant ways in the reaction pathways, along with the
normalized fluxes at a reaction temperature of 600 K for the
two surfaces, are highlighted in Figures 11 and 12.

This analysis shows that the dominant pathway for the
dissociation of CO, involves a COOH* intermediate for both
surfaces (CO, —» COOH* — CO* + OH*). At 600 K, a small
amount (4.7%) of the reactant desorbs as CO for Rug/CeO,,
while a much larger fraction (26%) desorbs for Rug/
RuCeO,_;0,,_;. This is consistent with the differences of
CO desorption energy (i.e., 2.31 eV for Rus/CeO, vs 1.89 eV
for Rug/RuCeO,_;0,, ;). The rest of the formed CO is
hydrogenated to CH, via the HCO* species. As the absolute
CO, reaction rate is higher for Rug/RuCeO,_,0,, ;, this
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projected DOS analysis pertains to the H, C, and O atoms. The COHP analysis is conducted for the C—O interactions. The integrated DOS
(iDOS) and integrated COHP (iCOHP) under the Fermi level are given in a rounded rectangle above the Fermi energy.

surface also leads to the highest CH, reaction rate (cf. Figures
S14 and S15).

Degree of Rate Control. To determine which step has the
most significant impact on the overall reaction rate, DRC
analysis was conducted for CO, hydrogenation on Ruy/CeO,
and Rug/RuCeO,_,0,, ;, as shown in Figures 10E and F. For
the Ruy/CeO, surface, HCO* dissociation controls the overall
reaction rate in the whole temperature regime. Above 600 K,
the DRC of the CO desorption step increases, in line with the
increased selectivity of CO at higher temperature.

The DRC analysis on the Rug/RuCe,_;0,,_; surface shows
that the reaction rate is mainly controlled by the formation and
dissociation of HCO* at temperatures below 525 K (Figure
10). With an increase in temperature, the DRC of these
pathways decreases, while CO desorption starts to control the
overall reaction rate. This change goes along with the change
in the selectivity from CH, to CO. At the high-temperature
end, CO, hydrogenation to COOH* becomes more rate-
controlling.

Degree of Selectivity Control. A DSC analysis was
performed to understand which elementary reaction steps
control the product distribution. The DSC results for Rug/
CeO, and Rug/RuCe,_,0,, | are displayed in Figures S16 and
S17, respectively. For Rug/CeO,, desorption of CO has a
negative effect on the CH, formation rate, while lowering the
activation energy of HCO* dissociation increases the CH,
formation. This can be explained by considering that CO
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desorption competes with pathways that lead to C-O
dissociation. Lowering the activation energy of HCO*
dissociation increases the CH, formation. Figure S17 indicates
that the selectivity to CH, is enhanced by decreasing the
activation energy for the formation and dissociation of HCO*
and, to a lesser extent, subsequent O* removal. On the other
hand, lowering the CO adsorption energy has a negative
impact on the CH, formation rate. As CH, formation directly
competes with CO formation, the DSC values for these
products show only a change of sign with respect to each other.
The positive correlation between CH, formation and CO*
hydrogenation and its subsequent HCO dissociation is evident.
CH, formation proceeds predominantly via H-assisted CO*
dissociation (Figure 12), and lowering the activation energy
involved in this reaction sequence enhances CH, selectivity.
Conversely, lowering the CO adsorption energy prevents CO*
hydrogenation, which leads to a decreased CH, selectivity in
favor of selectivity to CO.

3.4. Electronic Structure Analysis. The reaction pathway
analysis shows that HCO* dissociation to form CH* and O* is
a critical step in the reaction network. The lower activation
energy (AE,. = 0.88 eV) for this step on Rug/RuCe,_,0,,_,
compared to Rus/CeO, (AE,, = 131 eV) explains the
significantly higher rate of CH, formation on the doped
surface. To understand the difference in the activation energies
for HCO* dissociation, a combined partial density of states
(pDOS) and crystal orbital Hamilton population (COHP)
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analysis for the C—O bond was performed for both surface
models and the anionic gas-phase configuration of HCO™. The
results are shown in Figure 13. HCO™ has 6 occupied valence
molecular orbitals (MO). There is a striking similarity between
the MO diagrams of CO® and HCO™, wherein the latter can
be obtained from the former by splitting each z-state in CO
into a lower energy A’ state and a higher energy A" state,
where the A’ and A” labels correspond to the Mulliken
symbols of the symmetry group for the C, point group.”” The
A" states are characterized by having a nodal plane as spanned
by the H, C, and O atoms. The A’ states lack this nodal
feature. An overview of the iso-surfaces of the MOs for HCO™
is provided in Figure S18.

It can be seen from Figure 13 that HCO™ in the gas phase
has 12 valence electrons. Upon adsorption on Rug/CeO, and
Rug/RuCe,_,0,,_;, the 7A" and 2A” states shift below the
Fermi level and become occupied. This occupancy leads to an
increased integrated DOS at the Fermi level, measuring 13.9
and 14.2 for Ruy/CeO, and Rug/RuCe,_,0,, ;, respectively.
The increased DOS for the doped model is consistent with
Bader charges (Table SS), which indicates that more electrons
are localized at the C atom in HCO* adsorbed on Rug/
RuCe, ,0,, ;. Table S4 reveals a higher electron count within
the 3A’, 4A’, SA’, and 6A’ states of Rug/RuCe,_,0,,
compared to Rug/CeO,. Conversely, fewer electrons are
associated with the 1A” and 7A'+2A” states in Rug/
RuCe,_,0,,_;. The reduction in electrons for the 1A” and
7A'+2A" states fails to compensate for the increase in electrons
in the 3A’, 4A’, SA’, and 6A’ states, resulting in an overall
higher electron count on HCO* on Rus/RuCe, ,0,,
compared to HCO* on Ruy/CeO,.

The COHP analysis of gaseous HCO™ reveals distinct
bonding characteristics among its states. Specifically, the 3A’
MO exhibits strong bonding, while the 4A’, SA’, 1A”, and 6A’
MOs display only minor bonding characteristics. Additionally,
the 7A’ state possesses a little antibonding contribution, while
the unoccupied 2A” state is strongly antibonding.

Upon the adsorption of HCO¥, notable changes occur in
these states. The 1A” state transforms from weak bonding to a
state with a considerably antibonding nature. Conversely, the
7A’ and 2A" states maintain their antibonding character, and
the 3A’, 4A’, SA’, and 6A’ states retain their bonding nature.
As shown in Table S4, the results allow us to compare the
integrated COHP (iCOHP) values between the two surface
models. From this table, we can establish that all the bonding
states (3A’, 4A’, SA’, and 6A’) exhibit reduced bonding
character. In contrast, the antibonding states (1A” and 7A’/
2A’") display reduced antibonding character in Rug/
RuCe,_;0,, ;| as compared to Rus/CeO,. Given the negligible
differences between the iDOS and iCOHP in the 7A’+2A”
state for Rug/CeO, and Rug/RuCe,_;O,,_, this aspect cannot
solely account for the reduced strength of the C—O bond in
Rug/RuCe,_,0,,_; compared to Ruy/CeO,.

The iCOHP values indicate a significant reduction in
bonding and antibonding character, with respective values of
090 and —0.63 for Ruy/CeO, and Ruy/RuCe,_,0,, ,,
respectively. As such, the decreased bonding characteristic of
C—O in adsorbed HCO* for the bonding orbitals outweighs
the decreased antibonding characteristics in Rug/Ru-
Ce, 10,, ;. Given the observed persistence of a sharp peak
for the 3A’, 4A’, SA’, and 6A’ states upon adsorption, it can be
inferred that these states exhibit a limited tendency to
hybridize with the d-band on Ru. We thus hypothesize that

an increased electron—electron repulsion causes the differences
in bonding character due to differences in the Ru—C and Ru—
O distances between the two complexes.

To assess this, in Figure S19 the distances of C—Ru, O—Ru,
and HC—O bonds for HCO* adsorbed on Ruy/CeQO, and
Rug/RuCe,_,0,, | are displayed. Since the HCO* complex is
adsorbed in different configurations on the two structures, we
introduce the following distance metric to describe the Ru—C
and Ru—O distances in an averaged sense between the two
structures:

N -1
d= (Z |’Ru,i-c/ol_3] ©)
i 9

This function is constructed to give higher weight to closer
distances in the average, compensating for the bias resulting
from the difference in the number of Ru atoms in both
systems. Although the unit of d is A, we use this unit more in
the arbitrary sense rather than as a representation of volume.
Using this function, the calculated values for the Ru—C
distances are dy,_c= 2.78 A3 for Rus/CeO, and dp,_c = 2.79
A3 for Rug/RuCe,_,0,,_;. Similarly, the calculated values for
the Ru—O distances are dgp,_o = 3.93 A® for Rug/CeO, and
dra_o = 3.66 A® for Rug/RuCe,_,0,,_;. This analysis shows
that despite the averaged Ru—C distance being a bit shorter in
Rug/CeO, as compared to Rug/RuCe,_,0,,_,, it is predom-
inantly the reduced Ru—O distance in the doped model that
drives the increased electron—electron repulsion, resulting in a
significantly reduced bonding character of the 3A’ state. This
rationale is further strengthened by considering the isosurface
of the 3A"” state, which shows that the majority of the electron
density resides on the O atom. Furthermore, it can be observed
that the HC—O bond is longer in HCO* adsorbed on Ruy/
RuCe,_;0,,_;, which is consistent with the weaker bond
strength of HCO.

Consequently, the disparity in bonding characteristics
between Rug/RuCe,_;0,,; and Ruy/CeO,, where HCO*
resides in closer proximity to the Ru atoms on the former
system, can be attributed to the stronger electron—electron
repulsion of these states with the electron density around the
Ru atoms. This result demonstrates that nuanced variations in
the coordination of complexes can amplify and generate
significant differences in the overall selectivity.

3.5. General Discussion. The results of our first-principles
microkinetic simulations will be used to provide further insight
into the structure sensitivity of CO, methanation on Ru/CeO,
catalysts. As discussed above, several authors have pointed out
the preference for intermediate Ru loading, which presumably
can be linked to the presence of small particles, and the role of
Ru doping of CeO,."'*'"" A comparison of our CO,
methanation predictions to those for large nanoparticles can
be best made by including microkinetics simulations on a
periodic surface that contains sites for CO, methanation. For
this purpose, we used the DFT energetics of CO methanation
on the extended Ru(11—21) surface used earlier in Fischer—
Tropsch synthesis,52 augmented with relevant energetics for
CO, hydrogenation to CO. The complete reaction energetics
are given in Table S6. Figure 10A compares the reaction rate
for the Ru(11—21) surface to those of the Rus/CeO, and Rug/
RuCe,_,0,,_, surfaces. Under equal reaction conditions, the
Rus/CeO, and Rug/RuCe, ;O,, ;| models are significantly
more active than the extended Ru surface, representing the
active sites on nanoparticles large enough not to be perturbed
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by the support. Typical nanoparticles contain a small fraction
of step-edge sites, for which Ru(11—21) presents a reasonable
surface model needed for CO* dissociation. As such, these
results reasonably explain the much lower activity observed for
5 wt % Ru/CeO, compared to a 0.5 wt % Ru/Ce0,.”’ As
expected, CH, is the main product for the Ru(11—21) surface
below 400 K, with the CO selectivity increasing at higher
temperatures.

While the absolute activity of the various surface models in
this study will be affected by the strong binding of CO, we
found that the low activity of the Ru(11—21) surface can be
attributed to weaker H, adsorption in comparison to H,
adsorption on the cluster models. The adsorption energies of
H, on Ru,/CeO,, Rus/RuCe,_;0,,_;, and Ru(11—21) surface
are —1.15, —0.99, and —0.55 eV, respectively. The CO*2H*
state is the most abundant for the Ruy/CeO, and Rug/
RuCe,_;0,,_; models (Figure $22). To understand this aspect
better, we carried out microkinetic simulations for Ru(11—21)
with an adjusted H, adsorption energy of —0.99 eV
corresponding to the H, adsorption energy on Rug/
RuCe,_;0,,_; (Figure S23). The results show that the reaction
rate for the extended surface becomes nearly similar to that of
the Rug/RuCe,_,0,,_; model and CH, is the main product in
the whole temperature regime. Thus, the higher activity of the
Rug clusters as compared to that of Ru nanoparticles is mainly
due to stronger H, adsorption. Such differences in H,
adsorption strength have been observed recently for Co,”’
where small Co clusters stabilized by CeO, strongly and
irreversibly adsorb H,. In line with our findings, Guo et al.
reported that relatively large Ru nanoparticles supported on
CeO, exhibited a higher reaction order of H, in CO,
methanation than highly dispersed Ru/Ce0,."”

While the microkinetics simulations show CH, to be the
dominant product below 400 K, there is a shift to CO above
this temperature, accompanied by a shift of the rate-controlling
step to CO desorption. At temperatures above 700 K, the
reaction is controlled by H,O removal, driven by the
unfavorable adsorption of H, at elevated temperatures.
Supporting evidence for this observation can be found in the
high surface coverage of the O atoms and the increased
reaction order of H, (Figure S21).

Self-poisoning by strongly adsorbed reaction intermediates is
common in metal nanoparticle catalysis. The relatively low
activation energy for CO, dissociation on Ru(11-21) (AE, =
0.60 V) results in abundantly adsorbed CO molecules. At low
temperatures, there is insufficient thermal energy to overcome
the activation energy of C—O dissociation, resulting in a
significant accumulation of CO on the surface, as shown in
Figure S21A. Combined with the negative reaction order of
CO, in Figure S21B, we can state that the Ru(11—21) surface
is poisoned by adsorbed CO. As already noted in our work on
CO hydrogenation on Ru(11-21),”* we cannot use the CO
adsorption energy predicted by DFT due to the overbinding
issue.”” Furthermore, we also considered the effect of lateral
interactions. To gauge the impact of overbinding and lateral
interactions, we determined how changes in the CO
adsorption energy affected the outcomes of the microkinetic
simulations for Ru(11—21). Figure S24 shows that lowering
the CO adsorption energy corresponds to an increase in the
reaction order of CO,, signifying that reducing the CO
adsorption energy mitigates the problem of self-poisoning.
Figure S24 also shows that the coverage of empty sites remains
relatively low. Lowering the CO adsorption energy improves

the selectivity toward CO rather than CH,. Increasing the
temperature would allow for faster CO dissociation, leading to
its reaction products remaining on the surface. A further
increase in the temperature would benefit from CO desorption
over dissociation, as also seen from the selectivity of the
reaction as a function of temperature (Figure 10D).

To understand the influence of overbinding of CO on Ruy/
CeO, and Ruy/RuCe,_,0,, ;, we conducted microkinetics
simulations by decreasing the CO adsorption energy in steps of
0.1 eV to a value of 0.3 eV lower than the original CO
adsorption energy. We included Ru(11—21) surface again in
these simulations to have a basis of comparison. The results
collected in Figures S25—S527 show that these changes in the
CO adsorption energy have a minor impact on the CO,
reaction rate under conditions, where CH, is the main reaction
product. On the other hand, in a regime where CO is the main
product, these changes result in an increase of the CO,
reaction rate. This leads to a shift in the product distribution
for the Ruy/CeO,, Rus/RuCe,_,0,,; and Ru(11-21) surface
models at low temperatures. Even so, Rus/RuCe,_,0,,_;
remains the most active surface model for the CO,
methanation.

As the Ruy/CeO, and Rug/RuCe,_;0,,_; models exhibit
stronger adsorption of H, than the extended Ru(11-21)
surface, it is worthwhile to consider the influence of the H
coverage. Therefore, we computed activation energies for
direct CO* dissociation, HCO* formation, and HCO*
dissociation in the presence of an increasing number of H
atoms for the two CeO,-supported Ru models. Table S7 shows
that direct CO* dissociation is suppressed when more H
atoms are added to the Rug clusters. As expected, these
activation energies strongly increase with the addition of more
H atoms. Already adding 1 H atom leads to activation energies
higher than 2 eV. Although the activation energy for CO*
dissociation remains lower for Rug/RuCe,_;0,,_; with 1 and 2
H adatoms, it can be stated that high H coverage (3 or 4 H
atoms per Rug cluster) will completely suppress direct CO
dissociation (i.e., activation energies exceeding 2.5 eV).

Table S8 shows the corresponding data for HCO*
formation and HCO* dissociation steps. We find that there
is a nearly negligible influence on the reaction energetics, when
one more H atom is added to the cluster. Adding more H
atoms decreases the activation energies for both HCO*
formation and dissociation. It is interesting to note that the
addition of 1 or 2 H atoms to Ruy/CeO, does not influence
the activation energies of HCO* formation and HCO*
dissociation. The effect on the reaction energetics for the
Ruy/RuCe,_;0,,_; surface shows a less clear trend, which
appears to be caused by some restructuring of the cluster upon
adsorption of H atoms. The most representative results are
those that compare 1 and 2 H atoms being added to the
surface models, as we found that the free energy of adsorption
of H, to the Ruy/CeO, is already endergonic at 400 K. Based
on the overall activation energies of the two main pathways, we
do not expect that the different reaction energetics will
significantly affect the qualitative conclusions of our study.

4. CONCLUSIONS

DEFT calculations were employed to study the methanation of
CO, on Ru,/Ce0,, Ruy/Ce0,, and Rug/RuCe,_,0,,_; surface
models as an approach to understanding the structure
sensitivity of the Sabatier reaction for Ru/CeO, catalysts. A
single atom of Ru on CeO, can convert CO, to CO but lacks

https://doi.org/10.1021/acscatal.3c03742
ACS Catal. 2023, 13, 15230—15247


https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c03742/suppl_file/cs3c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c03742/suppl_file/cs3c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c03742/suppl_file/cs3c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c03742/suppl_file/cs3c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c03742/suppl_file/cs3c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c03742/suppl_file/cs3c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c03742/suppl_file/cs3c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c03742/suppl_file/cs3c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c03742/suppl_file/cs3c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c03742/suppl_file/cs3c03742_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c03742?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis pubs.acs.org/acscatalysis Research Article

the active sites for dissociation of the remaining C—O bond.
Therefore, this surface model is active only in the reverse
water—gas shift reaction. The Rug clusters representing highly
dispersed Ru metal phase on stoichiometric and Ru-doped
CeO, are active methanation catalysts. The main reaction
pathway involves the conversion of CO, to CO via a carboxyl
mechanism. Compared to extended surfaces where direct C—
O bond dissociation is facile, CH, precursors to CH,
formation are formed by H-assisted C—O bond dissociation
via HCO species. The microkinetic simulations predict that the
doped model exhibits a higher CO, conversion rate. The
overall activation energy for HCO dissociation on Ruy/CeO, is
higher than the overall activation energy for HCO dissociation
on Rug/RuCe, ;O,, ;. This leads to an overall higher
methanation rate for the doped surface. An electronic structure
analysis shows that the lower activation energy for HCO
dissociation on Rug/RuCe, ;0,, ; is due to stronger
electron—electron repulsion, which can be attributed to the
closer proximity of the reaction intermediate to Ru. The strong
H, adsorption on small Ru clusters results in higher
methanation activity for Ru clusters on CeO, compared to a
Ru step-edge surface, where the H coverage is low due to
stronger competition with adsorbed CO.
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