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ABSTRACT

The mechanisms of CHy(x = 1-3) formation from CO hydrogenation on Cu(111) surface have been system-
atically investigated using periodic density functional calculations. The activation barriers and reaction
energies for all the elementary steps involved in CHy(x=1-3) formation is presented here. CO hydro-
genation and its dissociation have been discussed. Our results show that the CO dissociation route is
less energetically favored on Cu(111) surface than CO hydrogenation to form CHO and COH, in which CO
mainly goes through hydrogenation to form CHO, meanwhile, the formation of CHO is more favorable
both kinetically and thermodynamically than that of COH. Starting from CHO, we further investigate the
formation of CHy(x =1-3), two conditions, without H-assisted and with H-assisted, are considered. As a
result, we seek out the optimal paths of CHy(x=1-3) formation and the corresponding activation barrier
of rate-controlled step on Cu(111) surface, moreover, among all CHy(x = 1-3) species, CH, and CHjs are the
most favored monomer for CO hydrogenation on Cu(111). In addition, our results show that CH3OH is
also easily formed by CO hydrogenation, and the formations of CH,, CH3 and CH3; OH by CO hydrogenation
compete with each other on Cu(111) surface.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Recently, syngas has been extensively used to synthesis
methanol and ethanol [1-6]. Cu-based catalysts exhibits high cat-
alytic activity to methanol synthesis from syngas [7-9]; meanwhile,
for ethanol synthesis from syngas, a large number of studies mainly
focus on Rh-based catalysts [10-12], however, the prohibitive cost
and limited supply of Rh-based catalysts restrict their ability to
be used as industrial catalysts [4,6]. Thus, much less expensive
Cu-based catalysts have been an attractive option, nowadays, Cu-
based catalysts have been widely used and produced promising
results for ethanol synthesis from syngas in the temperature range
of 280-310°C at pressures of about 40-100bar [4,13-17]. On the
other hand, the studies by Hofstadt et al. [18] have suggested that
metallic Cu favors the formation of a methylene (CH;) structure
by CO hydrogenation, then, CH, undergo chain growth by cou-
pling of CH30 to form a C, precursor, followed by hydrogenation
to produce ethanol. As a result, we can conclude that although
CO hydrogenation can well produce methanol on Cu-based cata-
lysts, CO can also hydrogenate to form CHy via the dissociation of
CHxO and CH,OH intermediates involved in methanol synthesis.
On the basis of above facts, we can obtain that a key intermediate,
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CHx(x=1-3), may involve in methanol and ethanol synthesis from
CO hydrogenation on Cu-based catalysts.

To the best of our knowledge, although above reported experi-
mental studies [4,7-9,13-18] have been performed to explore the
methanol and ethanol synthesis by CO hydrogenation on Cu-based
catalysts, few studies have been carried out to fully understand
the formation mechanism about above mentioned key intermedi-
ate, CHx(x = 1-3), at the fundamental level due to the complexity of
these reactions. For CHy(x = 1-3) formation, two possibilities exist,
one is that via CO hydrogenation to form CHxO and CHxOH species,
followed by the direct dissociation into CHx(x=1-3) in the absence
or presence of hydrogen-assisted (H-assisted); the other is that
via the direct dissociation of CO to form C and O, followed by C
hydrogenation to form CHy(x=1-3) species. For example, Liu et al.
[10] have found that the hydrogenation of CO to formyl species
(COH or HCO) is more plausible than the direct dissociation of CO,
and CHj3 is the most favorable monomer among all the CHy(x=1-3)
species on Rh(111) surface. Yet, actual mechanisms for the forma-
tion of CHx(x=1-3) species by CO hydrogenation on Cu catalysts
still remain unclear: whether surface hydrocarbon species (CHy)
is produced by the direct dissociation of CO followed by hydro-
genation or that is formed via the mechanism of CO dissociation
with hydrogen-assisted. Among all CHy(x=1-3) species, which is
the most favored monomer?

Nowadays, experimental information is not always sufficient
and accompanying theoretical calculations can be helpful to clar-
ify some questions. Computational chemistry methodologies have
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been used as a powerful tool to study the mechanism and kinetics
of several typical reactions [19-28]. By means of theoretical cal-
culation, a detailed investigation of CHy(x=1-3) formation on Cu
catalyst at the molecular level will help us better understand the
underlying mechanisms of the reactions. Unfortunately, to the best
of our knowledge, few theoretical studies are carried out to system-
atically investigate the mechanism of CHx(x=1-3) formation from
CO hydrogenation on Cu(111) surface.

The aim of this study is to analyze the possible reaction path-
ways of CHx(x=1-3) formation occurring on the monometallic
surface of Cu(111) by carrying out periodic density functional the-
ory slab model calculations. A large number of unique reaction
pathways involving subtly different reaction intermediates and
transition states are explicitly obtained, which would provide a
better understanding at the molecular level about the catalytic
reactivity of the Cu catalyst towards the CHy(x=1-3) formation
from syngas, as well as the possible reactive intermediates. Fur-
ther, the results of this effort are expected to qualify the activation
barriers and reaction energies of elementary steps involved in the
reaction pathways of CHy(x = 1-3) formation. In addition, our calcu-
lation may be a worthwhile theoretical example for the CHx(x=1-3)
formation on other metal surface.

2. Computational Details
2.1. Surface model

In the surface calculation, the most stable face-center-
cubic(111) surface of close-packed Cu metal, fcc(111), has been
employed to investigate the catalytic behavior of CHy(x=1-3) for-
mation. The Cu(111) surface is cleaved from the experimental fcc
crystal structure with the lattice parameter of 3.62 A [29], and is
modeled using a three atomic layers p(3 x 3) super cell with nine
atoms at each layer, which has been widely used in the previous
studies about the molecule adsorption and reaction mechanism on
transition metal surfaces [30-34]; this corresponds to a 1/9 mono-
layer (ML) coverage. Meanwhile, a 15 A vacuum slab is employed to
separate the periodically repeated slabs. The bottom layer is con-
strained 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 CHy(x=1-
3) formation are allowed to relax. According to Cu(111)—[3 x 3]
surface morphology, as shown in Fig. 1, there are four different
adsorption sites: Top, Bridge, Hcp and Fcc.

2.2. Calculation methods

Plane-wave DFT calculations with the projector-augmented
wave (PAW) method [35] are carried out as implemented
in the Vienna ab initio simulation package (VASP) [36-38].
The generalized gradient approximation with the Perdew-Wang
exchange-correlation functional (GGA-PW91) is used [39]. The
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kinetic energy cutoff for a plane wave basis set is 400 eV. The Bril-
louin zone is sampled using a 3 x 3 x 1 Monkhorst-Pack k-point grid
(11 k-points) [40] with Methfessel-Paxton smearing of 0.1 eV [41].
The relaxation of the electronic degrees of freedom is assumed to
be converged, if the total energy change and the band structure
energy change between two steps are both smaller than 10~> eV. A
forces difference between two steps less than 0.03 eV/A is used as
the criterion for convergence of ionic relaxation.

Reactions paths have been studied using climbing-image
nudged elastic band method (CI-NEB) [42,43]. Transition states
have been optimized using the dimer method [44,45]. The tran-
sition 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 are calculated
using a 10 x 10 x 10 A cubic unit cell.

The adsorption energy is always regarded as a measure of the
strength of adsorbate-substrate adsorption. The adsorption ener-
gies E,q5 are defined as follows:

Eads = Esub + Emnor — Emol/sub

Where Epoysup 1S the total energy of adsorbate-substrate sys-
tem in the equilibrium state, Es,, and E ., are the total energies of
substrate and free adsorbate alone, respectively. With this defini-
tion, positive values of adsorption energy denote that adsorption is
more stable than the corresponding substrate and free adsorbate.

For areaction such as AB—A+B on Cu(111) surface, the reaction
energy (AH) and activation barrier (E;) are calculated on the basis
of the following formulas:

AH = Ea,py/cuci11) — Easjcuinn

Ea = Ers/cuci11) — Eas/cuinn)

Where Eagycu(111) 1S the total energy for the adsorbed AB,
E(a+Byjcu(111) is the total energy for the co-adsorbed A and B on
Cu(111) surface, and Ersjcy(111) is the total energy of transition state
on Cu(111) surface.

3. Results and discussion
3.1. Adsorptions of reactants and possible intermediates

Adsorptions of the reactants and all possible intermediates
involved in the formation of CHx(x=1-3) on Cu(111) surface are
investigated. The most stable adsorption configurations, the cor-
responding adsorption energies and key geometric parameters are
listed in Table 1; Fig. 2 presents these stable adsorption configura-
tions.

3.1.1. GCHandO
C, H and O all prefer to adsorb at the fcc sites of Cu(111) surface,
as shown in Figs. 2(a)-2(c), respectively. The distances between C

(b)

Fig. 1. The structure and adsorption sites of Cu(111) surface. (a) side view; (b) top view.
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Table 1

Adsorption energies and key geometric parameters for various pertinent species involved in the formation of CHx(x=1-3) on Cu(111) surface.

Species E.qs (K]-mol—1) Adsorption configuration Deux (A) Bonding details

bond length (A)
C 626.4 fcc: through C 1.85 — —
H 363.8 fcc: through H 1.74 — —
(o} 669.0 fcc: through O 1.90 - —
co 105.5 fcc: through C 2.05 Cc-0 1.18
OH 377.3 fcc: through O 2.02 O-H 0.97
CH 573.2 fcc: through C 1.91 C-H 1.10
CH, 398.9 fcc: through C 2.00/1.99/2.09 C-H 1.11/1.10
CH; 216.6 hcp: through C 2.03/2.24/2.24 C-H 1.11
COH 363.6 fcc: through C 1.95/1.95/1.92 C-0/0-H 1.34/0.98
CH;0 292.9 fcc: through O 2.04 C-O/C-H 1.44/1.10
CHO 191.8 fcc: C-bridge, O-top 2.07/2.07 C-O/C-H 1.28/1.11
CH,0 33.9 fcc: C-top, O-bridge 2.05/2.07/2.06 C=0/C-H 1.36/1.10
CHOH 219.3 bridge: through C 2.02 C-H/C-0/0-H 1.10/1.36/0.99
CH,0H 161.8 top: through C 2.02 C-H/C-0/0-H 1.10/1.46/0.98
H,O 232 top: through O 2.29 O-H 0.98
CH3;0H 30.8 top: through O 227 C-H/C-0/0-H 1.10/1.45/0.98

atom and surface Cuatomare 1.85 A, and the corresponding adsorp-
tion energy is found to be 626.4 kJ-mol~'. The bond lengths of
H - Cu and O — Cu are 1.74 and 1.90 A, respectively, the calculated
adsorption energies of H and O on Cu(111) are 363.8 and 669.0
kJ-mol~1, respectively.

3.1.2. CO, OH and CH

CO, OH and CH prefer to adsorb at the fcc site of the surface, as
shown in Figs. 2(d)-2(f), respectively. We can see that CO and CH
tend to coordinate to the surfaces through their C atoms, respec-
tively; OH tends to coordinate to the surface through its O atom.
The adsorption energy of CO is 105.5 k]-mol~!, and the distances
between the Catom and surface Cuatom are 2.02 A. The bond length

@) CHLOH (o) Hy0

(p) CH;OH

Fig. 2. The stable adsorption configurations of the reactants and all possible inter-
mediates involved in the formation of CH, (1-3) species on Cu(111) surface at their
favorable sites. The C, O, H, and Cu atoms are shown in the grey, red, white, and
orange balls, respectively.

of C—0is1.18 A. The Cu — O and O — Hbond of adsorbed OH are 2.02
and 0.97 A, respectively, which agree well with previous DFT results
with values of 2.03 and 0.97 A on Cu(111) surface [23]. The CH is
perpendicular to the surface with C — Cu and C — H bond lengths of
1.91 and 1.10 A, respectively.

3.1.3. CH, and CH3

Unlike the high-symmetry adsorption geometries described
above, the CH, fragment is adsorbed asymmetrically at the fcc site,
as shownin Fig. 2(g). One C-H bond is elongated to 1.11 A, with its H
atom close to a Cu atom, whereas the other C-H bond points away
from the surface and has alength of 1.10 A. The adsorption energy is
398.9 k]-mol~'. CH; preferentially adsorbs at the hcp site through
its carbon atom, as shown in Fig. 2(h). The adsorption energy is
216.6 kJ-mol~1. The distances between the C atom and surface Cu
atoms are 2.23, 2.24 and 2.24 A, respectively, which agree with the
previous DFT studies by Lin et al. [23].

3.1.4. COH and CH30

COH and CH30 prefer to adsorb at the fcc sites of the surface,
as shown in Figs. 2(i)-2(j), respectively. COH tends to coordinate to
the surfaces through its C atoms; CH30 tends to coordinate to the
surface through its O atom. The O-H bond of COH is almost parallel
to the surface, and the adsorption energy is 363.6 kj-mol~!. The
Cu-0 bond of CH30 is perpendicular to the surface. The distances
between O atom of CH30 and surface Cu atom are 2.04 A, and the
adsorption energy is 292.9 kJ-mol~1.

3.1.5. CHO and CH,0

CHO and CH,O prefer the top — bridge adsorption configuration
on Cu(111)surfaces, as shown in Figs. 2(k)-2(1), respectively, which
agree with the previous DFT results [46]. CHO binds to the surface
through O anchoring at the top site and C sitting at the bridge site,
which exhibits a top(0O) — bridge(C) configuration with an adsorp-
tion energy of 191.8 kJ-mol~!. CH,0 adsorbs on Cu(111) surface
with a top(C)— bridge(O) configuration, and the corresponding
adsorption energy is 33.9 k]-mol-1.

3.1.6. CHOH and CH,OH

CHOH prefers to adsorbs at the bridge site through its C atom,
as shown in Fig. 2(m). The distances between C atom and surface
Cu atom are 2.02 A. The adsorption energy is found to be 219.3
kJ-mol~1. CH,OH preferentially adsorbs at the top site through its C
atom, as shown in Fig. 2(n). The C — O axis is almost parallel to the
Cu(111) surface with an adsorption energy of 161.8 k]-mol-1.
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Fig. 3. Reaction network scheme of the CH,(x = 1-3) formation by CO hydrogenation
and dissociation.

3.1.7. H,0 and CH30H

H,0 and CH30H are weakly bound to the top sites of Cu(111)
through their O atoms, as shown in Figs. 2(0)-2(p), respectively.
The plane of adsorbed H,O is nearly parallel to the surface with
the O — Cu bond length of 2.29A, and the corresponding adsorp-
tion energies is 23.2 kJ-mol~!. The C — O axis of adsorbed CH3OH is
tilted relative to the normal of the Cu(111) surface, which has an
adsorption energy of 30.8 kJ-mol~1, and the length of O — Cu bond
is 2.27 A.

3.2. Reaction network of CHy (x=1-3) formation by CO
hydrogenation

The reaction network of CHy(x = 1-3) formation from CO hydro-
genation and dissociation on Cu(111) surface is displayed in Fig. 3.
The adsorbed CO can dissociate via a series of sequential steps to
form CHy(x=1-3). There are two possibilities for CHx(x=1-3) for-
mation: one is through CO hydrogenation to form C; oxygenated
entities, followed by the dissociation in the presence or absence of
H-assisted to produce CHy(x=1-3); the other is via CO direct dis-
sociation to form C and O atoms, followed by the hydrogenation of
C to form CHy(x=1-3). Thus, we first investigate CO hydrogenation
and dissociation, followed by CHy (x =1-3) formation. As shown in
Fig. 3, a large number of reaction paths leading to CHy (x=1-3) for-
mation are considered in the present DFT study, and on this basis,
an optimal path for CHy (x=1-3) formation will be identified.

Table 2
CO C+O Calculated activation barriers (E,) and reaction energies (AH) of the elementary
reactions for CO hydrogenation and dissociation.
xH
CH+O /\ \ Reactions Ea (kJ-mol~1) AH (k]-mol~1)
u CH, CO+H — CHO 105.8 823
CH+OH CHO COH CO+H — COH 2333 97.8
\% CO—C+0 365.5 2504
CHO H t’ CH+OH
H 3.2.1. CO hydrogenation and dissociation
CH,+OH CH0 CHOH CH+H0 The activation barriers and reaction energies for CO hydrogena-
1 tion and dissociation on Cu(111) surface are listed in Table 2. The
CH3+0 \t’ CH+OH geometries of the initial states (IS), transition states (TS) and final
H states (FS) are displayed in Fig. 4.
CH;0 CH,OH CH>+H,0 For CO hydrogenation, there are two possibilities, one with H
attacking at C center of CO to produce CHO, and the other with H
CH;+0OH \K‘ / CH;+OH attacking at O center of CO to form COH. For CHO formation, starting
\ from IS1, CO adsorbs at the fcc site, H locates at the adjacent fcc
CH;0H H CH5+H,0 site, both are the most stable configuration of CO and H species on

Cu(111) surface, respectively. H adatom is transferred from the fcc
siteinIS1 to the Catom of CO in FS1 through the transition state TS1.
In TS1, the distance between H and C is decreased to 1.14 A from
2.81 A in IS1. The activation barrier for this elementary reaction is
105.8 k]-mol~1, and the reaction is found to be endothermic by 82.3
kJ-mol~!. While for COH formation, beginning with IS1, H adatom
is transferred from the fcc site in IS1 to the O atom of CO in FS2
through a transition state TS2. In TS2, the distances between H and
O atoms is decreased to 1.31 A from 3.26 A in IS1. This elementary
reaction is endothermic by 97.8 k]-mol~1, with a large activation
barrier of 233.3 kJ-mol~!. Grabow et al. [29] have investigated CO
hydrogenation to CHO and COH on Cu(111) surface, which show
that the activation barrier are 95.5 and 224.8 k]-mol~!, respectively,
those values are close to our results.

On the other hand, for CO direct dissociation, starting from IS3,
with the C— 0 bond activation of CO through the transition state
TS3. The distance between C and O atoms is elongated from 1.18 A
in IS3 to 2.05A in TS3, and 3.77 A in FS3. This elementary reaction
is endothermic by 250.4 k]-mol~1, with a significantly large activa-
tion barrier of 365.5 k]-mol~! in comparison with those of the CO
hydrogenation.

On the basis of above results, we can obtain that when CO and H
is co-adsorbed on Cu(111) surface, Cu(111) surface show rather low
catalytic activity for CO direct dissociation, CO dominantly hydro-
genate to form CHO both kinetically and thermodynamically than
COH formation and CO direct dissociation, indicating that CHO is
the dominant product for CO hydrogenation on Cu(111) surface.

3.2.2. CH formation
As mentioned above, CO hydrogenation to form CHO is the dom-
inant product for CO hydrogenation on Cu(111) surface, as a result,

7, A1 \
| )
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. J_ )_"l ’) .A\‘
FS1 TS2

FS2 1S3

Fig. 4. The initial states (IS), transition states (TS) and final states (FS) for CO hydrogenation and dissociation reactions. Bond lengths are in A. See Fig. 2 for color coding.
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Fig. 5. The potential energy diagram for CH formation in together with the structures of partial initial states, transition states and final states. Bond lengths are in A. See Fig. 2

for color coding.

in this study, we only consider the formation of CHy(x =1-3) start-
ing from CHO. As shown in Fig. 3, there are two possibilities for CH
formation; one is the direct dissociation of CHO or CHOH without
H-assisted, the other is the indirect dissociation of CHO or CHOH
with H-assisted. The potential energy diagram for these reactions
of CH formation in together with the initial states, transition states
and final states are illustrated in Figs. 2 and 5, respectively.

3.2.2.1. (A)CH formation without H-assisted. Two possible paths for
the formation of CH without H-assisted are discussed, in which Path
1-1 is the CH formation through the C— O bond scission of CHO,
and Path 1-2 is the formation of CH via CHO hydrogenation to form
CHOH, followed by its C — O bond scission.

In Path 1-1, starting from CHO (Fig. 2), the C — O bond cleavage of
CHO canlead to the formation of CH and O through a transition state
TS1-1 (Fig. 5). The distance between C and O atoms is elongated
from 1.28 A in CHO to 1.99A in TS1-1, and 3.82 A in CH+O. This

elementary reaction is found to be endothermic by 48.4 k]-mol~!,
with an activation barrier of 138.2 kJ-mol~1.

In Path 1-2, beginning with CHO+H (Fig. 5), the H adatom

approaches the O atom of adsorbed CHO to form CHOH (Fig. 2)
through the transition state TS1-2. In TS1-2, the distance between
H and O atoms is decreased to 1.62 A from 2.78 A in CHO +H. The
activation barrier for this elementary reaction is 89.0 k]-mol~!, and
this reaction is found to be exothermic by 3.7 kJ-mol~1. Then, the
C— 0 bond cleavage of CHOH can form the co-adsorbed CH and OH
through a transition state TS1-3. In CH+OH, CH locates at the fcc
site, OH sits at the hcp site. In this step, the main component of the
reaction coordinate is the elongation of C — O bond; this bond is
extended to 2.08 A in TS1-3,3.41 A in CH+OH from 1.36 A in CHOH
equilibrium bond length. The activation barrier for this elementary
reaction is 106.9 k]-mol~1, and the reaction is found to be slightly
exothermic by 1.3 k]-mol~1. So the rate-controlled step for Path 1-2
occurs at TS1-3 with an activation barrier of 106.9 k]-mol~!.
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3.2.2.2. (B) CH formation with H-assisted. For the formation of CH
with H-assisted, two possible paths are still considered, one is Path
1-3 with the formation of CH through C — O bond scission of CHO
with H-assisted, and the other is Path 1-4 with the formation of CH
via CHO hydrogenation to form CHOH, followed by the C — O bond
scission with H-assisted.

In Path 1-3, we use the dimer approach to search for the tran-
sition state of the C— O bond scission of CHO with H-assisted,
interestingly, the obtained TS is similar to the TS of CHO hydro-
genation to form CHOH. As a result, the dissociation of CHO with
H-assisted prefers to be hydrogenated to form CHOH rather than
producing CH and OH.

In Path 1-4, as described in Path 1-2, CHO first hydrogenate to
form CHOH. Thus, we only discuss the dissociation of CHOH with
H-assisted to form CH and H,O. Starting from CHOH +H, in which
CHOH adsorbs at the bridge site, H locates at the fcc site, both are the
most stable configuration of CHOH and H species on Cu(111) sur-
face, respectively; the C — O bond cleavage of CHOH with H-assisted
leads to CH and H, O through a transition state TS1-4. The distance
between C and O atoms is elongated to 2.00A in TS1-4, 3.49A in
CH+H,0 from 1.36 A in CHOH +H, and the distance between H and
0 is decreased to 2.89A in TS1-4, 0.98 A in CH+H,0 from 3.11A
in CHOH +H, respectively. In CH+H,0, CH binds at the hcp site,
H, O is far away the surface, and its molecular plane is nearly par-
allel to Cu(111) surface. The activation barrier and reaction energy
for this step are 106.3 and -12.3 kJ-mol~!. So the rate-controlled
step for Path 1-4 occurs at TS1-4 with an activation barrier of 106.3
kJ-mol~1.

3.2.2.3. (C) The comparisons of activation barriers in Paths 1-1,1-2,1-
4. A summary potential energy diagram for the formation of CH
from CHO hydrogenation on Cu(111) surface is shown in Fig. 5. The
rate-controlled step for Paths 1-1, 1-2 and 1-4 occur at TS1-1, TS1-3
and TS1-4, respectively, the corresponding activation barriers are
138.2, 106.9 and 106.3 k]-mol~! with the reaction energies of 48.4,
-1.3 and -12.3 kJ-mol~1, respectively, which suggests that the acti-
vation barriers of rate-controlled step for Path 1-2 and Path 1-4
are nearly close, while for Path 1-1 has a larger activation barrier
of rate-controlled step. Thus, Path 1-2 (CHO + H-CHOH— CH + OH)
and Path 1-4 (CHO+H— CHOH+H—CH+H,0) are two parallel
paths, which areresponsible for CH formation from CHO hydro-
genation on Cu(111) surface.

3.2.3. CH, formation

As shown in Fig. 3, there are still two possibilities for the forma-
tion of CHy; one is the direct dissociation of CH, O or CH, OH without
H-assisted, the other is the indirect dissociation of CHO, CH,O,
CHOH and CH,OH with H-assisted. The potential energy diagram
for these reactions of CH, formation in together with the initial
states, transition states, final states are displayed in Figs. 2 and 6,
respectively.

3.2.3.1. (A) CH, formation without H-assisted. There are three pos-
sible paths for the formation of CH, without H-assisted, in which
Path 2-1 is the formation of CH, via CHO hydrogenation to form
CH,0, followed by the C — O bond scission of CH,O; Path 2-2 is the
formation of CH, via CHO hydrogenation to form CHOH, followed
by hydrogenation to form CH, OH, after that, the C — O bond scission
of CH,OH to form CH, and OH; Path 2-3 is the formation of CH, via
CHO hydrogenation to form CH,O0, followed by hydrogenation to
form CH,OH, after that, the C— O bond scission of CH,OH to form
CH; and OH.

In Path 2-1, starting from CHO + H, as shown in Fig. 6, with the H
adatom approaching the adsorbed CHO, CHO can hydrogenate via
the transition state TS2-1 to form CH,O (Fig. 2). In TS2-1, the dis-
tance between H adatom and C is decreased to 1.65 A from 2.81 A

in CHO +H. The activation barrier of this elementary reaction is
49.7 kJ-mol~1, and the reaction is found to be exothermic by 22.4
kJ-mol~1. Subsequently, the C — O bond cleavage of CH,0 can form
CH, and O through a transition state TS2-2. The distance between
H adatom and C is extended to 2.00 A in TS2-2 and 3.76 A in CH, + O
from 1.36 A in CH, 0. The activation barrier of this elementary reac-
tion is 111.0 k]-mol~! and the reaction is found to be endothermic
by 29.4 k]-mol~1.

In Path 2-2, as described in Path 1-2, CHO first hydrogenate
to form CHOH, then, beginning with CHOH +H, with the H atom
approaching the adsorbed CHOH, CHOH can hydrogenate via the
transition state TS2-3 to form CH,OH. The distance between H
adatom and Cis decreased from 3.03 Ain CHOH+H to 1.69 A in TS2-
3.The activation barrier of this elementary reaction is 42.4 kJ-mol~!
and the reaction is found to be exothermic by 28.2 k]-mol~1, subse-
quently, the C — O bond cleavage of CH,OH can lead to the formation
of CH, and OH through a transition state TS2-5. The distance
between C and O is elongated from 1.46 A in CH,OH to 1.97A in
TS2-5 and 3.06 A in CH, + OH. This step is found to be exothermic
by 19.4 k]-mol~!, with an activation barrier of 84.8 kJ-mol~1.

In Path 2-3, as described in Path 2-1, CHO first hydrogenate to
form CH,O, then, beginning with CH,0+H, the O atom of CH,0
can interact with the H adatom to product CH,OH via the transi-
tion state TS2-4. In TS2-4, the distance between H adatom and C
is shortened to 1.46 A from 2.90 A in CH,0 +H. The activation bar-
rier of this elementary reaction is 89.4 k]-mol~!, and the reaction
is found to be slightly endothermic by 3.4 k]-mol~!. Further, the
decomposition of CH,OH is the same with that described in Path
2-2.

3.2.3.2. (B) CH, formation with H-assisted. Five possible paths are
considered to form CH, with H-assisted, Path 2-4 is the first one
via the C — O bond scission of CHO with H-assisted to form CH; and
O; Path 2-5 is that via CHO hydrogenation to form CH,O, followed
by the C— 0 bond scission with H-assisted to form CH, and OH;
Path 2-6 is that via CHO hydrogenation to form CHOH, followed by
the C — O bond scission with H-assisted to form CH, and OH; Path
2-7 is that via Path 2-2 to form CH,OH, followed by the C - O bond
scission of CH,OH with H-assisted to form CH, and H,O; finally,
Path 2-8 is that via Path 2-3 to form CH,OH, followed by the C—- 0
bond scission of CH,OH with H-assisted to form CH, and H;O.

In Path 2-4, interestingly, an intermediate between reactant and
product is found to be similar to the absorbed CH,0, suggesting
that the dissociation of CHO with H-assisted first form CH;O0, not
produce CH, and O.

In Path 2-5, as described in Path 2-1, CHO first hydrogenate to
form CH,0O. Then, we search for the transition state of the C—0
bond scission of CH,0 with H-assisted to form CH, and OH, how-
ever, the obtained TS is similar to that of CH,O hydrogenation to
form CH,OH. Thus, the dissociation of CH, O with H-assisted prefers
to be hydrogenated to form CH,OH, not produce CH, and OH.

In Path 2-6, similarly, as described in Path 1-2, CHO first hydro-
genate to form CHOH. Then, an intermediate for the C— O bond
scission of CHOH with H-assisted to form CH, and OH is similar to
the absorbed CH, OH; indicating that the dissociation of CHOH with
H-assisted prefers to be hydrogenated to form CH,OH, not produce
CH, and OH.

In Path 2-7 and Path 2-8, as described in Path 2-2 and Path 2-3,
respectively, CHO first hydrogenate to form CH,OH, subsequently,
starting from CH,OH +H, in which CH,OH and H are adsorbed at
the top and fcc site, respectively, the C — O bond cleavage of CH,OH
with H-assisted can form CH, and H,O through a transition state
TS2-6. The distance between C and O atoms is elongated from
1.41A in CH,OH+H to 3.35A in TS2-6, 3.49A in CH, +H,0, and
the distance between H adatom and O is decreased from 3.33 A in
CH,OH +H to 1.59 A in TS2-6, 0.98 A in CH, + H,0, respectively. In
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Fig. 6. The potential energy diagram for CH, formation in together with the structures of partial initial states, transition states and final states. Bond lengths are in A. See

Fig. 2 for color coding.

CH, +H,0, CH; adsorbs at the hcp site, H,0 is far away the surface,
and its molecular plane is parallel to the Cu(111) surface. This ele-
mentary reaction is found to be exothermic by 15.8 kJ-mol~1, with
an activation barrier of 95.3 k]-mol~1.

3.2.3.3. (C) The comparisons of activation barriers in Paths 2-(1~3)
and 2-(7~8). On the basis of above results, we can see that Paths 2-
(1~3) and 2-(7~8) are responsible for the formation of CH,. Fig. 6
presents a summary potential energy diagram of these paths for
the formation of CH, with respect to CHO+H on Cu(111) sur-
face. The rate-controlled step for Paths 2-1, 2-2, 2-3, 2-7 and
2-8 occurs at TS2-2, TS1-2, TS2-4, TS2-6 and TS2-6, respectively,
the corresponding activation barriers are 111.0, 89.0, 89.4, 95.3
and 95.3 kj-mol~! with the reaction energies of 29.4, -3.7, 3.4, -
15.8 and -15.8, respectively. As a result, for the Paths 2-2, 2-3,
2-7 and 2-8, the activation barriers of rate-controlled step only

have a little difference, which is smaller than 6.3 kJ-mol~1, while
for Path 2-1, it has a larger activation barrier of rate-controlled
step. Thus, Path 2-2 (CHO+H-—CHOH +H-—CH,0H—CH, + OH),
Path 2-3 (CHO+H—-CH,O +H—-CH,OH—CH,+OH), Path 2-
7 (CHO+H-—CHOH+H->CH,0H +H-CH,+H,0) and Path 2-8
(CHO +H—CH,0 +H—CH,0H+H—CH, +H,0) are thought to be
four parallel paths, which are mainly responsible for CH, formation
from CHO hydrogenation on Cu(111) surface.

3.2.4. CHj3 formation
As shown in Fig. 3, there are two possibilities for the formation

of CHs; one is the direct dissociation of CH30 or CH30H without
H-assisted, the other is the indirect dissociation of CH,0, CH50,
CH,OH or CH30H with H-assisted. The potential energy diagram
for these reactions of CHs formation in together with the initial
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Fig. 7. The potential energy diagram for CH; formation in together with the structures of partial initial states, transition states and final states. Bond lengths are in A. See

states, transition states and final states are displayed in Figs. 2 and 7,
respectively.

3.2.4.1. (A) CH3 formation without H-assisted. Four possible paths
for the formation of CH3 without H-assisted exist, Path 3-1 is the
formation of CH3 via CHO hydrogenation to form CH3O, followed
by its C — O bond scission; Path 3-2 is that via CHO hydrogenation to
form CH3O, followed by hydrogenation to form CH3OH, after that,
the C— O bond scission of CH30H to form CHz and OH; Path 3-3

is that via Path 2-2 to form CH,OH, followed by hydrogenation to
form CH3OH, after that, the C — O bond scission of CH30H to form
CH3 and OH; Path 3-4 is that via Path 2-3 to form CH;OH, followed

by hydrogenation to form CH3OH, then, the C— O bond scission of
CH3OH to form CH3 and OH.

In Path 3-1, as described in Path 2-1, CHO first hydrogenate to
form CH,O. Then, the hydrogenation of CH,O leads to the forma-
tion of CH30 via the transition state TS3-1; subsequently, the C— 0O
bond scission of CH30 results in CH3 and O via a transition state
TS3-2. Beginning with CH,0 +H(1) to form CH30, in TS3-1, the dis-
tance between H adatom and C is decreased to 1.77 A from 2.77 A
in CH,0 +H. The activation barrier of this elementary reaction is
34.7 k]-mol~! and the reaction is found to be exothermic by 87.6

kJ-mol~1. Then, the C— O bond cleavage of CH30 (Fig. 2) can form
CH3 and O, the distance between O and C atoms is elongated to
2.03A TS3-2 and 4.47 A in CH3 +O from 1.44 A in CH30. In CH3 + 0,
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CHj3 adsorbs at the hcp site, O locates at the fcc site, both are the
most stable configuration of CH3 and O species on Cu(111) surface.
The activation barrier of this elementary reaction is 173.3 kj-mol~!
and the reaction is found to be endothermic by 43.3 k]-mol~!.

In Path 3-2, as described in Path 3-1, CHO first hydrogenate to
form CH30. Then, CH30 hydrogenates to form CH3;OH, followed by
the C — O bond scission of CH3OH to form CH3 and OH. Starting from
CH30 +H, CH30 adsorbs at the fcc site, H adsorbs at the fcc site, both
are the most stable configuration of CH30 and H species on Cu(111)
surface, respectively. The H adatom is transferred from the fcc site
in CH30+H to the O atom of CH30 through the transition state
TS3-3.In TS3-3, the distance between H adatom and C is decreased
to 1.42 A from 2.82 A in CH30 +H. The activation barrier for CH30
hydrogenation to CH3OH is 115.7 k]-mol~!, and the reaction is
found to be endothermic by 15.7 k]-mol~!. For CH;0H decompo-
sition, beginning with CH3OH (Fig. 2), the C — O bond cleavage can
lead to the formation of CH3 and OH through a transition state TS3-
5. The distance between C and O atoms is elongated from 1.45 A in
CH3OH to 2.24 A in TS3-5 and 3.84 A in CH3 + OH. In CH3 + OH, CH3
adsorbs at the hcp site, OH sits at the fcc site, both are the most sta-
ble configuration of CH3 and OH species on Cu(111) surface. This
elementary step is found to be exothermic by 21.3 kJ-mol~!, with
an activation barrier of 166.3 k]-mol .

In Paths 3-3 and 3-4, as described in Paths 2-2 and 2-3,
respectively, CHO first hydrogenate to form CH,OH. Then, the
hydrogenation of CH,OH is to form CH3OH via the transition state
TS3-4.In TS3-4, the distance between H and C is decreased to 1.84 A
from 2.77 A in CH,OH + H. The activation barrier of this elementary
reaction is 44.6 kJ-mol~! and the reaction is found to be exothermic
by 82.0 kJ-mol~!. Finally, the C — O bond scission of CH3OH without
H-assisted to form CH3 and OH is the same as described in Path 3-2.

3.2.4.2. (B)CHs formation with H-assisted. For the formation of CH;
with H-assisted, seven possible paths are considered, Path 3-5 is
that via CHO hydrogenation to form CH,O, followed by the C— 0O
bond scission of CH,0 with H-assisted form CH3 and O; Path 3-6
is that via CHO hydrogenation to form CH30O, followed by the C—- 0
bond scission of CH30 with H-assisted form CH3 and OH; Path 3-
7 is that via Path 2-2 to form CH,OH, followed by the C -0 bond
scission of CH,OH with H-assisted to form CHz and OH; Path 3-
8 is that via Path 2-3 to form CH,OH, followed by the C -0 bond
scission of CH,OH with H-assisted to form CH3 and OH; Path 3-9
is the formation of CH3 via Path 3-2 to form CH30H, followed by
the C — O bond scission of CH30H with H-assisted to form CH3 and
H,0; Path 3-10 is that via Path 3-3 to form CH3OH, followed by the
C— O bond scission of CH3OH with H-assisted to form CH3 and H,O.
Finally, Path 3-11 is that via Path 3-4 to form CH3;OH, followed by
the C— O bond scission of CH30H with H-assisted to form CH3 and
H,O0.

In Path 3-5, as described in Path 2-1, CHO first hydrogenate to
form CH;O0. Then, the C — O bond scission of CH,0 with H-assisted
to form CH3 and O. Starting from CH,0 +H(2), CH, 0 adsorbs at the
top(C)-bridge(O) site, H sits at the fcc site. The C — O bond scission
of CH,0 with H-assisted goes through a transition state TS3-6, in
which the distance between H adatom and C decreases to 2.46 A
from 3.69 Ain CH,0 + H(2), and the distance between C and O atoms
is extended to 2.14A from 1.35A in CH,0+H(2). This elementary
step is found to be exothermic by 46.1 kJ-mol~!, with an activation
barrier of 153.0 k]-mol-1.

In Path 3-6, as described in Path 3-1, CHO first hydrogenate to
form CH30, subsequently, the C — O bond scission of CH30 with H-
assisted leads to CH3 and OH via a transition state TS3-7. In TS3-7,
the distance between C and O atoms is 2.27 A. This step is found
to be slightly exothermic by 4.1 k]-mol~1, and with an activation
barrier of 185.8 k]-mol-1.

In Paths 3-7 and 3-8, as described in Paths 2-2 and 2-3, respec-
tively, CHO first hydrogenate to form CH,OH, subsequently, the
C -0 bond scission of CH,OH with H-assisted can form CH3; and
OH via a transition state TS3-8. This elementary step is found to
be exothermic by 103.3 kJ-mol~!, and with an activation barrier of
89.8 kJ-mol-1.

In Paths 3-9, 3-10 and 3-11, as described in Paths 3-2, 3-3 and
3-4, respectively, CHO sequentially hydrogenate to form CH30H.
Then, the C— O bond scission of CH30H with H-assisted leads to
the formation of CH3 and H,O via a transition state TS3-9, starting
from CH3OH +H, in which CH3OH adsorbs at the top site, H adsorbs
at the hcp site. The distance between H adatom and O is decreased
from 2.64 Ain CH;0H+H to 1.00 Ain TS3-9 and 0.98 Ain CH3 + H,0,
and the distance between C and O atoms is extended from 1.44 A in
CH;0H+Ht02.13AinTS3-9 and 3.28 A in CH; +H,0. In CHs + H,0,
CHs3 adsorbs at the hcp site, H,O adsorbs at the top site, and its
molecular plane is parallel to the Cu(111) surface, both are the most
stable configuration of CH3 and H,O species on Cu(111) surface,
respectively. This elementary step is found to be slightly exother-
mic by 7.9 kJ-mol~1, with an activation barrier of 189.0 kJ-mol~!.

3.2.4.3. (C) The comparisons of activation barriers in Paths 3-(1~11).
Following the summary potential energy diagram for CH3 forma-
tion from CHO hydrogenation on Cu(111) surface, as shown in
Figs. 6 and 7, respectively, we can see that the rate-controlled
step for Paths 3-(1~11) occur at TS3-2, TS3-5, TS3-5, TS3-5, TS3-
6, TS3-7, TS3-8, TS3-8, TS3-9, TS3-9 and TS3-9, respectively, the
corresponding activation barriers are 173.3, 166.3, 166.3, 166.3,
153.0, 185.8, 89.8, 89.8, 189.0, 189.0 and 189.0 k]-mol~! with the
reaction energies of 43.3, -21.3, -21.3, -21.3, -46.1, -4.1,-103.3, -
103.3, -7.9, -7.9 and -7.9, respectively. As a result, Paths 3-7 and
3-8 have the same rate-controlled step via TS3-8, and have smaller
activation barrier and reaction energy than other paths. Thus,
Path 3-7 (CHO +H—CHOH +H— CH,OH +H—CHs +OH) and Path
3-8 (CHO+H—CH,0+H—CH,0H+H—CH3 +OH) are two paral-
lel and dominant paths contributing to CH; formation, which are
more favorable both kinetically and thermodynamically than other
paths.

3.3. General discussion

In this study, we have investigated two possibilities for the reac-
tion of CO: one is CO hydrogenation to form CHO and COH species;
the other is CO direct dissociation into C and O. Our results show
that the hydrogenation of CO to form CHO is more favorable both
kinetically and thermodynamically than the dissociation of CO and
the formation of COH. As a result, it is concluded that the adsorbed
CO species dominantly undergoes the hydrogenation to form CHO
on Cu(111) surface.

On the basis of above results, starting from CHO and CHO
hydrogenation, CHx(x = 1-3) formation without H-assisted and with
H-assisted are systematically investigated, respectively. The opti-
mal paths for CHx(x=1-3) formation starting from CHO, as well
as the corresponding activation barriers and reaction energies on
Cu(111) surface are presented in Fig. 8. For CH formation among
four paths, Paths 1-2 and 1-4 are two parallel and dominant paths
to form CH on Cu(111) surface, and the corresponding activa-
tion barriers of rate-controlled step are 106.9 and 106.3 kJ-mol~!,
respectively. For CH, formation, eight paths are considered, four
parallel paths, Paths 2-2, 2-3, 2-6 and 2-7, are mainly responsible
for CH, formation on Cu(111) surface, and the corresponding acti-
vation barriers of rate-controlled step are 89.0, 89.4, 95.3 and 95.3
kJ-mol~1, respectively. For CH3 formation, two parallel paths, Paths
3-7 and 3-8, are responsible for CH3 formation on Cu(111) sur-
face, and the corresponding activation barriers of rate-controlled
step are 89.8 and 89.8 k]-mol~!, respectively. As a result, among all



X. Sun et al. / Applied Surface Science 265 (2013) 720-730 729

CH,+OH |> Path 2-2

/
E,=84.8| AH =-19.4

A
et |< 2] cnon FgTsp oo
: .

E,=42.4| AH =-28.2 PatZ2-7

; v

E,=89.0| AH =-3.7

Path 3-7

Path 1-2 Pathl-4
CHO
E,=49.7 LAH =224
CH,0
Path 3-8 Path 2-8

E,=894 VAH =34

A A
E, =898 E, =953
CH+OH |ty o33 LCH0H 3557 CHaAH,0

E, =84.8vAH =194

CH,+OH |> Path 2-3

Fig. 8. The optimal paths for the formation of CH,(x = 1-3) starting from CHO on Cu
(111) surface, as well as the corresponding activation barriers and reaction energies
of every elementary step.

CHy(x=1-3) species, CH, and CH3 are the most favored monomer
on the basis of activation barriers.

On the other hand, considering the high catalytic activity
of Cu-based catalysts for methanol synthesis from syngas, we
further investigate the formation mechanism of CH3OH from
CO hydrogenation, as shown in Fig. 3, three pathways are
responsible for CH30H formation, Fig. 9 presents the summary
potential energy diagram for CH3OH formation starting from
CHO hydrogenation on Cu(111) surface. We can see that the
corresponding rate-controlled steps of these three pathways
CHO +H—CHOH +H—CH,0H + H—CH30H, CHO+H—-CH,0+H—
CH,OH +H—CH30H, and CHO + H—CH,0 + H—CH30 + H—CH30H
occur at TS1-2, TS2-4 and TS3-3, respectively, the corresponding
activation barriers are 89.0, 89.4 and 115.7 k]-mol~! with the reac-
tion energies of -3.7, 3.4 and 15.7 k]-mol~1, respectively, suggesting
that the pathways of CHO+H—-CHOH+H— CH,OH+H—CH;0H
and CHO + H—CH,0 + H—CH,0H + H—CH3OH are more favorable
for CH30OH formation among three pathways. As a result, we can
obtain that for CO hydrogenation on Cu(111) surface, the formation
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Fig.9. The potential energy diagram for CH3 OH formation from CHO hydrogenation
on Cu(111) surface.

of CH,, CH3 and CH3OH are three parallel reactions in dynamics, and
compete with each other, indicating that CH3OH formation may
reduce the production of CH, and CHs.

In addition, previous studies by An et al. [47] have investigated
the effect of Cu added into Ni on the steam reforming of CHy, their
results show that that the activation barrier of the dehydrogenation
of CHx(x = 1-4) and the hydrogenation of CHx(x=0-3) on Cu/Ni(111)
surface are larger than that on pure Ni(111) surface, suggesting
that the added Cu into Ni can hinder CH4 formation by CHx(x=0-3)
hydrogenation, as a result, Cu-based catalysts may be inertia for
catalyzing CH, and CH3 hydrogenation to form CH4, which may be
in favor of the methanol and ethanol synthesis.

4. Conclusions

In this study, density functional theory method is employed to
fully investigate the formation of CHy(x=1-3) from CO hydrogena-
tion on Cu(111) surface. CO hydrogenation and dissociation have
been discussed. Our results show that CO mainly hydrogenate to
form CHO, in which CHO formation is supported both kinetically
and thermodynamically than that of COH, meanwhile, the CO dis-
sociation route is not energetically favored on Cu(111) surface.

Based on the above result, we further investigate the forma-
tion of CHx(x=1-3) starting from CHO, two conditions, without
H-assisted and with H-assisted, are considered. We obtain the opti-
mal paths of CHx(x=1-3) formation and the activation barriers of
rate-controlled step. By comparison the activation barriers of rate-
controlled step, we conclude that among all CHx(x=1-3) species,
CH, and CHj3 are the most favored monomer. In addition, the forma-
tion of CH3OH is also investigated, suggesting that the formations
of CH,, CH3 and CH3OH by CO hydrogenation compete with each
other on Cu(111) surface.
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