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ABSTRACT: The possible formation pathways of CH, (x = 1—
3) and C—C chain involved in C, oxygenate formation from
syngas on an open Cu(110) surface have been systematically
investigated to identify the preference mechanism of CH, (x = 1—
3) and C—C chain formation. Here, we present the main results
obtained from periodic density functional calculations. Our results
show that all CH, (x = 1—3) species formation starts with CHO
hydrogenation; among them, CH,, (x = 2, 3) are the most favored
monomers, however, CH;OH is the main product from syngas on
the Cu(110) surface, and the formation of CH,, (x = 1—3) cannot
compete with CH;OH formation. Further, on the basis of the
favored monomer CH, (x = 2, 3), we probe into the C—C chain
formation of C, oxygenates by CO or CHO insertion into CH,, (x
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=2, 3), as well as the hydrogenation, dissociation, and coupling of CH, (x = 2, 3), suggesting that CO insertion into CH, to form
C, oxygenates is the dominant reaction for CH, on the Cu(110) surface with an activation barrier of 44.5 kJ-mol™'; however, for
CH,, CH; hydrogenation to CH, is the dominant reaction on the Cu(110) surface with an activation barrier of 67.5 kJ-mol™". As
a result, to achieve high productivity and selectivity for C, oxygenates from syngas, Cu has to get help from the promoters, which
should be able to boost CH, formation and/or suppress CH;OH and CHj formation. The present study provides the basis to
understand and develop novel Cu-based catalysts for C, oxygenate formation from syngas.

1. INTRODUCTION

Formation of C, oxygenates (typically referred to as ethanol,
etc.) from syngas is an important industrial process for the
production of clean liquid energy fuels and valuable chemical
feedstocks.' ® Nowadays, one of the major obstacles for the
application of C, oxygenates is the slow kinetics and low
selectivity in C, oxygenate synthesis.” As a result, developing
catalysts for synthesizing C, oxygenates efficiently and
selectively has been one of the major challenges in catalysis.
Up to now, Rh-based catalysts have shown promise, exhibiting
high selectivity to C, oxygenate formation from syngas,*® in
which two key issues for the general mechanism of C,
oxygenate formation are believed. One is the formation of
surface hydrocarbon CH, (x = 1-3) by the direct CO
dissociation or hydrogen-assisted CO dissociation, and the
other is the C—C chain formation.”>*™'* However, the
prohibitive cost and limited supply of Rh-based catalysts have
restricted their ability to be used as industrial catalysts.®
Therefore, much less expensive Cu-based catalysts have been
an attractive option; nowadays, Cu-based catalysts have been
widely used and produced promising results for C, oxygenate
formation from syngas in the temperature range 280—310 °C at
pressures of about 40—100 bar.”'*~"° Recently, the progress
about syngas to C, oxygenates on Cu-based catalysts has been
reported in the review by Gupta et al,> which suggests that
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there is the similarity for C, oxygenate formation from syngas
between Cu-based and Rh-based catalysts, both involving two
key steps: surface hydrocarbon CH, (x = 1—3) and C—C chain
formation.

For CH, (x = 1—3) formation, two possibilities may exist.
One is CO hydrogenation to form CH,O species, followed by
its dissociation (hydrogen-assisted CO dissociation mecha-
nism); the other is the direct CO dissociation, followed by
hydrogenation (carbide mechanism). For example, Choi and
Liu’ have found that CO hydrogenation to form formyl species
(COH or CHO) is more plausible than the direct CO
dissociation on the Rh(111) surface. Meanwhile, previous
studies have also found that CH; is the most favorable
monomer among all CH,, (x = 1—3) species on Co(0001)°
and Rh(111) surfaces. However, the studies by Kapur et al."°
show that CH, is the most favored monomer among all CH,, (x
= 1-3) species on Rh(111) and Rh(211) surfaces. On the
other hand, for the C—C chain formation, one is that CO
insertion into CH,, (x = 1—3) monomer leading to CH,CO,
and the other is that CHO insertion into CH, (x = 1-3)
monomer to form CH,CHO; for example, Choi and Liu” have
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found the C—C chain formation by CO insertion into CH; on
the Rh(111) surface. Meanwhile, the studies by Kapur et al.'°
have shown that CO insertion into CH, is deduced to be the
precursor for C, oxygenate formatlon on Rh(111) and Rh(211)
surfaces. Interestingly, Zhao et al.'* have shown that CHO
insertion is superior and/or competitive to CO insertion for
C—C chain formation on Rh(111) and Co(0001) surfaces.

Up to now, although a large number of experimental studies
on Cu-based catalysts as mentioned above have been
performed to explore the C, oxygenate formation from
syngas,”>™"? few studies have been carried out to fully
understand the mechanism and kinetics about the above-
mentioned two key issues, surface hydrocarbon CH,, (x = 1-3)
and C—C chain formation involved in the C, oxygenate
formation from syngas on Cu-based catalysts at the
fundamental level due to the complexity of the reactions. As
a result, on Cu-based catalysts, the mechanism and kinetics of
CH, (x = 1-3) and C—C chain formation involved in C,
oxygenate formation from syngas still remain unclear: Are
surface hydrocarbon species, CH,, (x = 1—3), formed by the
hydrogen-assisted CO dissociation mechanism or the carbide
mechanism? Besides, among all CH,, (x = 1—3) species, which
is the most favored monomer? On the other hand, is the C—C
chain formed by CO or CHO insertion into CH, (x = 1-3)
monomer? Therefore, it is very necessary and significant to
probe into the preference mechanism of CH, (x = 1-3) and
C—C chain formation involved in C, oxygenate formation from
syngas on Cu catalyst. Nowadays, state-of-the-art theoretical
investigations have been used as a powerful tool to elucidate the
mechanism and kinetics of several typical reactions.”'** By
means of theoretical calculation, a detailed investigation of CH,
(x = 1-3) and C—C chain formation involved in C, oxygenate
formation from syngas on Cu catalyst at the molecular level will
not only help us better understand the underlying preference
mechanisms but also serves as a basis for the selective
modification and development of novel Cu-based catalysts to
improve the catalytic performance toward the desired C,
oxygenates. For example, Choi and Liu” have investigated the
mechanism of C, oxygenate formation on the Rh(111) surface
on the basis of DFT calculations. They found that CHj; is the
most favorable monomer among all the CH,, species, and the
selectivity to C, oxygenates on Rh(111) is controlled by
methane formation by CHj; hydrogenation and C—C bond
formation by CO insertion into CHj, and suggested that the
metal Fe promoters, which can suppress methane formation
and/or boost C—C bond formation, are indispensable to
achieve high productivity and selectivity for ethanol.

In this paper, in order to identify the preference formation
mechanism of CH, (x 1-3) and C—C chain, density
functional theory together with periodic slab model calculations
have been employed to investigate the possible pathways of
CH, (x = 1-3) and C—C chain formation involved in C,
oxygenate formation from syngas on Cu catalyst at the
molecular level. An open Cu(110) surface is chosen to model
Cu catalyst, and the mechanism and kinetics of CH,, (x = 1-3)
and C—C chain formation on the Cu(110) surface are
systematically investigated, in which a large number of unique
reaction pathways involving subtly different reaction inter-
mediates and transition states are explicitly obtained. Further,
the results of this effort are expected to qualify the activation
barriers and reaction energies of elementary steps involved in
the pathways of CH,, (x = 1—3) and C—C chain formation, and
obtain the preference formation mechanism of CH, (x = 1-3)
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and C—C chain. Finally, our results are expected to serve as a
basis for the selective modification of Cu catalyst to improve
catalytic performance toward C, oxygenate formation from
syngas. In addition, our calculation may be a worthwhile
theoretical example for the CH, (x = 1-3) and C—C chain
formation involved in C, oxygenate formation from syngas on
other metal or alloy surfaces.

2. COMPUTATIONAL DETAILS

2.1. Surface Model. Previous experimental studies
have shown that methanol decomposition into methoxy mainly
occurs on the Cu(110) surface; the other two low-index Cu
surfaces, Cu(111) and Cu(100), are inactive to methanol
decomposition; moreover, the studies by Nakamura et al.**
suggested that the dissociation of H,O on Cu(110) seems to be
more favorable than that on Cu(111), which is also supported
by other relevant studies.>>™>° These studies indicate that the
Cu(110) surface may be more active due to its more open
surface and more coordinative unsaturated sites. Thus, in this
study, an open Cu(110) surface is chosen to model Cu catalyst,
and to investigate the mechanism and kinetics of the CH,, (x =
1-3) and C—C chain formation on Cu catalyst.

In the surface calculation, the Cu(110) surface is cleaved
from the experlmental fcc crystal structure with a lattice
parameter of 3.62 A,*® and is modeled using a three-atomic-
layer p(3 X 3) super cell with nine atoms at each layer; this
corresponds to a 1/9 monolayer (ML) coverage. Meanwhile, a
1S A vacuum slab is employed to separate the periodically
repeated slabs. The bottom one layer is constrained at the bulk
position in order to mimic the presence of a larger number of
layers in real metal particles, whereas the upper two layers
together with the adsorbed species involved in CH,, (x = 1—3)
and C—C chain formation are allowed to relax. According to
Cu(110)—[3 X 3] surface morphology, as shown in Figure 1,
there are four different adsorption sites: top (T), long bridge
(LB), short bridge (SB), and hollow (H).
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Figure 1. The surface configuration and adsorption sites of the
Cu(110) surface: (a) top view; (b) side view.
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2.2. Calculation Methods. Plane-wave DFT calculations
with the projector-augmented wave (PAW) method” a
carried out as 1m§)1emented in the Vienna ab initio 51mulat10n
package (VASP).”*~** The generalized gradient approximation
with the Perdew—Wang exchange-correlation functional (GGA-
PWO91) is used.*’ The kinetic energy cutoff for a plane wave
basis set is 400 eV. The Brillouin zone is sampled usmg a 3X3
X 1 Monkhorst—Pack k-point grid (11 k-points)** with
Methfessel—Paxton smearing of 0.1 eV.* The relaxation of
the electronic degrees of freedom is assumed to be converged if
the total energy change and the band structure energy change
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between two steps are both smaller than 10™° eV. A force
difference between two steps less than 0.03 eV/A is used as the
criterion for convergence of relaxation.

Reaction paths have been studied using the climbing-image
nudged elastic band method (CI-NEB).*** Transition states
have been optimized using the dimer method.**” The
transition state structure is deemed converged when the forces
acting on the atoms are all <0.05 eV/A for the various degrees
of freedom set in the calculation. The molecules in the gas
phase (needed to obtain adsorption energies) are calculated
using a 10 X 10 X 10 A? cubic unit cell.

2.3. Evaluation of Calculation Method and Model. To
investigate the reliability of the selected method and model, we
first calculate the geometrical parameters of free CO molecule
in the gas phase. The bond length and the stretching frequency
of CO are rc_g = 1.142 A and vo_g = 2125 cm™, respectively,
which are in agreement with the experimental values of 1.128
A" and ve_o = 2138" and 2143 cm™,°7% respectively.
Meanwhile, our calculated result is close to other DFT
calculated values obtained by Sun et al. (2121 cm™),* Weilach
et al. (2120 cm™),>" and Loffreda et al. (2106 cm™!).>

Then, to confirm the sufficiency of the chosen model (three-
layer and super cell of p(3 X 3) Cu), we further compare the
adsorption of CO at the SB site with those obtained on four-
layer and five-layer p(3 X 3) models (the top two layers with
adsorbates are relaxed, and the other bottom layers are fixed to
their buck positions). The adsorption energies of CO are 109.5
and 105.2 (111.1) kJ-mol™" with CO bond lengths of 1.170 and
1.170 (1.171) A, which are close to the values obtained by
using a three-layer p(3 X 3) model (see the values in
parentheses, which will be obtained in the section below).

Further, to consider the effect of surface coverage on
calculated results, we test the adsorption of the largest system
CH,CHO mentioned in our study at the most stable hollow
site on a p(2 X 2), p(2 X 3), and p(4 X 4) three-layer model.
The corresponding adsorption energies of CH,CHO are 260.1,
270.9, and 273.3 kJ-mol ™!, respectively. We can obtain that the
adsorption energies of CH,CHO on the p(2 X 3) (2709
kJ-mol™) and p(4 X 4) (273.3 kJ-mol™") models are close to
the value 269.4 kJ-mol™" obtained by using a p(3 X 3) model.
Therefore, considering the efficiency of calculation, we think
that a three-layer p(3 X 3) model is suitable and enough for our
calculated systems.

Finally, the three-layer (110) surface model has been widely
used in the previous calculations of reactions on the metal
surface; for example, Flemmig et al.>® used a three-layer slab
Mo(110) surface to investigate the mechanism for the
transformation of adsorbed cyclopropylmethyloxide; Classen
et al.>* investigated the interaction of trimesic acid with a three-
layer slab Cu(110) surface; Wang et al.> studied the adsorption
of CH;, CH;0, and HCOO on metal Ni usin§ a three-layer
slab Ni(110) surface model; Szukiewicz et al.”>® employed a
three-layer slab Mo(110) surface to investigate the Gd
adsorbed layers on the Mo(110) surface; Liao et al.*” used a
three-layer slab Rh(110) surface to investigate the adsorption of
NO.

Therefore, according to the above evaluations together with
previous studies about a three-layer slab (110) model, we are
confident in the ability of the chosen method and model to
describe the mechanism and kinetics for CH, (x = 1—3) and
C—C chain formation involved in C, oxygenate formation from
syngas on a three-layer slab p(3 X 3) Cu(110) model.
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3. RESULTS AND DISCUSSION

In this section, we first investigate the mechanism of CH,, (x =
1-3) formation according to the proposed reaction network of
CH, (x = 1-3) formation by CO hydrogenation, in which the
adsorption energies and structures of the important inter-
mediates involved in CH,. (x = 1—3) formation on the Cu(110)
surface are obtained, and these results are compared with
previously reported theoretical and experimental observations;
then, we describe the transition states associated with every
elementary step in the reaction network of CH, (x = 1-3)
formation to obtain the most favored CH, monomer. On the
other hand, on the basis of the most favored CH, monomer,
the possible pathways of C—C chain formation are further
investigated to probe into the preference formation mechanism.
Finally, we generally discuss the potential energy surface for the
formation of CH,, (x = 1-3) and C—C chain of C, oxygenates,
as well as other possible reactions involved in C, oxygenate
formation from syngas, such as CH;OH formation, CH,
hydrogenation and dissociation, and the coupling of CH, to
form C—C chain.

3.1. CH, (x = 1-3) Formation by CO Hydrogenation.
3.1.1. Reaction Network of CH, (x = 1-3) Formation.
Previous studies have investigated the formation of CH;O0OH
from syngas through CHO, COH, CH,0, CHOH, CH;0, and
CH,OH intermediates.****° Meanwhile, Iglesia et al.®® have
studied the CO direct dissociation and H-assisted CO
dissociation through CHO and CHOH intermediates on
both Fe and Co catalysts, suggesting that H-assisted CO
dissociation is more favorable than CO direct dissociation;
Zhang et al.*! have also researched the CO direct dissociation
and H-assisted CO dissociation through COH, CHO, CHOH,
and CH,O intermediates on the Ni(111) surface, suggesting
that CO prefers to hydrogenate rather than direct dissociation;
Li et al.%* have investigated the CO direct dissociation and H-
assisted CO dissociation through CHO intermediate on the
Fe(111) surface, suggesting that CO prefers to form CHO
intermediate rather than CO direct dissociation, then, the
dissociation of CHO into CH+O is more favorable both
thermodynamically and kinetically than CHO hydrogenation;
Kapur et al.'® investigated the CO direct dissociation and H-
assisted CO dissociation through COH, CHO, CHOH, CH,0,
CH,OH, and CH;O intermediates on Rh catalyst, suggesting
that H-assisted CO dissociation to form CH,, is more favorable
than CO direct dissociation.

Therefore, on the basis of the above literature about CO
hydrogenation and dissociation on different metal catalysts, in
this study, the reaction network of CH, (x = 1—3) formation
from CO hydrogenation and dissociation on the Cu(110)
surface has been proposed, as displayed in Figure 2, which
covers all possible pathways of CH,, (x = 1—3) formation. The
adsorbed CO can dissociate via a series of sequential steps to
form CH, (x = 1-3), in which two possibilities for CH,, (x =
1-3) formation exist; one is the CO hydrogenation to form C,
oxygenated entities, followed by its dissociation without or with
hydrogen-assistance to form CH, (x = 1-3); the other is the
CO direct dissociation to form C and O atoms, followed by C
hydrogenation to form CH, (x = 1-3). By investigating the
mechanism and kinetics of the proposed reaction network of
CH, (x = 1—3) formation, an optimal path for CH, (x = 1-3)
formation will be identified.

3.1.2. Adsorptions of Reactants and Possible Intermedi-
ates. The adsorption energy is always regarded as a measure of
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Figure 2. Reaction network scheme of CH,, (x = 1—3) formation by
CO hydrogenation and dissociation.

the strength of adsorbate—Cu(110) substrate adsorption. The
adsorption energies, E, 4, are defined as follows:

Eads = ECu(llO) +E - Eadsorbate/Cu(llO)

adsorbate

where E,(j) is the energy of a clean Cu(110) slab, E g i
the energy of free adsorbate, and E,yqomate/cu(110) 1S the total
energy of the adsorbate/Cu(110) system in the equilibrium
state. With this definition, more positive values reflect the
strong interaction of adsorbed species with the Cu(110)
surface.

Adsorptions of the reactants and all possible intermediates
involved in CH,, (x = 1—3) formation on the Cu(110) surface
have been investigated. Figure 3 presents the most stable
adsorption configurations of these species, and the correspond-
ing key geometric parameters are listed in Table 1.

C, O, and H. C and O prefer to adsorb at the H site on the
Cu(110) surface, as shown in Figure 3. The distance between C
and Cu atoms is 1.99 A, and the corresponding adsorption
energy is 689.3 kJ-mol™'. The distance between O and Cu
atoms is 2.10 A, and the corresponding adsorption energy is
656.9 kJ-mol™". For H atom, the stable adsorption site is the
pseudo-fcc(111) site, and the corresponding adsorption energy
is 357.3 kJ-mol™; the bond lengths of H—Cu are 1.69, 1.69,
and 1.86 A, respectively.

CO, OH, and CH;. CO, OH, and CHj prefer to adsorb at the
SB site on the Cu(110) surface, as shown in Figure 3. We can
see that both CO and CHj tend to coordinate to the surface
through a C atom; OH tends to coordinate to the surface
through an O atom. The adsorption energy of CO is 111.1
kJ-mol™" with the Cu—C bond length of 1.97 A. The Cu—O
and O—H bond lengths for adsorbed OH are 1.95 and 0.98 A,

respectively, and the corresponding adsorption energy is 403.9
kJ-mol™". The adsorption energy of CHj is 246.5 kJ-mol ™" with
two C—Cu bond lengths of 2.05 and 2.13 A, respectively.

CH, CH,, COH, and CH,0. CH, CH,, COH, and CH,0 all
prefer to adsorb at the H site on the Cu(110) surface, as shown
in Figure 3. The adsorption energy of CH is 603.3 kJ-mol™"
with a C—Cu distance of 2.07 A. The adsorption energy of CH,
is 414.2 kJ-mol ™" with four C—Cu bond lengths of 2.25, 2.26,
2.27, and 2.27 A, respectively. COH tends to coordinate to the
surfaces through a C atom with an adsorption energy of 340.3
kJ-mol™; CH,O binds to the surface through both O atom
anchoring at the SB site and C atom sitting at another SB site
with an adsorption energy of 78.6 kJ-mol ™.

CHO, CHOH, CH,0H, and CH;0. The most stable
configuration for CHO adsorbed at the LB site through both
C and O atoms has an adsorption energy of 219.9 kJ-mol™".
CHOH prefers to bind at the SB site on Cu(110) through a C
atom with the hydroxyl H atom pointing toward the surface,
which is in agreement with previous DFF calculations.*®
CH,OH prefers to bind at the SB site on Cu(110) through
both C and O atoms. CH;O binds at the SB site through an O
atom. Our results agree with the experimental results,** in
which the ultraviolet photoelectron spectroscopy (UPS)
experiment shows that CH;O adsorbs on the Cu(110) surface
through an O atom with an off-normal orientation.

H,0 and CH3;0H. H,O prefers to adsorb at the T site on the
Cu(110) surface with an adsorption energy of 55.1 kJ-mol™".
CH;OH binds at the T site through an O atom with an
adsorption energy of 63.5 kJ-mol™'; more interestingly,
previous experimental estimation for the adsorption energy of
CH;0H is 67.5 kJ'mol™' from first-order temperature-
programmed desorption (TPD);* our calculated results agree
with the experimental results.

3.1.3. CO Hydrogenation and Dissociation. As shown in
Figure 2, there are two possibilities for CO: one is CO direct
dissociation to form C and O; the other is CO hydrogenation
to form CHO or COH. The potential energy diagram for the
above three reactions together with the structures of the initial
states, transition states, and final states are illustrated in Figure
4.

For CO direct dissociation, the C—O bond activation of CO
via a transition state TS1 can lead to a final state, C+O; in TSI,
the CO molecule stays almost horizontally on the surface with
an elongated C—O bond length of 1.98 A. This elementary
reaction is highly endothermic by 2134 kJ-mol™' with a
significantly high activation barrier of 409.1 kJ-mol™, which
means that direct CO dissociation on the Cu(110) surface is
likely to be very difficult.

For CO hydrogenation, there are two possibilities: one is that
with H attacking at the C atom of CO to produce CHO; the

" CHOH

CH,O0H

CH;O H,0  CH;OH

Figure 3. The most stable configurations of the reactants and all possible intermediates at their favorable sites involved in the formation of CH, (x =
1-3) species on the Cu(110) surface. The C, O, H, and Cu atoms are shown in the gray, red, white, and orange balls, respectively.
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Table 1. Adsorption Energies and Key Geometric Parameters for Various Relevant Species Involved in the Formation of CH,, (x

= 1-3) on the Cu(110) Surface

bonding details

species E,4 (kJ-mol™) adsorption configuration Deu—x (A) bond length (&)
C 689.3 H: through C 1.99
(6] 656.9 H: through O 2.10
H 357.3 H: through H 1.69/1.86/1.69
CO 111.1 SB: through C 1.97 C—0 1.17
OH 403.9 SB: through O 1.95 O—H 0.98
CH, 246.5 SB: through C 2.05/2.13 C—H 1.12/1.10/1.10
CH 603.3 H: through C 2.07 C—H 1.11
CH, 414.2 H: through C 2.25/2.26/2.27/2.27 C—H 1.11
COH 340.3 H: through C 2.08/2.08/2.08/2.09 C—0/0—H 1.38/0.98
CH,O 78.6 H: C-SB, O-SB 2.20/2.01 C=0/C—H 1.39/1.11
CHO 219.9 LB: C-T, O-T 1.92/2.03 C—0/C—H 1.25/1.12
CHOH 2585.7 SB: through C 1.99 C—H/C—0/0—H 1.10/1.35/1.00
CH,0H 203.6 SB: C-T, O-T 1.98/2.14 C—H/C—0/0—H 1.10/1.46/0.99
CH;0 311.7 SB: through O 1.95 C—0/C—H 1.43/1.10/1.10/1.11
H,0 551 T: through O 2.20 O—H 0.98
CH;0H 63.5 T: through O 2.14 C—H/C—0/0—H 1.10/1.45/0.98
—— adsorbed CO to tilt from the surface normal in the transition
400 - = Wy state TS2, and the distance between C and H atoms in TS2
PN ; B decreases to 1.12 A from 3.80 A in CO+H(1). The activation
= / K% barrier for this elementary reaction is 100.1 kJ-mol™!, and the
E 300 i . reaction is found to be endothermic by 49.9 kJ-mol™. For
% /,“ " COH formation, beginning with the initial state, CO+H(2), the
g 200 i — *\_C+02134 | H adatom moves toward the O atom of adsorbed CO via a
S / iy transition state TS3 to form COH. In TS3, the distance
@ w el cont1e3 between O and H atoms is shortened to 1.12 A from 3.53 A in
s 100 Fo ... S | CO+H(2); this elementary reaction is found to be endothermic
o i Tl _CHO499 by 119.3 kJ-mol™" with a high activation barrier of 176.3
& A kJ-mol .
0—=m On the basis of the above results, we can obtain that CHO

Reaction coordinate

CO+H(2)

TS3

Figure 4. The potential energy profile for CO hydrogenation and
dissociation together with the structures of the initial states, transition
states (TS), and final states. Bond lengths are in A. See Figure 3 for
color coding.

other is that with H attacking at the O atom of CO to form
COH. For CHO formation, starting from the initial state, CO
+H(1), CO adsorbs at the SB site and H binds at the pseudo-
fcc(111) site; both are the most stable configuration for CO
and H species on the Cu(110) surface. The H adatom moves
toward the C atom of adsorbed CO, forcing the vertically
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formation is more favorable both kinetically and thermody-
namically than COH formation and CO direct dissociation,
indicating that CHO is the dominant product for CO
hydrogenation on the Cu(110) surface.

3.1.4. CH Formation. As mentioned above, CHO is the
dominant product for CO hydrogenation on the Cu(110)
surface; as a result, in this study, we only consider CH,, (x = 1—
3) formation starting from CHO and CHO hydrogenation.

As shown in Figure 2, there are four pathways for CH
formation from CHO and CHO hydrogenation: Path 1-1 is the
C—0O bond scission of CHO to form CH and O; path 1-2 is the
C—0O bond scission of CHO with hydrogen assistance to form
CH and OH; path 1-3 is CHO hydrogenation to form CHOH,
followed by the C—O bond scission of CHOH to form CH and
OH; path 1-4 is CHO hydrogenation to form CHOH, followed
by the C—O bond scission of CHOH with hydrogen assistance
to form CH and H,O. The potential energy diagram for these
reactions together with the structures of initial states, transition
states, and final states are shown in Figure 5.

For path 1-1, starting from CHO, the C—O bond scission of
CHO can form CH and O via a transition state TS1-1. In TSI-
1, CH binds at the SB site through a C atom and O adsorbs at
the LB site with a substantially elongated C—O bond of 2.40 A.
In the final state, CH+O, CH sits at the H site and O binds at
the pseudo-fcc(111) site. This elementary reaction is
endothermic by 44.7 kJ-mol™" with a higher activation barrier
of 231.6 kJ-mol .
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For path 1-2, the C—O bond scission of CHO with hydrogen
assistance can form CH and OH via a transition state TS1-2. In
TS1-2, a H adatom locates at the SB site, an O atom binds at
another SB site with a substantially shortened distance between
H adatom and O of 3.71 A, and CH adsorbs at the pseudo-
fcc(111) site through a C atom. In the final state, CH+OH(1),
CH adsorbs at the H site and OH adsorbs at the SB site; both
are the most stable configuration of CH and OH species on the
Cu(110) surface, respectively. This elementary reaction is
found to be exothermic by 36.0 kJ-mol ™" and has an activation
barrier of 166.0 kJ-mol ™.

For path 1-3, the H adatom first attacks the O atom of CHO
to form CHOH via a transition state TS1-3. In TSI1-3, the
distances between the H adatom and O decrease to 1.45 A
from 4.32 A in CHO+H. This elementary reaction has a small
activation barrier of 46.4 kJ-mol™, and is found to be slightly
exothermic by 4.6 kJ-mol™'. Subsequently, the C—O bond
scission of CHOH can lead to the formation of CH and OH via
TS1-4. In TS1-4, CH binds at the LB site through a C atom;
OH sits at the LB site through an O atom with an elongated
C—O0 bond of 2.04 A. In the final state, CH+OH(2), CH
locates at the H site and OH binds at the SB site with a distance
between C and O atoms of 3.75 A. This elementary reaction
needs to overcome an activation barrier of 95.3 kJ-mol~', and
the reaction is exothermic by 41.0 kJ-mol .

For path 1-4, as described in path 1-3, CHO first
hydrogenates to form CHOH; then, the C—O bond scission
of CHOH with hydrogen assistance can form CH+H,O via a
transition state TS1-S. In TS1-5, CH binds at the SB site
through a C atom, OH locates at the pseudo-fcc(111) site

through an O atom with an elongated C—O bond of 2.30 A,
and atomic H sits at the SB site. The activation barrier and
reaction energy for this elementary reaction are found to be
119.4 and —32.4 kJ-mol™", respectively.

On the basis of the above results, starting from CHO and
CHO+H, we can see from Figure 5 that the highest barriers for
paths 1-1, 1-2, 1-3, and 1-4 are 231.6, 166.0, 90.7, and 114.8
kJ-mol™" with the corresponding reaction energies of 44.7,
—36.0, —45.6, and —37.0 kJ-mol ™!, respectively, suggesting that
path 1-3 (CHO + H - CHOH — CH + OH) is more
favorable both kinetically and thermodynamically than other
pathways, which means that path 1-3 is mainly responsible for
CH formation from CHO hydrogenation on the Cu(110)
surface. The rate-controlled step for path 1-3 occurs at TS1-4
with a corresponding activation barrier of 95.3 kJ-mol ™.

3.1.5. CH, Formation. As shown in Figure 2, there are eight
possible pathways for CH, formation. The corresponding
potential energy diagram for these reaction pathways together
with the initial states, transition states, and final states are
illustrated in Figure 6.

For path 2-1, the C—O bond scission of CHO with hydrogen
assistance leads to the formations of CH, and O via a transition
state TS2-1. In TS2-1, CH sits at the SB site through a C atom,
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Figure 6. The potential energy profile for CH, formation together
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atomic O binds at the pseudo-fcc(111) site with an elongated
distance between C and O atoms of 2.93 A, and atomic H
locates at the pseudo-fcc(111) site. In the final state, CH,+O,
CH, adsorbed at the H site and O adsorbed at the pseudo-
fcc(111) site with the distance between C and O atoms of 4.41
A. This elementary reaction is endothermic by 25.7 kJ-mol™’,
and has a high activation barrier of 192.6 kJ-mol .

For path 2-2, as described in path 1-3, CHO first
hydrogenates to form CHOH; then, the C—O bond scission
of CHOH with hydrogen assistance goes through a transition
state TS2-2 to form CH, and OH. In TS2-2, the C—O bond is
elongated to 2.02 A from 1.35 A in CHOH+H. In the final
state, CH,+OH(1), CH, locates at the H site through a C atom
and OH locates at the SB site through an O atom with a
distance between C and O atoms of 3.58 A. The activation
barrier for this elementary reaction is 121.4 kJ-mol™!, and the
reaction is found to be exothermic by 53.9 kJ-mol™".

For path 2-3, CHO first hydrogenates to form CH,O via
TS2-3. In TS2-3, CHO binds at the LB site through both C and
O atoms; H binds at the SB site. This elementary reaction is
exothermic by 48.9 kJ-mol™’, and has a lower activation barrier
of 23.2 kJ-mol™". Subsequently, the C—O bond cleavage of
CH,O0 can form CH, and O via TS2-4. In TS2-4, CH, adsorbs
at the SB site through a C atom and O locates at the pseudo-
fcc(111) site with an elongated distance between C and O
atoms of 2.78 A. The activation barrier for this elementary
reaction is 172.5 kJ-mol™', and the reaction is found to be
endothermic by 74.6 kJ-mol™".

For path 2-4, as described in path 2-3, CHO first
hydrogenates to form CH,O; then, the C—O bond scission
of CH,O with hydrogen assistance can form CH, and OH via
TS2-5. In TS2-S, CH, locates at the pseudo-fcc(111) site
through a C atom, O adsorbs at the pseudo-fcc(111) site, and
the H adatom binds at the pseudo-fcc(111) site. In the final
state, CH,+OH(2), CH, locates at the SB site through a C
atom and OH binds at the SB site through an O atom. This
elementary reaction is exothermic by 16.8 kJ-mol™!, and has a
high activation barrier of 160.1 kJ-mol .

For path 2-5, as described in path 2-3, CHO first
hydrogenates to form CH,O; then, the hydrogenation of
CH,0 can form CH,OH via TS2-6. After that, the C—O bond
scission of CH,OH leads to CH, and OH via TS2-7. The
elementary reaction via TS2-6 has a lower activation barrier of
75.9 kJ'mol™!, and the reaction is found to be slightly
exothermic by 7.1 kJ-mol™". The activation barrier for the
elementary reaction via TS2-7 is 86.8 kJ-mol™", and the reaction
is exothermic by 19.5 kJ-mol ™.

For path 2-6, CHO first hydrogenates to form CHOH,
followed by CHOH hydrogenation to form CH,OH. After that,
the C—O bond scission of CH,OH occurs to form CH, and
OH. CHO hydrogenation to form CHOH and the dissociation
of CH,OH to form CH, and OH have been described in paths
1-3 and 2-5; thus, we only describe CHOH hydrogenation to
form CH,OH via TS2-8; this elementary reaction is exothermic
by 40.1 kJ-mol™" and needs to overcome a small activation
barrier of 29.1 kJ-mol™".

For paths 2-7 and 2-8, path 2-7 is that via path 2-S (CH,O
intermediate) to form CH,OH; after that, the C—O bond
scission of CH,OH with hydrogen assistance to form CH, and
H,0; path 2-8 is that via path 2-6 (CHOH intermediate) to
form CH,OH, followed by the C—O bond scission of CH,OH
with hydrogen assistance to form CH, and H,O. Thus, we only
describe the C—O bond scission of CH,OH with hydrogen
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assistance to form CH, and H,O via TS2-9; the activation
barrier for this elementary reaction is 70.8 kJ-mol™', and the
reaction is exothermic by 30.4 kJ-mol™.

On the basis of the above results, starting from CHO+H, we
can obtain from Figure 6 that the highest barrier and reaction
energy (27.0 and —86.4 kJ-mol™") of path 2-7 are lower than
those of other pathways, which suggests that path 2-7 is more
favorable both kinetically and thermodynamically than other
pathways. Therefore, path 2-7 (CHO+H — CH,0+H —
CH,0H+H — CH,+H,0) dominantly contributes to the
formation of CH, from CHO hydrogenation on the Cu(110)
surface. The rate-controlled step for path 2-7 occurs at TS2-6
with a corresponding activation barrier of 75.9 kJ-mol™".

3.1.6. CH; Formation. For CH; formation, five possible
paths are considered, as shown in Figure 2, the potential energy
diagram for these reaction pathways together with the
structures of initial states, transition states, and final states are
shown in Figure 7.
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Figure 7. The potential energy profile for CH; formation together
with the structures of initial states, transition states, and final states.
Bond lengths are in A. See Figure 3 for color coding.

For path 3-1, as described in path 2-3, CHO first
hydrogenates to form CH,O; then, the C—O bond scission
of CH,O with hydrogen assistance can form CH; and O via a
transition state TS3-1. In the final state, CH;+O, CH; adsorbs
at the SB site, atomic O sits at a pseudo-fcc(111) site, and the
distance between C and O atoms is 2.04 A. The activation
barrier and reaction energy for this elementary reaction are
128.6 and —14.9 kJ-mol ™, respectively.

For path 3-2, as described in path 2-3, CHO first
hydrogenates to form CH,O; then, CH,O can hydrogenate
to form CH;O via TS3-2. In TS3-2, CH,O binds at the H site
and the H adatom sits at a pseudo-fcc(111) site with the
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distance between H adatom and C of 2.92 A. The activation
barrier of this elementary reaction is 36.7 kJ-mol™’, and the
reaction is found to be exothermic by 70.0 kJ-mol™". After that,
the C—O bond scission of CH;0 can form CH; and O via TS3-
3; in TS3-3, the distance between C and O atoms is elongated
to 2.06 A from 1.43 A in CH;O. This elementary reaction is
endothermic by 55.1 kJ-mol ™" and with a high activation barrier
of 198.6 kJ-mol .

For path 3-3, as described in path 3-2, CHO first
hydrogenates to form CH;0; then, the C—O bond scission
of CH;0 with hydrogen assistance can form CH; and OH via
TS3-4; in TS3-4, CH;O adsorbs at the SB site and a H adatom
sits at a pseudo-fcc(111) site with the distance between H
adatom and O of 2.79 A. The activation barrier and reaction
energy of this elementary reaction are 299.4 and -21.8
kJ-mol™", respectively.

For paths 3-4 and 3-5, as described in paths 2-5 and 2-6,
CHO first hydrogenates via CH,O and CHOH intermediates
to form CH,OH, respectively; then, the C—O bond scission of
CH,OH with hydrogen assistance leads to the formation of
CH; and OH via TS3-5. In TS3-5, CH, locates at the SB site;
OH binds above a Cu atom through an O atom, and atomic H
sits at the SB site. This elementary reaction is exothermic by
100.4 kJ-mol™" with an activation barrier of 67.0 kJ-mol ™.

On the basis of the above results, starting from CHO+H, we
can obtain from Figure 7 that the highest barrier and reaction
energy (27.0 and —156.4 kJ-mol™") of path 3-4 are less than
those of other pathways, which suggests that path 3-4 is more
favorable both kinetically and thermodynamically than other
pathways. Therefore, path 3-4 (CHO+H — CH,0+H —
CH,0H+H — CH;+OH) is mainly responsible for the
formation of CH, from CHO hydrogenation on the Cu(110)
surface. The rate-controlled step for path 3-4 occurs at TS2-6
with a corresponding activation barrier of 75.9 kJ-mol™".

3.1.7. Brief Summary. The above results show the initial step
of CO hydrogenation to form CHO on the Cu(110) surface is
more favorable both kinetically and thermodynamically than
CO direct dissociation and COH formation. Then, all CH,, (x =
1-3) species are produced from CHO hydrogenation; Figure 8
presents the optimal paths for CH, (x = 1—3) formation from
CHO hydrogenation on the Cu(110) surface. Starting from
CHO+H, the highest barriers for the formations of CH, CH,,
and CH; are 90.7, 27.0, and 27.0 kJ'mol™' with the
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Figure 8. The potential energy profile for the optimal paths of CH,, (x
= 1-3) formation starting from CHO hydrogenation on the Cu(110)
surface.
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corresponding reaction energies of —45.6, —86.4, and —156.4
kJ-mol ™", respectively. As a result, the formations of CH, and
CH,; are much easier than the formation of CH, and the
formations of CH, and CHj have the same rate-controlled step
occurring at TS2-6. Therefore, we can obtain that, among all
CH,, (x = 1—3) species formed by CO hydrogenation, CH, and
CH, are the most favored monomer on the Cu(110) surface.

3.2. CH;0H Formation. As mentioned above, our results
suggest that the initial step of CO hydrogenation can
dominantly form CHO, and all CH, (x = 1—3) species are
formed by the dissociation of CH,O and CH,OH intermediates
involved in CHO hydrogenation, in which CH, and CHj are
the most favored monomer. Then, the C—C chain of C,
oxygenates is formed by CO or CHO insertion into the CH,,
(x = 2, 3) pathway. However, when above the reactions occur,
the CH,O and CH,OH intermediates can also hydrogenate to
form CH;OH due to the general fact that Cu catalyst shows
good catalytic performance for CH;OH formation from
syngas.>® Thus, we further investigate the formation of
CH;O0OH by CHO hydrogenation. As shown in Figure 2,
there are three possible pathways for CH;OH formation, paths
4-1, 4-2, and 4-3. Figure 9 presents the corresponding potential
energy diagram for these reaction pathways together with the
initial states, transition states, and final states.
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Figure 9. The potential energy profile for CH;OH formation from
CHO hydrogenation on the Cu(110) surface together with the
structures of initial states, transition states, and final states. Bond
lengths are in A. See Figure 3 for color coding.

For path 4-1, as described in path 3-2, CHO first
hydrogenates via a CH,O intermediate to form CH;0; then,
CH;0 can hydrogenate to form CH;OH via TS4-1. The
activation barrier of this elementary reaction is 62.9 kJ-mol™,
and the reaction is found to be slightly exothermic by 2.4
kJ-mol™". For path 4-2, as described in path 2-S, CHO first
hydrogenates via CH,O intermediate to form CH,OH; then,
CH,OH hydrogenation leads to CH;OH via TS4-2. In TS4-2,
CH,OH locates at the SB site, and the H adatom sits at a
pseudo-fcc(111) site; the activation barrier and reaction energy
of this elementary reaction are 65.8 and —85.3 kJ-mol ™. For
path 4-3, as described in path 2-6, CHO first hydrogenates via a
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CHOH intermediate to form CH,OH; then, CH,OH hydro-
genation leads to CH;OH via TS4-2.

On the basis of the above results, we can see from Figure 9
that the highest barriers of paths 4-1 and 4-2 (23.2 and 27.0
kJ-mol™") are lower than that of path 4-3 (46.4 kJ-mol™"). For
paths 4-1 and 4-2, the rate-controlled step occurs at TS4-1 and
TS2-6 and the corresponding activation barriers are 62.9 and
75.9 kJ-mol ™. Therefore, path 4-1 (CHO+H — CH,0+H —
CH;0+H — CH;OH) is mainly responsible for the formation
of CH;0H from CHO hydrogenation on the Cu(110) surface.

3.3. Comparisons between CH;OH and CH, (x = 2, 3)
Formations. Figure 10 presents the potential energy diagram
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Figure 10. The potential energy profile for the optimal paths of CH,
(x = 2, 3) and CH;OH formation starting from CHO hydrogenation
on the Cu(110) surface.

for the optimal paths of CH,, (x = 2—3) and CH;OH formation
starting from CHO hydrogenation on the Cu(110) surface; we
can see that the formation of CH,, CH,; and CH;OH has
approximate highest barriers of 27.0, 27.0, and 23.2 kJ-mol™"
with the reaction energies of —86.4, —156.4, and —121.3
kJ-mol™!. However, for the formation of CH, CH, and
CH;OH, the rate-controlled step occurs at TS2-6, TS2-6, and
TS4-1 and the corresponding activation barriers are 75.9, 75.9,
and 62.9 kJ-mol™". Therefore, CH;OH is the preferable product
by CO hydrogenation on the Cu(110) surface and the
formation of CH, and CHj cannot compete with the formation
of CH;OH.

3.4. C—C Chain Formation of C, Oxygenates. As
mentioned above, among all CH,, (x = 1—3) species, CH, and
CHj; are the most favored monomers by CO hydrogenation on
the Cu(110) surface. Moreover, previous studies by Zhao et
al.'"* have shown that CHO insertion into CH, (x = 1-3) is
superior and/or competitive to CO insertion into CH,, for the
C—C chain formation of C, oxygenates on Rh(111) and
Co(0001) surfaces; as a result, in this study, we consider the
C—C chain formation of C, oxygenates proceed by CO or
CHO insertion into CH,, (x = 2, 3) on the Cu(110) surface.
The potential energy diagram for these reactions together with
the structures of initial states, transition states, and final states
are illustrated in Figure 11.

3.4.1. CO or CHO Insertion into CH,. For CO insertion into
CH,, starting from CH,+CO, CH, binds through its C atom at
the H site, and CO sits at the T site, CH, can interact with CO
to form CH,CO via a transition state TS1%¥; in TS1¥, CH,
locates at the SB site; CO sits at the T site, and CH, and CO
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Figure 11. The potential energy profile for CO and CHO insertion
into CH, (x = 2, 3) on the Cu(110) surface together with the
structures of initial states, transition states, and final states. Bond
lengths are in A. See Figure 3 for color coding.

share one Cu atom with a shortened C—C distance of 1.99 A.
The activation barrier of this elementary reaction is 44.5
kJ'mol™!, and the reaction is exothermic by 32.5 kJ-mol™.
CH,CO adsorbs at the T site through the C atom of CH, with
a C—Cu bond length of 2.19 A, which has an adsorption energy
of 54.6 kJ-mol™".

For CHO insertion into CH,, in the initial state, CH,+CHO,
CH, binds through its C atom at the H site, and CHO adsorbs
at the LB site through both C and O atoms, the interaction
between CH, and CHO can form CH,CHO via TS2¥, in
TS2*, CH, adsorbs at the pseudo-fcc(111) site, and CHO
binds at the LB site with a shortened C—C distance of 3.87 A.
This elementary reaction has an activation barrier of 38.8
kJ-mol™!, and the reaction is largely exothermic by 160.3
kJ-mol™". CH,CHO Ilocates at the H site via both C and O
atoms, and the corresponding adsorption energy is 269.4
kJ-mol™".

3.4.2. CO or CHO Insertion into CH;. For CO insertion into
CHj, starting from CH3+CO, CHj binds at the SB site through
a C atom, CO sits at the T site through a C atom, and CH;
reacts with CO to form CH;CO via TS3%*; in TS3*, CHj, binds
at the SB site; CO sits at the T site sharing one Cu atom with
CH, with a shortened C—C distance of 1.96 A. The activation
barrier of this elementary reaction is 102.9 kJ-mol™', and the
reaction is found to be slightly exothermic by 7.7 kJ-mol™".
CH;CO locates at the SB site through both C and O atoms,
which has an adsorption energy of 212.1 kJ-mol ™.

For CHO insertion into CHj, beginning with CH;+CHO,
CHj; binds through a C atom at the SB site, CHO adsorbs at
the LB site through both C and O atoms, and CHj can interact
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with CHO to form CH;CHO via TS4%; in TS4*, CHO binds
at the H site, CH; adsorbs at the T site sharing one Cu atom
with CH;, and the C—C distance is 2.20 A. This elementary
reaction has an activation barrier of 55.7 kJ-mol™", and the
reaction is exothermic by 81.2 kJ-mol™. CH;CHO locates at
the T site through an O atom with an adsorption energy of 56.0
kJ-mol™".

3.4.3. Brief Summary. On the basis of the above results, for
the reactions of CH, or CHj insertion into CHO, considering
the reaction energy of CHO formation by CO hydrogenation,
we can see from Figure 11 that the highest barriers for CO
insertion into CH, (44.5 kJ-mol™") are smaller than those for
CO insertion into CH; (102.9 kJ-mol™"), CHO insertion into
CH, (105.6 kJ'mol™'), and CHO insertion into CH; (100.1
kJ-mol™!). As a result, the C—C chain formation of C,
oxygenates by CO insertion into CH, is more favorable
kinetically than those by CHO insertion into CH, (x = 2, 3)
and CO insertion into CHj.

3.5. Comparisons between CO Insertion into CH, (x =
2, 3) and the Hydrogenation, Dissociation, and
Coupling of CH, (x = 2, 3). Previous studies by Choi and
Liu” have shown that the productivity and selectivity for C,
oxygenates are controlled by CH, formation on the Rh(111)
surface; further, Zhao et al.** have suggested that the C—C
chain formation by CHO or CO insertion into CH, and
carbene coupling is competitive on Rh and Co surfaces.
Therefore, on the Cu(110) surface, we further discuss the
coupling of CH,, (x =2, 3) to form C,H, and C,H,, CH,, (x =
2, 3) hydrogenation to form CH; and CH,, as well as CH, (x =
2, 3) dissociation to form CH and CH,, respectively. Figure 11
presents the potential energy diagram for these reactions
together with the structures of initial states, transition states,
and final states.

3.5.1. The Hydrogenation, Dissociation, and Coupling of
CH, For CH, hydrogenation, starting from CH,+H, CH,
adsorbs at the hollow site and H binds at the pseudo-
fcc(111) site; both are the most stable configurations for CH,
and H species on the Cu(110) surface. The H adatom moves
toward the C atom of adsorbed CH, via a transition state TS1’
to form CHsj; in TS1’, the distance between C and H atoms is
shortened to 1.81 A from 3.08 A in CH,+H; this elementary
reaction is exothermic by 95.2 kJ-mol™' with an activation
barrier of 61.1 kJ-mol™".

For CH, dissociation, beginning from CH,, the C—H bond
cleavage of CH, can form CH and H via TS2'. In TS2’, CH
binds at the hollow site through a C atom and H adsorbs at the
LB site with a substantially elongated C—H bond of 1.81 A. In
the final state, CH+H, CH sits at the hollow site and H binds at
the pseudo-fcc(111) site. The activation barrier for this
elementary reaction is 103.1 kJ-mol™, and the reaction is
endothermic by 50.1 kJ-mol™".

For CH, coupling, in the initial state, CH,+CH,, two CH,
bind through a C atom at two adjacent hollow sites; the
interaction between CH, and CH, can form C,H, via TS3'. In
TS3’, the distance of two C atoms is shortened to 3.27 A from
3.59 A in the initial state. This elementary reaction has an
activation barrier of 82.1 kJ-mol™, and the reaction is largely
exothermic by 158.4 kJ-mol™".

On the basis of the above results, we can see from Figure 12a
that the coupling of CH, to form the C—C chain of C,H, is
unfavorable in dynamics in comparison with CO insertion into
CH, for C—C chain formation of C, oxygenates; meanwhile,
CH, hydrogenation and dissociation cannot compete with the
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Figure 12. The activation barriers and reaction energies for the
hydrogenation, dissociation, and coupling of CH,, (x = 2, 3) as well as
CO insertion into CH,, (x = 2, 3) on the Cu(110) surface together
with the structures of initial states, transition states, and final states.
Bond lengths are in A. See Figure 3 for color coding.

C—C chain formation of C, oxygenates by CO insertion into
CH,; namely, CO insertion into CH, is the dominant reaction
for CH, on the Cu(110) surface.

3.5.2. The Hydrogenation, Dissociation, and Coupling of
CH;. For CHj; hydrogenation, starting from CH;+H, CHj;
adsorbs at the SB site and H binds at the pseudo-fcc(111)
site; both are the most stable configurations for CH; and H
species on the Cu(110) surface. The H adatom moves toward
the C atom of adsorbed CHj; via TS4' to form CHy; in TS4,
the distance between C and H atoms is shortened to 1.81 A
from 3.12 A in CH;+H; this elementary reaction is exothermic
by 68.9 kJ-mol™" with an activation barrier of 67.5 kJ-mol ™.

For CHj; dissociation, it is the reverse reaction of CH,
hydrogenation, this elementary reaction is endothermic by 95.2
kJ-mol ™" with a high activation barrier of 156.3 kJ-mol~".

For CHj; coupling, in the initial state, CH;+CH;, two CHj
bind through a C atom at two adjacent SB sites and CH;
coupling can form C,Hg via TSS'. In TSS’, the distance
between C and C is shortened to 2.48 A from 4.42 A in the
initial state. This elementary reaction has a significant activation
barrier of 232.0 kJ-mol ™, and the reaction is largely exothermic
by 84.9 kJ-mol .

On the basis of the above results, we can see from Figure 12b
that CH; coupling to form the C—C chain of C,Hy is
unfavorable in dynamics in comparison with CH; hydro-
genation; meanwhile, CHj; dissociation and CO or CHO
insertion into CH; cannot compete with CH; hydrogenation to
form CH,; namely, CH; hydrogenation to form CH, is the
dominant reaction for the CH; on the Cu(110) surface.
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3.6. General Discussion. Overall, our DFT calculations
show that CH;OH is the most favorable product for CO
hydrogenation rather than CH, (x = 1—3) species on the
Cu(110) surface, which agrees well with the general fact that
Cu catalysts show good catalytic performance for CH;OH
formation from syngas.’® Then, among all CH, (x = 1-3)
species formed by CO hydrogenation, CH, and CHj are the
most favored monomers on the Cu(110) surface. Further, for
CH,, CO insertion into CH, to form C, oxygenates is the
dominant reaction among all reactions related to CH, on the
Cu(110) surface with an activation barrier of 44.5 kJ-mol™'; for
CH;, CH; hydrogenation to form CH, is the dominant
reaction with an activation barrier of 67.5 kJ-mol™' on the
Cu(110) surface. As a result, C, oxygenates can be formed from
syngas only by CO insertion into CH, on the Cu(110) surface;
namely, CH, is the most favored CH, monomer, leading to C—
C chain formation of C, oxygenates. Finally, on the basis of the
above results, Cu(110) is highly selective for the formation of
CH;OH from syngas rather than the formation of C,
oxygenates and CH,.

On the other hand, according to our analysis, two variables
significantly determine the productivity and selectivity of C,
oxygenates from syngas; one is the barrier of CH;OH
formation, and the other is the barrier of CH, or CHj
formation. By lowering the barrier of CH, formation and/or
suppressing CH;OH and CHj production, in this way, CH;OH
and CHj; formation cannot compete with CH, resources. More
CH, will be available for the C—C chain formation of C,
oxygenates; as a result, the productivity and selectivity of C,
oxygenates can be improved. Our results mean that, to achieve
the high productivity and selectivity of C, oxygenates,
promoters and/or supports to the Cu are necessary, which
should help facilitate CH, formation and/or minimize CH;OH
and CH; production.

Therefore, when Cu-based catalysts are employed for C,
oxygenate formation from syngas, the catalytic activities of the
materials toward CH,, CH;, and CH;OH formation have to be
especially considered. To achieve high productivity and
selectivity of C, oxygenates, the promoters and/or supports
used for Cu catalysts should maximize CH, and/or minimize
CH,;0H and CH; formation. More importantly, our results
suggest that the fundamental insight into the reaction
mechanism of CH, (x = 1-3) and C—C chain formation
from syngas on Cu catalyst not only provide the significant
understanding of how the Cu catalyst functions in the
formation of C, oxygenates but also provide a clue for the
selective modification and development of novel Cu-based
catalyst to improve catalytic performance toward the desired
products. In addition, quantitative investigations into the effect
of the promoters and/or supports on C, oxygenate formation
with extensive calculations would be desirable, but this is
beyond the scope of the present study.

4. CONCLUSIONS

In this study, the density functional theory method together
with the periodic slab model have been employed to
systematically investigate the preference formation mechanism
of CH, (x = 1-3) and C—C chain involved in C, oxygenate
formation from syngas on the Cu(110) surface. Our results
show that CO direct dissociation is not energetically favored on
the Cu(110) surface, and CO hydrogenation to form CHO is
more favorable both kinetically and thermodynamically than
COH formation. Then, starting from CHO, CH,, (x = 1-3)
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formation under two conditions, without or with hydrogen
assistance, is considered to obtain the optimal paths, suggesting
that, among all CH,, (x = 1—3) species, CH, and CH; are the
most favored monomers. Further, CH;OH is the preferable
product from syngas on the Cu(110) surface, and the formation
of CH,, cannot compete with the formation of CH;OH.

On the basis of the most favored monomer, CH, and CH,,
we further probe into the C—C chain formation by CO and
CHO insertion into CH, (x = 2, 3), and CH, (x = 2, 3)
hydrogenation and dissociation, as well as the coupling of CH,,
(x =2, 3) to form C,H, and C,Hy. Our results show that CO
insertion into CH, to form C, oxygenates is the dominant
reaction among all reactions related to CH, on the Cu(110)
surface. For CH;, CH; hydrogenation to form CH, is the
dominant reaction on the Cu(110) surface. Meanwhile, our
results show that CO insertion into CH, is dominantly
responsible for C, oxygenate formation from syngas on the
Cu(110) surface. Finally, to achieve high productivity and
selectivity of C, oxygenates, the promoters and/or supports
used for Cu catalysts are necessary, which should help facilitate
CH, formation and/or minimize CH;OH and CHj production.
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