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We used the dimer saddle point searching method with density functional theory calculations to study
the reactivity of formate (HCOO) on the Cu(111) surface. We identified possible reaction paths for the
HCOO decomposition (or synthesis) and hydrogenation in the presence of a co-adsorbed H atom without
assuming their final states. Starting from the most stable bidentate HCOO adsorption configuration, we
calculated the pre-exponential factors and reaction rates of the identified HCOO reaction and diffusion
paths using harmonic transition state theory. In agreement with previous experimental and theoretical
studies, we found that HCOO was formed by gaseous CO2 and adsorbed H through the Eley–Rideal
(ER) mechanism. The activation barriers for direct HCOO synthesis from CO via the ER and Langmuir–
Hinshelwood (LH) mechanisms were 1.44 and 2.45 eV, respectively, suggesting that the reaction pathways
CO or CO(g) + OH ↔ HCOO were unfavorable on the Cu(111) surface. The decomposition of HCOO to
HCO + O was much slower than its reverse recombination. This indicated that the reaction pathway
from HCOO to HCO also was unlikely. On the other hand, the reaction route for HCOO hydrogenation to
H2COO in the presence of a co-adsorbed H atom had an activation energy of 1.24 eV, suggesting that
HCOO hydrogenation was competitive with HCOO decomposition via the ER mechanism with a barrier of
1.30 eV. Except for two fast HCOO diffusion processes, our results showed that HCOO ↔ CO2(g) + H and
HCOO + H ↔ H2COO were the dominant reaction pathways on the Cu(111) surface.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

One of the most challenging problems in heterogeneous catal-
ysis is identifying reaction mechanisms without relying primarily
on chemical intuition. The mechanism of a heterogeneous catalytic
reaction generally involves a series of elementary reactions and
diffusion steps. Finding the dominant elementary reaction and dif-
fusion paths and calculating the rates of these elementary steps
are vital not only to the fundamental understanding of the chem-
istry of complex catalytic reaction, but also to the elucidation and
prediction of reaction kinetics under reaction conditions. Unfortu-
nately, due to the limitations of current experimental techniques,
our knowledge of the reaction mechanism is often incomplete and
a matter of debate. The reactivity and kinetic behavior of the
same reaction differ greatly under different reaction conditions and
catalyst preparation methods. A set of “reasonable” assumptions
usually is used to construct a reaction mechanism that explains
experimental observations. Over the past 20 years, quantum chem-
istry density functional theory (DFT) calculations have widely been
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used to study the reactivity and the energetics of the individual
elementary steps of catalytic reactions on metal and metal oxide
catalyst surfaces [1]; however, information on the reaction mecha-
nism provided by these DFT calculations remains limited, because
most DFT calculations are based on assumed reactants, products,
and reaction intermediates. In most cases, a well-designed elemen-
tary reaction path, including the most stable or possible configu-
rations of the initial reaction state and the final product state, is
determined a priori before the transition state is identified. In this
work, we demonstrate that combining standard DFT calculations
with the “dimer” saddle point searching method [2] allows us to
find the important reaction mechanisms and the corresponding re-
action rates of a molecule on a catalyst surface without previous
knowledge of the final state.

Formate (HCOO) is considered one of the important surface
intermediates in methanol synthesis over Cu/ZnO/Al2O3 catalysts
from syngas (CO2/CO/H2) [3]. Most previous experimental studies
have suggested that the bidentate HCOO species was formed from
CO2 hydrogenation on metallic Cu surfaces [4,5]. CO is not directly
involved in HCOO formation, but is involved in the accompany-
ing water–gas shift reaction [6,7]. HCOO is further hydrogenated
into methoxy and finally to form methanol. The hydrogenation of
HCOO is assumed to be the rate-determining step in methanol syn-
thesis on Cu surfaces [8–12]. The adsorption and the reactivity of
HCOO on Cu(111) surface were extensively studied by Nakamura’s
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group [4,5,13–15], who found that HCOO adsorbed on the Cu(111)
surface in a bridging bidentate structure. In this adsorption config-
uration, two O atoms of HCOO bonded with two atop Cu atoms.
The saturation coverage of HCOO was estimated to be 0.24 ML
(1 ML indicating one HCOO molecule per Cu surface atom) us-
ing scanning tunneling microscopy and X-ray photoelectron spec-
troscopy (XPS) [16]. The activation barrier of HCOO synthesis from
CO2 and H2 was measured as 0.57 eV by XPS [5] and 0.59 eV by in
situ infrared reflection absorption (IRAS) in the temperature range
of 323–353 K; the rate at 353 K was measured at 9.09 × 10−4

molecules site−1 s−1 [14]. First-order kinetics for HCOO decompo-
sition was found with a measured activation barrier of 1.17 eV by
XPS [5] and 1.12 eV by IRAS [14], and a pre-exponential factor of
1.87 × 1011 s−1.

Compared with the aforementioned experiments, only a few
theoretical studies of HCOO adsorption and reactivity on Cu sur-
faces have been reported to date [17–22]. Wang et al. investigated
the structure sensitivity of HCOO synthesis and decomposition on
Cu(111), Cu(100), and Cu(110) surfaces using periodic DFT calcu-
lations [22]. A bidentate HCOO structure was found to be the
most stable adsorption structure on Cu surfaces. They reported that
HCOO formed on three low-index single crystal Cu surfaces, from
CO2 and H2 via the Eley–Rideal (ER) mechanism, through an un-
stable monodentate HCOO structure bound at the 3-fold hollow
site. The insensitivity of HCOO synthesis to the surface structure
had been explained by the formation of the unstable monodentate
HCOO structure, which was found to have similar activation energy
on different Cu surfaces. However, the decomposition of the stable
bidentate HCOO was sensitive to the Cu surface structure [22]. The
calculated activation barriers for HCOO synthesis were 0.69 eV on
Cu(111) and 0.64 eV on Cu(110), whereas the barriers for HCOO de-
composition were 0.97 eV on Cu(111) and 1.44 eV on Cu(110) [22].
Hu et al. studied methanol synthesis from CO2 hydrogenation on
Cu(100) using the dipped adcluster model combined with ab ini-
tio Hartree–Fock and second-order Moller–Plesset (MP2) [21], and
found that HCOO was formed via the Langmuir–Hinshelwood (LH)
mechanism by co-adsorbed CO2 and H. The activation barrier for
HCOO synthesis was found to be 0.53 eV, which is close to that
on the Cu(111) surface [22]. The HCOO decomposition on Cu(100)
was 1.76 eV [21], demonstrating again that the reactivity of HCOO
decomposition is sensitive to the structure of the Cu surface. Hu
et al. also showed that the HCOO hydrogenation to dioxomethy-
lene (H2COO) step on Cu(100) is the rate-limiting step because it
had the highest activation barrier (∼1.0 eV) of all elementary steps
from CO2 hydrogenation to methanol [21]. Gomes investigated dif-
ferent HCOO adsorption configurations on Cu surfaces using cluster
model DFT calculations [18] and found that a short-bridge (biden-
tate) structure of HCOO was the most stable adsorption configura-
tion.

In this paper we present a computational methodology that
provides a valuable tool for studying catalytic reaction mech-
anisms. We have investigated the reactivity of HCOO on the
Cu(111) surface using DFT calculations combined with the dimer
method [2,23,24]. The paper is organized as follows. In Section 2,
we give a brief description of the computational methodology. In
Section 3, we define one of the stable adsorption configuration of
HCOO on the Cu(111) surface as the initial state. Starting from this
initial state, we identify different pathways of HCOO decomposi-
tion (and the reverse path, HCOO synthesis) and hydrogenation in
the presence of a co-adsorbed H atom, without knowledge of the
final states. Finally, we summarize our results and conclude in Sec-
tion 4.
2. Computational details

First-principles periodic DFT calculations combined with mini-
mum-mode following saddle point searches were carried out to ex-
plore the reaction and diffusion pathways of HCOO on the Cu(111)
surface. These plane-wave DFT calculations were performed us-
ing the Vienna ab initio simulation package [25,26]. The projec-
tor augmented wave method with a frozen-core approximation
was used to describe the ion–electron interactions. A cutoff en-
ergy of 400 eV and the generalized gradient approximation with
the Perdew–Burke–Ernzehof functional was used in the calcula-
tions. The ground-state atomic geometries of bulk and surfaces
were obtained by minimizing the Hellman–Feynman forces with
the conjugate-gradient algorithm until the total force on each ion
dropped below 0.001 eV/Å. The Cu(111)-3 × 3 surface was mod-
eled with a three-layer slab, subject to three-dimensional periodic
boundary conditions. The slab was separated from its image in
the z-direction, perpendicular to the x–y surface plane by a 10 Å
vacuum. The bottom two atomic layers were fixed at equilibrium
bulk positions, while all the other atoms were allowed to relax.
A 2 × 2 × 1 Monkhorst–Pack k-point sampling of the Brillouin zone
was used.

The binding energies, Eb, of HCOO on the surface were calcu-
lated by the following equation:

Eb = EHCOO+Cu(111) − (EHCOO + ECu(111)), (1)

where EHCOO+Cu(111) is the total energy of the interacting system of
Cu(111) slab and HCOO molecule; ECu(111) is the total energy of the
bare Cu(111) slab, and EHCOO is the energy of one HCOO molecule
in the vacuum. Negative Eb values indicate favorable (exothermic)
adsorption.

The minimum-mode following dimer method was used to find
saddle points (transition states) from initial minima, without pre-
vious knowledge of the possible final states. This method has been
described in detail elsewhere [2,23,24], and we give just a brief de-
scription here. First, the most stable configuration of the reactant
molecule on the surface is determined with a standard DFT min-
imization. This configuration is used as the initial state. Searches
are initiated by displacing the atoms in the reactant molecule by
a Gaussian-distributed random distance of 0.05 Å. From this con-
figuration, a dimer is created by making two equal and opposite
finite-difference displacements in the coordinates of the reactant
molecule. A nearby saddle point is then found iteratively, alterna-
tively taking rotation and translation steps. In the rotation step,
the lowest curvature direction is found by minimizing the energy
of the dimer with respect to its orientation. In the translation step,
the force at the center of the dimer is inverted along the dimer
orientation, so that it points up the potential along the lowest cur-
vature mode and down in all other directions. Both rotation and
translation steps are implemented with a conjugate gradient opti-
mizer. A one-sided (forward difference) dimer method is used to
reduce the total number of force evaluations needed [24,27]. All
saddle points identified in this work were confirmed to be first-
order saddles using a finite-difference normal mode analysis; only
one imaginary frequency was obtained at each saddle point.

After each saddle point is found, the dimer images are displaced
from the saddle along the negative mode by 0.1 Å and then relaxed
to the neighboring local minima. In a successful search, one of the
images will minimize to the initial state, and the other will be in
a new (and perhaps surprising) final state. In this work, the dimer
separation was set at 0.0l Å, and the tolerance for convergence to
the transition state was such that the force on each atom was less
than 0.005 eV/Å. The reaction energy of each path is calculated as
the total energy difference between the final state and the initial
state. The forward and reverse activation barriers of each reaction
(diffusion) path are defined as the total energy difference between
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the initial state and the saddle point and between the final state
and the saddle point, respectively.

3. Results and discussion

3.1. Determination of initial state

In the present study, only the initial state (i.e., the stable HCOO
adsorption state) was a prerequisite for exploring the reaction and
diffusion pathways of HCOO on the Cu(111) surface. Much experi-
mental evidence suggests that the adsorbed HCOO species is in a
bidentate configuration [4,5,13–16], in which both O atoms of the
HCOO molecule bind atop Cu atoms on the surface with the HCOO
molecular plane perpendicular to the (111) direction. This bridging
bidentate HCOO molecule is positioned on a Cu(111)-3 × 3 surface
in our initial state. The HCOO coverage in the initial state is 1/9 ML,
which is a relevant coverage for catalysis [4,16]. The optimized
bidentate HCOO structure is shown in Fig. 1a. The calculated Cu–O
distance of 2.01 Å is consistent with all known μ2-formate–copper
complexes (1.98 ± 0.04 Å) and the reported experimental value of
1.92 ± 0.04 Å using normal incidence X-ray standing wavefield ab-
sorption (NIXSW) [28], as well as with previous DFT cluster model
calculations with the B3LYP hybrid functional (2.015 Å) [18]. Our
calculated O–C–O angle of 126.9◦ also is very close to the previ-
ously reported value of 127.8◦ [18]. In agreement with previous
experimental findings [28], no noticeably structural perturbation
of the Cu(111) surface occurred after HCOO adsorption. The bind-
ing energy of the bidentate HCOO of −3.31 eV is similar to the
previous cluster model DFT result of −3.41 eV [18].

3.2. Diffusion pathways

Starting with the stable bidentate HCOO adsorption configura-
tion, two more stable adsorption structures of HCOO were found
with our saddle point searches and the subsequent identification of
two diffusion pathways. Similar to the bridging bidentate structure,
HCOO also was bound at a 3-fold hollow site on the Cu(111) sur-
face. For bidentate HCOO at the 3-fold hollow site shown in Fig. 1b,
one O atom of HCOO was bridge-bound with two surface Cu atoms
and the other O atom was bound atop the third surface Cu atom.
The two equal bridging Cu–O bond lengths were 2.22 Å, longer
than the single Cu–O bond in the bridging bidentate structure. The
binding energy for the bidentate HCOO bound at the 3-fold hollow
site of −3.06 eV is slightly weaker than that of the most stable
bridging bidentate structure. Of note is the unusual diffusion path
for the bidentate HCOO from the bridge site to the hollow site.
The diffusion path is not a direct tilting of the bidentate HCOO
from the bridge site to the neighboring hollow site, but rather oc-
curs by “walking” to the next-neighboring hollow site. As shown
in Fig. 2a, the saddle point of this diffusion path has two O atoms
of HCOO binding at two next-neighboring Cu atoms on the (111)
surface. One O atom of the HCOO molecule “walks” from the one
Cu atom to another next-neighboring Cu atom, while the other O
atom remains bound at the original Cu atom. Consequently, both
Cu–O bonds are elongated to 2.13 Å at the saddle point. The two
bonded Cu atoms have been pulled out of the surface plane by
0.14 Å. The forward and reverse barriers of this diffusion path are
0.39 eV and 0.29 eV, respectively.

HCOO can adsorb on the Cu(111) surface in a monodentate
structure, in which only one O atom binds with the surface. Similar
to the previously reported monodentate HCOO structure [22], we
found the monodentate HCOO adsorbs at a 3-fold hollow site on
the Cu(111) surface with the binding energy of −2.68 eV. Com-
pared with the two bidentate structures mentioned above, the
monodentate HCOO adsorption is weak. As shown in Fig. 1c, the
Cu–O bonds have been slightly elongated to 2.08–2.13 Å in the
Fig. 1. Adsorption of HCOO on the Cu(111) surface. (a) Bidentate HCOO at bridge
site; (b) bidentate HCOO at hollow site; (c) monodentate HCOO at hollow site. The
numbers in the figure are the bond distances in optimized structures. Cu atom is in
blue, O atom in red; C atom in gray and H atom in white. The same color scheme
is applied in all figures. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

(a)

(b)

Fig. 2. HCOO diffusion paths. (a) Bidentate HCOO from the bridge site to the hollow
site; (b) bidentate HCOO from the bridge site to monodentate at the hollow site.

monodentate configuration. In contrast, the two C–O bonds of the
adsorbed HCOO molecule become unequal (1.37 and 1.25 Å). The
forward and reverse diffusion barriers of HCOO from the bridging
bidentate to the 3-fold hollow monodentate are 0.46 and 0.02 eV,
respectively, indicating that the monodentate HCOO at the hollow
site is unstable and readily migrates to the bidentate configuration
at the bridge site on the Cu(111) surface. The saddle point of this
diffusion path, shown in Fig. 2b, has a late transition state, because
the geometries and energies of both transition state and final mon-
odentate state are nearly the same.

The monodentate HCOO adsorption at the atop site on the
Cu(111) surface was not found in our dimer calculations. A sep-
arate DFT calculation showed that the monodentate HCOO at the
atop site was unstable and always shifted to a bidentate structure
at the bridge site after structural optimization. Because the diffu-
sion barrier from the monodentate HCOO to the bidentate HCOO
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is only 0.02 eV, the monodentate HCOO at 3-fold hollow site will
quickly transform to the bridging bidentate structure if the bridge
site is available at low surface coverage.

To summarize, we found three stable adsorption configura-
tions for HCOO on the Cu(111) and two diffusion pathways. Initial
guesses based on chemical or physical intuitions are not necessary
to find all possible adsorption configurations of the reactant on the
catalyst surface when using the combined methodology of DFT and
dimer saddle point searches.

3.3. Reaction pathways

3.3.1. HCOO decomposition
3.3.1.1. HCOO ↔ CO2(g) + H The first HCOO decomposition path
has HCOO decomposing into an adsorbed H atom on the surface
and a CO2 molecule into the gas phase, that is, an ER decomposi-
tion mechanism. The initial state is the bridging bidentate HCOO,
which is shown in Fig. 3a. The transition and final states are also
shown in Fig. 3a. Before the transition state, the bidentate HCOO
moves from the stable bridge site to the hollow site with the mon-
odentate structure. At the transition state, the C–H bond is already
broken, because the distance between C and H atom is 1.66 Å.
Here the CO2 molecule still binds at the atop site with a single
Cu–O bond, whereas the H atom binds at the bridge site on the
Cu(111) surface. In the final state, the CO2 molecule desorbs from
the surface, and the adsorbed H atom moves from the bridge site
to the most stable hollow site. The activation barrier and reaction
energy of HCOO ↔ CO2(g) + H is 1.30 and +0.73 eV. Nakamura
et al. studied the decomposition and synthesis kinetics of HCOO
on Cu(111) using XPS and IRAS techniques [5,14]. The activation
energies for HCOO decomposition to CO2 + H2 were found to be
1.17 ± 0.13 eV by XPS [5] and 1.12 ± 0.03 eV by IRAS [14]. Our
calculation result is in good agreement with the experimental re-
sults. A lower activation barrier (0.97 eV) of HCOO decomposition
on Cu(111) surface was reported by Wang et al. [22]; our calcu-
lation yielded the same conclusion, that the ER mechanism is the
only mechanism for HCOO decomposition to CO2 and H, whereas
it did not identify the LH mechanism. This suggests a very weak
interaction of CO2 with the Cu(111) surface. The binding energy of
CO2 at the atop site was calculated to be only 0.03 eV [29].

The reverse reaction path of the foregoing HCOO decomposi-
tion path is HCOO synthesis from CO2 and H2. This path had
been considered the first step in methanol synthesis from CO2
hydrogenation. The activation barrier for the ER mechanism of
HCOO formation on the Cu(111) surface of 0.57 eV is in excel-
lent agreement with the experimentally determined HCOO syn-
thesis barriers of 0.57 ± 0.06 eV by XPS [5] and 0.59 ± 0.05 eV
by IRAS [14]. A slightly higher barrier of 0.69 eV was reported by
Wang et al. [22].

Although two bidentate HCOO structures (at the bridge and hol-
low sites) are more stable on the Cu(111) surface, the monodentate
HCOO structure at the hollow site is an intermediate structure
(or precursor state) for HCOO decomposition or synthesis via a
ER mechanism. The bidentate HCOO is not formed directly from
CO2(g) reacting with surface H atoms, but rather is formed through
a metastable monodentate HCOO configuration. Similar to previous
findings [22], our calculations confirm that the metastable mon-
odentate HCOO state bound at the 3-fold hollow site exists in
HCOO synthesis and decomposition pathways on the Cu(111) sur-
face.

3.3.1.2. HCOO ↔ CO(g) + OH and HCOO ↔ CO + OH Both the ER
and LH reaction paths were found for HCOO decomposition into CO
and OH. HCOO decomposes either into adsorbed OH and CO in the
gas phase or into co-adsorbed CO and OH on the surface. Here we
first discuss the ER mechanism of HCOO decomposition to CO and
(a)

(b)

(c)

(d)

Fig. 3. HCOO decomposition pathways. (a) HCOO ↔ CO2(g) + H; (b) HCOO ↔ CO(g)
+ OH; (c) HCOO ↔ CO + OH; (d) HCOO ↔ HCO + O.

OH. The bidentate HCOO adsorbed at the bridge site on the Cu(111)
is the initial state. The transition and final states of this identi-
fied path are shown in Fig. 3b. The bidentate HCOO must move
to the hollow site in the monodentate configuration. At the transi-
tion state, one of the C–O bonds of HCOO molecule is broken. The
distance between the C atom and the surface bonded O atom is
2.00 Å. The dissociated HCO fragment is lifted up from the surface.
Each atom of the HCO fragment also rotates in the plane normal to
the surface and rearranges itself into the linear HCO configuration.
Simultaneously, the H atom of HCOO moves close to the surface
bonded O atom. The distance between the H atom and the surface
bonded O atom of HCOO is 1.50 Å. The C–H bond length of HCOO
is 1.14 Å at the transition state, slightly longer than the normal
C–H bond length of 1.11 Å in the stable bidentate HCOO structure.
This suggests that the C–H bond of HCOO has not yet ruptured at
the transition state. In the final state, the C–H bond is broken, as
the distance between the C and H atoms increases to 2.14 Å. The
H atom recombines with the surface-bonded O atom to form an
OH group on the surface, and the CO molecule is released into the
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gas phase. This reaction path is highly endothermic. The calculated
reaction energy for HCOO ↔ CO(g) + OH is 1.36 eV. A high acti-
vation barrier of 2.80 eV is obtained.

We also identified the decomposition of HCOO into CO and OH
via a LH surface mechanism. Similar to the aforementioned ER
mechanism, one of the C–O bonds is broken at the transition state;
however, the O atom is bonded at the bridge site instead of at the
hollow site in the transition state. The broken C–O bond distance
is 3.01 Å. As shown in Fig. 3c, the HCO fragment is lifted up away
from the surface but remains in a nonlinear configuration, different
from the linear configuration in the ER mechanism. The C–H bond
is slightly elongated from 1.11 to 1.13 Å. The distance between the
C atom and the closest surface Cu atom is 2.65 Å. After the tran-
sition state, the C–H bond of the HCO fragment is broken. The
H atom moves toward the bonded O atom, forming an OH group
at the hollow site. The CO molecule also moves down and eventu-
ally binds at the neighboring hollow site on the surface. Compared
with the ER mechanism, this LH mechanism is less endothermic.
The calculated reaction energy for HCOO ↔ CO + OH is 0.56 eV;
however, the activation barrier of HCOO ↔ CO + OH is 3.01 eV,
0.21 eV higher than that of ER mechanism decomposition path.

3.3.1.3. HCOO ↔ HCO + O The fourth decomposition path for
HCOO that we found is the dissociation of HCOO into a formyl
(HCO) species and an O atom. The transition and final states of this
reaction path are shown in Fig. 3d. At the transition state, one of
the O atoms of HCOO moves from the atop site to the hollow site,
breaking the C–O bond. At the same time, the C atom of HCOO
replaces the moving O atom and binds at the original atop site.
The dissociated HCO fragment binds at the bridge site. The Cu–C
and Cu–O bond lengths of HCO at the bridge site are 2.01 and
2.08 Å, respectively. In the final state, HCO moves from the bridge
site to the most stable hollow site. This decomposition path is also
endothermic, with a reaction energy of 1.40 eV. The calculated ac-
tivation barrier for HCOO ↔ HCO + O is 1.70 eV.

3.3.2. Comparison of HCOO decomposition paths
We have identified four different reaction paths for HCOO de-

composition. It is interesting to compare the reaction rates of these
four decomposition reaction paths. The reaction rate ri of each
path (both forward and reverse) is calculated using harmonic tran-
sition state theory [30,31],

ri = vi · exp

(−E �=
a

RT

)
, (2)

where νi is the pre-exponential factor and E �=
a is the activation bar-

rier. Based on harmonic transition-state theory, we can calculate
the pre-exponential factors (νi) of each reaction pathway using the
following definition:
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f TS
i are the vibrational frequencies at the transition (excluding the

imaginary one). For the reverse pathway, we used f FS
i , the vi-
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i in Eq. (3).

We also investigated the effect of the zero-point energy correction
(ZPEC) on the reaction energies and the activation barriers. Table 1
listed the calculated pre-exponential factors along with the activa-
tion barriers with and without ZPEC. We found that ZPEC had only
a slight effect on the calculated energetics in this work (<0.1 eV).
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1014 s−1 is larger than the experimentally estimated value of
1.87 × 1011 s−1 [14]. This high calculated pre-exponential factor
is expected for the desorption reaction, because entropy increases
as the CO2 molecule leaves the surface. There could also be some
uncertainty in the experimental barrier and prefactor; determining
these parameters individually is difficult unless the experiments
are done over a wide temperature range. This is likely, because at
373 K, our calculated reaction rate is 5.4×10−4 s−1, which is close
to the experimental estimation of 1.50 × 10−4 s−1 [15].

Table 1 also gives the calculated reaction rates of different
HCOO decomposition and synthesis pathways at 353 and 403 K.
For HCOO synthesis, clearly the ER mechanism in which CO2 di-
rectly reacts with the adsorbed H on the Cu(111) surface is the
major pathway for HCOO synthesis. In agreement with previous
experimental observations, our reaction rate calculations indicate
that a direct CO hydrogenation path (ER or LH mechanism) in
methanol synthesis from syngas containing CO2, CO, and H2 is not
feasible on the Cu(111) surface. On the other hand, as the tem-
perature increases from 353 to 403 K, the HCOO decomposition
rate (to CO2 and H) increases by a factor of 200, whereas the
HCOO synthesis rate (the reverse path) remains nearly constant.
This suggests that HCOO formation is favored at low temperature.
In addition, HCOO decomposition into HCO and O is much slower
than decomposition to CO2 and H in the temperature range stud-
ied.

3.3.3. Hydrogenation of HCOO: HCOO + H ↔ H2COO
The role of HCOO in methanol synthesis on Cu-based cata-

lysts remains under debate. Although most experimental and the-
oretical studies assume that HCOO is a surface intermediate in
the methanol synthesis route from CO2 + H2, there is no indis-
putable experimental evidence of HCOO hydrogenation on metallic
Cu surfaces. In line with previous experimental observations [5,
11,15,32–36], our calculations show that HCOO is formed from
CO2 and adsorbed H on the Cu(111) surface via the ER mecha-
nism. If HCOO is a key reaction intermediate in methanol syn-
thesis on Cu catalysts, the HCOO formed must be further hydro-
genated into methoxy (H3CO) and then into methanol. Wachs and
Madix studied the oxidation of formaldehyde (H2CO) on Cu(110)
using temperature-programmed reaction spectroscopy (TPRS) [37]
and found dioxymethylene (H2COO) during the transformation of
H2CO to HCOO. H2CO reacts with a preadsorbed surface O atom to
form H2COO on the surface. H2COO then quickly dehydrogenates
to HCOO and eventually to CO2 and H2 [37]. H2COO also was ob-
served in methanol decomposition on Cu/SiO2 and Cu/ZnO/Al2O3
using TPRS and NMR techniques [38,39]. Burch et al. proposed that
the first hydrogenation step of HCOO into H2COO was the critical
rate-determining step in methanol synthesis on Cu surfaces [11];
however, Sexton et al. claimed that there was no clear evidence
of the existence of H2COO in their study of methanol and H2CO
reaction on the Cu(110) surface [40]. The inconsistency of experi-
mental observations on the possible H2COO surface intermediates
during the consecutive hydrogenation steps in methanol synthe-
sis may be due to the short lifetime of H2COO on Cu surfaces. It
is possible that the H2COO intermediate either quickly dissociates
back to HCOO or forms H2CO by reacting with a neighboring H or
hydroxyl group.

To clarify this important question of whether the hydrogenation
of HCOO to H2COO on Cu surfaces is important, we calculated the
HCOO hydrogenation on the Cu(111) surface. In the initial state,
shown in Fig. 4a, the most stable bridging bidentate HCOO co-
adsorbs with an H atom at the neighboring 3-fold hollow site.
To avoid any artificial interaction between periodic images, the
distance between the co-adsorbed HCOO and H atom is set far
enough (4.04 Å) to minimize possible lateral interactions. At the
initial state, the calculated interaction between adsorbed HCOO
Fig. 4. HCOO hydrogenation to H2COO.

and H atom is negligibly repulsive (0.09 eV) [29]. The reaction path
of HCOO hydrogenation to H2COO shown in Fig. 4 has been iden-
tified in this work. At the transition state, shown in Fig. 4b, the
HCOO molecule tilts toward the surface H atom, and the adsorbed
H atom moves from the most stable hollow site to the bridge site.
As a result, the distance between the C atom of HCOO and H atom
decreases from 4.04 Å at the initial state to 1.55 Å at the transition
state. During this transformation, both Cu–O bond lengths of HCOO
are elongated from 2.01 Å at the initial state to 2.14 Å at the tran-
sition state. At the final state, shown in Fig. 4c, H2COO adsorbs on
the surface with both O atoms bonded at two parallel bridge sites.
The calculated activation barrier of HCOO hydrogenation to H2COO
is 1.24 eV. This hydrogenation reaction path is endothermic, with
a reaction energy of 0.39 eV.

Compared with the activation barrier of HCOO decomposition
(to CO2) via the ER mechanism, we found a similar barrier for
HCOO hydrogenation (to H2COO). This suggests that H2COO is
a possible reaction intermediate in the presence of co-adsorbed
HCOO and H. We identified the H2COO species without presuming
its existence. HCOO hydrogenation to H2COO is a feasible step on
the Cu(111) surface, the predominant surface in Cu catalysts. Using
Eq. (3), we obtained pre-exponential factors of 5.88 × 1012 s−1 for
HCOO hydrogenation and 1.50 × 1014 s−1 for HCOO dehydrogena-
tion. As shown in Table 1, the calculated reaction rate of HCOO hy-
drogenation is 5–6 times slower than that of HCOO decomposition
to CO2 in the temperature range of 353–403 K even though the hy-
drogenation barrier is slightly lower. Comparing the reaction rates
of HCOO decomposition and hydrogenation indicates that HCOO
may decompose before hydrogenation even in the presence of ad-
sorbed H on the surface. On the other hand, the dehydrogenation
rate of H2COO to HCOO is about 2×106–107 times greater than the
HCOO hydrogenation rate. Once H2COO is formed, it can be easily
dehydrogenated back to HCOO before further oxydehydronation to
H2CO and H3CO occurs. The formation of H2COO may be the rate-
determining step in the route of HCOO hydrogenation to methanol
on the Cu(111) surface. Hu et al. [21] calculated the activation
barrier of HCOO hydrogenation to H2COO on Cu(100) surface us-
ing the ab initio Hartree–Fock method with the dipped adcluster
model. Similar to our results, the activation barrier for HCOO hy-
drogenation was about 1.00 eV, and the total reaction energy was
endothermic (0.74 eV) [21]. They also found that the barrier for
HCOO hydrogenation was larger than the barriers of HCOO forma-
tion (0.53 eV) and H2COO hydrogenation (0.74 eV). Based on these
findings, they proposed that the HCOO hydrogenation to H2COO
may be the rate-controlling step in methanol synthesis from CO2
hydrogenation on the Cu(100) surface. Because we have not totally
explored the reactivity of H2COO on the Cu(111) surface using the
method reported here, we can only conclude that HCOO hydro-
genation is possibly an important step.
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Gomes studied the adsorption of H2COO on the Cu(111) sur-
face using a Cu30 cluster model [19]. The most stable adsorption
for H2COO was at the cross-bridge site, with an adsorption energy
of −4.30 eV. Our calculated adsorption structure of H2COO, shown
in Fig. 4c, is the same as their structure but with a slightly longer
Cu–O bond length (2.03 Å vs 1.96 Å [19]). As noted by Hu and Boyd
[20], small cluster models usually overestimate the adsorption en-
ergies of HCOO on Cu surfaces. Our calculated binding energy of
H2COO is −3.69 eV, lower than that found by Gomes with this
cluster model [19]. Similar to HCOO adsorption, this result suggests
that H2COO binds strongly on the Cu(111) surface. We found the
similar bond strengths for H2COO at the short-bridge site on the
Cu(110) and Cu(100) surfaces [29]. The inconsistency of previous
experimental observations may be due not to the weak bonding
of H2COO, but rather to the oxydehydrogenation of H2COO back
to HCOO as discussed earlier. Another possible cause may be the
mobility of H2COO on Cu(111); we found that a diffusion barrier
of only 0.27 eV for H2COO rotated 90◦ at the same Cu–O double-
bridge sites [29].

Rate constants depend not only on the activation energy, but
also on the pre-exponential factor. Of note, the rationalization of
reaction paths in a complex heterogeneous reaction system should
be based on the reaction rate constant of each path. Although
calculations based on the activation barriers alone may be suf-
ficiently accurate in cases where the pre-exponential factors are
nearly the same, in some cases the pre-exponential factors also
may be important in determining the important reaction mecha-
nisms, particularly at high temperature. Nakano et al. found that
the activation energies for HCOO decomposition on the Cu(111)
surface in UHV and in the presence 380 Torr H2 conditions were
almost the same, but the rate constants were different [15]. They
suggested that the OCO vibration of HCOO may be responsible for
the different decomposition rate constants by changing the pre-
exponential factors [15]. In this work, we found that both the
activation barriers and the pre-exponential factors are important in
determining the rate constants. For example, the activation barrier
for HCOO hydrogenation (1.24 eV) is slightly lower than the barrier
of HCOO decomposition (1.30 eV). However, the pre-exponential
factor of HCOO hydrogenation is 5.88 × 1012 s−1, which is ∼40
times smaller than the pre-exponential factor of HCOO decompo-
sition (1.98 × 1014 s−1). Consequently, the HCOO hydrogenation
reaction is 5–6 times slower the HCOO decomposition. Similarly,
we found that the activation barrier for H2COO dehydrogenation is
higher than the HCOO formation from CO2 hydrogenation, but the
rate constant of H2COO dehydrogenation is larger, due to a larger
pre-exponential factor.

4. Conclusion

With no knowledge of final states, we have explored the po-
tential energy surface of HCOO on the Cu(111) using periodic DFT
calculations combined with the dimer saddle point search method.
We have identified four HCOO decomposition (synthesis) path-
ways, two diffusion pathways, and HCOO hydrogenation forming
H2COO in an unbiased manner. Using harmonic transition-state
theory, we also have calculated the rate constants of the identi-
fied diffusion and reaction paths. In agreement with experimental
results, HCOO was found to decompose into gaseous CO2 and ad-
sorbed H atom via an ER mechanism. CO hydrogenation to HCOO
by recombination with surface OH and its reverse path via both
ER and LH mechanisms are unfavorable. The calculated rate con-
stants also suggest that HCOO decomposition into HCO and O is
much slower than the HCOO decomposition into CO2(g) and that
the co-adsorbed HCO + O readily forms HCOO by recombination.
We identified a H2COO formation path starting with co-adsorbed
HCOO and H. The reaction rate constant of HCOO hydrogenation to
H2COO is comparable to that of the most dominant reaction path,
HCOO decomposition to CO2 via the ER route, indicating that HCOO
hydrogenation to H2COO is a feasible reaction path in methanol
synthesis on the Cu(111) surface.
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