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Methanol synthesis from CO, hydrogenation on supported Cu catalysts is of considerable importance in
the chemical and energy industries. Although extensive experimental and theoretical efforts have been
carried out in the past decades, the most fundamental questions such as the reaction mechanisms and
the key reaction intermediates are still in debate. In the present work, a comprehensive reaction network
for CO, hydrogenation to methanol on Cu(1 1 1) is studied using periodic density functional theory cal-
culations. All of the elementary reaction steps in the reaction network are identified in an unbiased way
with the dimer method. Our calculation results show that methanol synthesis from direct hydrogenation
of formate on Cu(1 1 1) is not feasible due to the high activation barriers for some of the elementary steps.
Instead, we find that CO, hydrogenation to hydrocarboxyl (trans-COOH) is kinetically more favorable
than formate in the presence of H,O via a unique hydrogen transfer mechanism. The trans-COOH is then
converted into hydroxymethylidyne (COH) via dihydroxycarbene (COHOH) intermediates, followed by
three consecutive hydrogenation steps to form hydroxymethylene (HCOH), hydroxymethyl (H,COH),
and methanol. This is consistent with recent experimental observations [1], which indicate that direct
hydrogenation of formate will not produce methanol under dry hydrogen conditions. Thus, both exper-
iment and computational modeling clearly demonstrate the important role of trace amounts of water in
methanol synthesis from CO, hydrogenation on Cu catalysts. The proposed methanol synthesis route on
Cu(1 1 1) not only provides new insights into methanol synthesis chemistry, but also demonstrates again
that spectroscopically observed surface species are often not critical reaction intermediates but rather
spectator species.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

and the key reaction intermediates, however, are still not clearly
understood [2]. As such, fundamental understanding and theoreti-

While methanol synthesis is one of the most important indus-
trial catalytic reactions for its significance in energy production
and conversion, carbon dioxide conversion and utilization are of
great environmental importance. Methanol is commercially pro-
duced from syngas (CO,/CO/H,/H,0) using Cu/ZnO/Al,O3 catalysts
and has been widely used in methanol fuel cells, as hydrogen en-
ergy carriers, and as the feedstock for the production of many other
chemicals such as acetic acid and methyl tert-butyl ether [2,3]. On
the other hand, for efforts to mitigate global climate change
through effective CO, capture and utilization, catalytic conversion
of CO, into methanol has attracted considerable interest in the past
decades [2,4,5]. Extensive experimental and theoretical investiga-
tions of CO, hydrogenation over oxide-supported Cu-based cata-
lysts have been carried out [1,6-24]. The reaction mechanism
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cal insights into the chemical process of CO, hydrogenation on
metallic Cu surfaces remain crucial to improve the synthesis of
methanol using Cu-based catalysts.

CO, hydrogenation to methanol is an exothermic reaction and,
thus, is favored by operation at low temperatures (473-523 K)
[7,25]

CO; +3H; — CH30H + H,0  AHa9s = —49.5 kJ/mol (1)

The reverse water-gas shift (RWGS) reaction may also occur as
a side reaction

CO, + Hy — CO + H,0  AHge5 = +41.2 kJ/mol )

It is generally accepted that metallic Cu is the active phase for
methanol synthesis via CO, hydrogenation [1,8,17,20,24,26].
Previous experimental studies of CO, hydrogenation on the low-
index single crystalline Cu surfaces suggested that methanol was
formed by the consecutive hydrogenation of formate (HCOO)


http://dx.doi.org/10.1016/j.jcat.2011.04.012
mailto:<xml_chg_old>donghai.mei@pnl.gov</xml_chg_old><xml_chg_new>Donghai.Mei@pnl.gov</xml_chg_new>
http://dx.doi.org/10.1016/j.jcat.2011.04.012
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat

200 Y.-F. Zhao et al./Journal of Catalysis 281 (2011) 199-211

[8,10,17,18,20,24,26,27]. This conclusion was primarily based on
the experimental observation that HCOO was the most abundant
surface intermediate during CO, hydrogenation. In the proposed
formate reaction route, CO, reacts with surface atomic H forming
HCOO via either an Eley-Rideal (ER) or Langmuir-Hinshelwood
(LH) mechanism. HCOO is then hydrogenated to dioxymethylene
(H,C00), followed by further hydrogenation to methoxy (H3CO),
and the final product, methanol (H3COH). The hydrogenation of
HCOO to H3CO was commonly assumed to be the rate-limiting step
in methanol synthesis [6]. Chorkendorff and coworkers, however,
found that the hydrogenation of HCOO on Cu(100) most likely
leads to formaldehyde (H,CO) and/or formic acid (HCOOH) instead
of methanol [20]. Very recently, Yang et al. thoroughly studied
HCOO hydrogenation on Cu catalysts using a simultaneous mass
spectroscopy and infrared spectroscopy techniques [1]. They con-
cluded that direct hydrogenation of bidentate HCOO on metallic
Cu catalysts does not produce methanol. Interestingly, they found
that significant amounts of methanol are formed if the Cu catalyst
is pretreated by NO, or O,. The authors suggested that surface oxy-
gen or water-derived species may play a critical role in methanol
synthesis on Cu, although the underlying mechanism was not de-
fined [1].

Except for the formate reaction mechanism, methanol forma-
tion via hydrogenation of formyl (HCO) on Cu-based catalysts has
also been proposed [19]. Liu and coworkers investigated these
two reaction mechanisms for CO, hydrogenation to methanol on
oxide-supported Cu clusters and on Cu(1 1 1) surfaces using den-
sity functional theory (DFT) calculations [23]. These authors found
that the hydrogenation of HCOO to H,COO, and the dissociation of
H,COO into H,CO on Cu(11 1) are kinetically inhibited by high
barriers of ~1.60eV. Therefore, methanol synthesis from CO,
hydrogenation on the perfect Cu(1 1 1) surface is hindered if the
reaction follows the assumed formate route [23]. On the other
hand, the formyl route is also unlikely due to the instability of
HCO species on the Cu(11 1) surface. Liu and coworkers’ results
indicate that the formed HCO from CO hydrogenation will quickly
decompose back to CO and atomic H on Cu(11 1) without any
barrier.

Previously, Gao and Au studied methanol synthesis from CO,
and H, over YBa,Cus05 catalysts [12]. They suggested that the ad-
sorbed CO, reacts via stepwise hydrogenation to hydrocarboxyl
(COOH), dihydrocarbene (COHOH), HCOOH, and HCOHOH. The
possible intermediates COOH, COHOH, HCOHOH, and H,COHOH
then transform to HCOO, H,COO, HCO, and H,CO groups, respec-
tively. The crucial steps for methanol formation in this hydrocarb-
oxyl-like mechanism might be the hydrogenation of HCO and
H,CO. Herein, we have performed comprehensive theoretical
investigations on the hydrocarboxyl mechanism as a third alterna-
tive reaction route for CO, hydrogenation to methanol on
Cu(111).

Understanding complex heterogeneous reactions on catalytic
surfaces requires detailed knowledge of how reaction intermedi-
ates interact with the surface, and how the bond-breaking and
bond-making processes occur at the active site(s). The entire sur-
face reaction network (mechanisms) generally comprises a great
number of elementary steps involving adsorption, reaction,
desorption, and diffusion steps of reaction intermediates. Typically,
because of the lack of information on the mechanism, all of the
reaction intermediates and possible reaction steps in a reaction
network are pre-assumed based on experimental observations
and/or chemical intuition. On the basis of such assumed elemen-
tary steps, a locally optimized initial and final state of each elemen-
tary reaction path is then determined before identifying the
transition state along this pre-determined pathway. Finally, a plau-
sible and favorable reaction route may be obtained by comparing
the calculated activation barrier for each elementary step. In such

a modeling process, the reaction mechanisms are not “truly” ex-
plored but are, again, pre-assumed and then justified. On the other
hand, different reaction paths might exist for each elementary step,
but might have not been considered. In the present work, we com-
bine periodic DFT calculations with the dimer method [28] to ex-
plore the entire reaction network of CO, hydrogenation on
Cu(1 1 1), which is displayed in Fig. 1. The complete potential en-
ergy surface of CO, hydrogenation is thus mapped out in an unbi-
ased way. We have demonstrated this computational methodology
in our previous work on methanol decomposition on the Cu(1 1 0)
[29] and Cu(1 00) [30] surfaces. In the present work, an unex-
pected reaction step is identified, which eventually inspires us to
propose a feasible reaction route for methanol synthesis from
CO, hydrogenation that is now more consistent with recent exper-
imental observations [1].

2. Computational details

Periodic plane-wave DFT calculations combined with minimum
mode-following saddle point searches were carried out to explore
all possible reaction and diffusion pathways during methanol syn-
thesis from CO, hydrogenation on the Cu(1 1 1) surface. lon-elec-
tron interactions were represented by ultrasoft pseudopotentials
within the framework of the projector-augmented wave (PAW)
method, and the generalized gradient approximation (GGA) with
the Perdew-Wang 91 functional was used in the calculations.
The geometry of all stationary points were found with the conju-
gate-gradient algorithm and considered converged when the force
on each ion dropped below 0.02 eV/A. The Cu(11 1)-3 x 3 surface
was modeled with a supercell containing a slab of three atomic lay-
ers. Cu(1 1 1)-4 x 4 surface was used for investigating the effect of
H,0. Periodic images of the slab were separated by a 12-A vacuum
gap. The bottom two layers were held frozen at equilibrium bulk
positions; all other atoms were fully relaxed in our optimizations.
Several surface sizes, numbers of atomic layers, and k-point sam-
pling meshes were tested. A 2 x 2 x 1 Monkhorst-Pack k-point
mesh and a (2 x 3) surface size were found to result in conver-
gence of the relative energies to within 0.05 eV. All calculations
were performed using the Vienna ab initio simulation package
(VASP) [31,32]. The effects of the zero point energy correction
(ZPEC) on the calculated energetics were also investigated in this
work.

The binding energies of adsorbates on the Cu(1 1 1) surface, Ej,
were calculated as:

Eb = Eadsorbate+Cu(111) - (Eadsorbate + ECu(lll)) (3)

where E,gsorbate+cu(111) 1S the total energy of the adsorbate interact-
ing with the Cu(1 1 1) slab; Ecy111) is the energy of bare Cu(111)
slab; and E.gsorpate iS the energy of the adsorbate in vacuum.

In the present study, various reaction and diffusion pathways
during CO, hydrogenation to methanol on the Cu(11 1) surface
are explored using the minimum mode following dimer method
[28]. Without prior knowledge of the possible final states, only
the initial states, i.e., the stable configurations of adsorbate(s) are
required for each possible elementary reaction step. At first, the
stable configuration of the reactant molecule(s) on the surface is
determined with a standard DFT energy minimization. This config-
uration is then used as the initial state. The dimer searches are ini-
tiated by displacing the atoms of the reactant molecule(s) by a
Gaussian distributed random distance of 0.05 A. From the initial
configuration, a dimer is created by making two equal and opposite
small finite-difference displacements in the coordinates of the
reactant molecule. A nearby saddle point is then found iteratively,
by alternatively taking rotation and translation steps. In the rota-
tion step, the lowest curvature direction is found by minimizing
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Fig. 1. Reaction mechanism network of methanol synthesis on Cu(111).

the energy of the dimer with respect to its orientation. In the trans-
lation step, the force at the center of the dimer is inverted along the
dimer orientation, so that it points up the potential along the low-
est curvature mode and down in all other directions. Both rotation
and translation steps are implemented with a conjugate gradient
optimizer. The identified saddle point (transition state) is further
confirmed by a vibrational frequency calculation, in which only
one imaginary frequency is obtained at the saddle point. After each
saddle point is found, the dimer images are relaxed to the neigh-
boring 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 unexpected) final state. In this work, the dimer separation
was set at 0.01 A and the tolerance for convergence to the transi-
tion state is such that the force on each atom is less than
0.01 eV/A. The reaction energy of each path is calculated as the to-
tal energy difference between the final state and the initial state.
The forward and reverse activation barriers of each reaction (diffu-
sion) path are defined as the total energy differences between the
initial state and the saddle point, and between the final state and
the saddle point, respectively.

3. Results
3.1. Reaction intermediates

All of the structural parameters and binding energies of reaction
intermediates involved in various reaction routes are summarized
in Table 1. The optimized adsorption structures of reaction inter-
mediates in the most favorable configurations on Cu(11 1) are gi-
ven in the supporting information (Fig. S1).

Both atomic H and O prefer to bind at 3-fold hollow sites on
Cu(111), with calculated binding energies of —-3.40 and
—6.45 eV, respectively. Hydroxyl (OH) species also bind at the hol-
low sites, with a binding energy of —3.62 eV. H,0 adsorbs weakly
at atop sites via a Cu-O bond of 2.28 A, with a calculated binding
energy of —0.19 eV, consistent with previous DFT calculations
[33-34]. CO binds at hollow sites on Cu(1 1 1) through the C atom
with a binding energy of —0.99 eV. CO, very weakly (—0.06 eV)
physisorbs at hollow sites, also consistent with a previous study
[33].

Formyl (HCO) prefers to bind at hollow sites with a binding en-
ergy of —1.63 eV, which is in good agreement with the previous
DFT results of —1.41 eV [35], and —1.32 eV [36]. In the most stable
configuration as illustrated in Figure S1g, the Cu-C and Cu-0 bond
lengths of the adsorbed HCO are 2.10 and 2.07 A, respectively.
Hydroxymethylidyne (COH) also binds at hollow sites via a Cu-C
bond, with an optimized Cu-C bond length of ~1.93 A and a bind-
ing energy of -3.19 eV.

Hydrocarboxyl (COOH) has been found to be the key reaction
intermediate in the water-gas shift (WGS) reaction on Cu(111)
[33]. COOH adsorbs at the Cu(1 1 1) surface in two distinguishable
configurations, i.e., trans-COOH and cis-COOH, depending upon the
direction of the hydroxyl group. The trans-COOH species prefers to
adsorb at bridge sites (Fig. S1i), while the cis-COOH species binds at
hollow sites (Fig. S1j). The calculated binding energies of trans-
COOH and cis-COOH are very close, —1.89 and —2.08 eV, respec-
tively. Gokhale et al. found both trans-COOH and cis-COOH adsorb
at the atop site only through the C atom binding, with binding
energies of —1.88 and —1.68 eV [33], respectively. Our calculated
binding energies for trans-COOH and cis-COOH at atop sites are
—1.92 and —1.67 eV, respectively, which are consistent with the
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Table 1

Optimized geometric parameters and binding energies (E, and EZ*) of all reaction intermediates on Cu(1 1 1). E, and

with zero point energy correction, respectively.

Y.-F. Zhao et al./Journal of Catalysis 281 (2011) 199-211

E;"€ are the binding energies of each adsorbate without and

Species Site Ey (eV) Eﬁ"EC (eV) Cu-A (A) Bond length (A) and angle (°) of adsorbed species
H 3-Fold hollow —3.58 -3.40 d(Cu-H) 1.75
0] 3-Fold hollow —-6.55 -6.45 d(Cu-0) 1.89
OH 3-Fold hollow -3.75 -3.62 d(Cu-0) 2.02 d(O-H) 0.99
H,0 Atop -0.20 -0.19 d(Cu-0) 2.28 d(0O-H) 1.00 /HOH 106.0
co 3-Fold hollow -1.06 -0.99 d(Cu-C) 2.01 d(C-0) 1.23
CO, 3-Fold hollow —-0.05 -0.06 d(Cu-0) 1.98 d(C-Oyp) 1.24 £0CO 127.6
d(Cu-C) 2.1 d(C-Ogown) 1.36
HCO 3-Fold hollow -1.73 -1.63 d(Cu-0) 2.1 d(H-C) 1.11 /HCO 1143
d(Cu-C) 2.03 d(C-0) 1.31 ZCu0C 100.8
/CuCCu 75.7
COH 3-Fold hollow -3.36 -3.19 d(Cu-C) 1.92 d(H-0) 1.00 /HOC 112.4
trans-COOH Bridge -1.96 -1.89 d(Cu-0 2.09 d(H-0) 1.00 /HOC 108.6
d(Cu-C) 1.96 d(0-C) 1.37 £0C0 114.7
d(C-0) 1.29
cis-COOH 3-Fold hollow -2.14 -2.08 d(Cu-0 2.14 d(H-0) 1.00 /HOC 108.0
d(Cu-C) 2.1 d(0-C) 1.38 £0CO 117.0
d(C-0) 1.30 /Cu0C 96.0
HCOO-mono 3-Fold hollow -2.63 -2.52 d(Cu-0) 2.08 d(H-C) 1.11 /HCO 1235
2.14 d(C-Ouyp) 1.25 Z0C0yp 123.7
2.11 d(C-Ogdown) 1.37 /HCOgown 112.8
HCOO-bi Bridge -3.00 -2.86 d(Cu-0) 2.02 d(H-C) 1.11 /HCO 116.8
d(C-0) 2.30 £0CO 126.6
t,t-C(OH), Atop -1.19 -1.15 d(Cu-C) 1.96 d(H-0) 1.01 /HOC 107.3
d(0-C) 1.34 £0CO 107.7
t,c-C(OH), Atop -1.05 -1.00 d(Cu-C) 1.95 d(O-Hgown) 1.02 /HOC 107.8
d(0-0) 1.35 20CO 109.6
c,c-C(OH), Atop -0.81 -0.75 d(Cu-C) 2.05 d(H-0) 1.00 +/HOC 1109
d(0-C) 1.39 £0CO 110.7
d(C-Cu) 2.05 /CuCo 117.9
d(0-0) 1.37
CHOH Atop -1.97 -1.87 d(Cu-C) 1.87 d(H-0) 1.00 /HOC 1125
d(0-C) 1.37 /0CH 1113
d(C-H) 1.11 Z0CCu 125.8
d(C-Cu) 1.87 /0CCu 120.3
H,CO Atop -0.12 -0.10 d(Cu-0) 2.52 d(C-H) 1.11 /HCH 118.6
d(0-C) 1.26 Z/HCO 121.2
ZCuCo 123.8
H5;CO 3-Fold hollow -2.95 -2.79 d(Cu-0) 2.04 d(C-0) 1.46 /COCu 1293
d(C-H) 1.10 Z/Cu0Cu 83.4
CH,O0H Atop -1.34 -1.25 d(Cu-C) 2.07 d(C-H) 1.10 /COH 109.1
d(C-0) 1.43 /HCO 106.6
d(O-H) 1.00 /CuCo 106.8
CH30H Atop -0.22 -0.19 d(Cu-0) 2.35 d(C-0) 1.46 /COH 110.7
d(C-H) 1.10 /CuOH 104.6
d(O-H) 1.00
HCOOH Atop -0.24 -0.23 d(Cu-0) 2.27 d(H-0) 1.02 /HOC 110.1
d(0-C) 135 £0CO 126.2
d(C-H) 1.10 Z/HCO, 1224
d(C-0,) 1.26 ZCu0,C 131.0
H,COO 3-Fold hollow -3.76 -3.67 d(Cu-0) 1.99 d(H-C) 1.11 /HCH 111.3
d(C-0) 1.44 £0CO 111.8
H,COOH 3-Fold hollow —2.61 —2.45 d(Cu-0) 2.03 d(H-0) 1.00 ZHOC 109.0
2.05 d(0-C) 1.42 £0CO 111.7
2.06 d(C-H) 1.11 /HCH 111.2
d(C-0,) 1.45

previous results [33]. However, both of these atop geometries are
not the most stable adsorption configurations.

Two configurations of adsorbed formate (HCOO), i.e., monoden-
tate and bidentate, are identified. We find that the bidentate HCOO
(bi-HCOO) structure is 0.44 eV more stable than the monodentate
HCOO (mono-HCOO) (Fig. S1k) on clean Cu(11 1) surfaces. The
optimized Cu-O bond lengths of bi-HCOO are the same (2.02 A)
and consistent with the experimental values of 1.92 + 0.04 A [37].
The calculated binding energy of the bi-HCOO at the bridge site
is —2.86 eV, which agrees well with the DFT value of —2.92 eV
[35], but slightly higher than the reported value of —2.77 eV
obtained by Gokhale et al. [33]. The mono-HCOO species adsorbs
at the hollow site on the Cu(1 1 1) surface via three Cu-O bonds.

Our calculated binding energy of the mono-HCOO is —2.52 eV,
which is also slightly higher than a previously reported value of
—2.32eV [33].

Dihydroxycarbene (COHOH) had been proposed as one of the
reaction intermediates in methanol synthesis from CO, hydrogena-
tion over a YBa,Cuz05 catalyst [12]. COHOH can be directly gener-
ated by extrusion of CO, from o-keto carboxylic acid [38]. COHOH
has three possible isomeric structures (t,t-COHOH, t,c-COHOH and
¢,c-COHOH), as shown in Figure S1(m-o). Schreiner and Reisenauer
have clearly identified t,t-COHOH and t,c-COHOH by infrared spec-
troscopy and high-level ab initio coupled cluster theory calcula-
tions [39]. In this work, we find that all three isomeric COHOH
species bind at the atop site on Cu(11 1) through the C atom.
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The Cu-C bond lengths for adsorbed t,t-COHOH, t,c-COHOH and
¢,c-COHOH are almost the same (1.96, 1.95 and 1.94 A, see Table
1). Our calculation results indicate that the symmetric H-down
t,t-COHOH structure (—1.15eV) is more stable than the other
two adsorption structures (—1.00eV for the t,c-COHOH and
—0.75 eV for the ¢,c-COHOH). We note that Ferrin and Mavrikakis
also reported a COHOH binding energy of +0.44 eV (referenced to
the total gas-phase energy of CO, and H;) on Cu(1 1 1) [40]. Unfor-
tunately, we cannot compare our results with theirs, since the
authors did not report adsorption structures for COHOH on
Cu(111).

Hydroxymethylene (HCOH) has been theoretically studied as a
possible reaction intermediate in methanol decomposition on
Pt(111) [41] and methanol electrooxidation on transition metal
surfaces [40]. HCOH is formed by the hydrogenation of HCO or
COH. HCOH adsorbs at the atop site on Cu(11 1) through the C
atom (Fig. S1p), with a calculated Cu-C bond length of 1.87 A.
The binding energy of the adsorbed HCOH is —1.87 eV, which
agrees well with the previous DFT result of —1.77 eV for HCOH ad-
sorbed at bridge sites [40]. Previous theoretical calculations have
indicated that the adsorption of H,CO on Cu(11 1) is very weak
[35,36,40,42,43]. Our calculated binding energy of H,CO is
—0.10 eV, which is consistent with those previous results. Further
hydrogenation of HCOH or H,CO leads to the formation of
hydroxymethyl (H,COH). On Cu(11 1), H,COH binds at the atop
site through the C atom with an adsorption energy of —1.25 eV.
This is in good agreement with the previous DFT result of
—1.11 eV [35]. The Cu-C bond length of the adsorbed H,COH is
2.07 A

Besides HCOO, methoxy (H3CO) is another experimentally ob-
served surface species during methanol decomposition on
Cu(11 1) [44,45] and methanol synthesis on oxide-supported Cu-
based catalysts [6,9,46]. The geometrical structure and adsorption
energy of H3CO on Cu(1 1 1) has been studied by DFT calculations
[35,42,43]. H3CO prefers to adsorb at the hollow site through the O
atom with a Cu-0 bond length of 2.04 A (Fig. S1r). The binding en-
ergy of H3CO is —2.79 eV, which is higher than the most recent DFT
result of —2.45 eV [35].

Formic acid (HCOOH) binds at the atop site on Cu(1 1 1) with a
single Cu-0 bond. As shown in Figure S1u, in its most stable con-
figuration, the hydroxyl H atom in the adsorbed HCOOH points
downwardly, towards the Cu surface, while an adsorption struc-
ture with the hydroxyl H atom pointing upward (not shown) is
slightly weaker. The binding energy of the most stable adsorbed
HCOOH is —0.23 eV, in good agreement with a prior result of
—0.24 eV [35].

H,COO was identified as a reaction intermediate during H,CO
oxidation on Cu(110) using X-ray photoelectron spectroscopy
(XPS) and temperature-programmed desorption (TPD) [47]. How-
ever, H,COO species could not be confirmed in high-resolution
electron energy loss spectroscopy (HREELS) measurements [48].
Even though experimental evidence for the existence of H,COO is
weak and H,COO was only proposed in the studies of Cu(1 1 0) sur-
faces, H,COO, as the product of direct HCOO hydrogenation, has
been widely assumed to be an intermediate in methanol synthesis
on Cu-based catalysts via the formate reaction mechanism
[17,18,23,49]. Consistent with the previous DFT studies of H,COO
adsorption on Cu(11 1) [23,35,40], we find that H,COO prefers to
bind at the Cu(1 1 1) surface with both O atoms of H,COO bonded
at two bridge sites shown in Fig. S1v. The optimized four Cu-O
bond lengths are about 2.01 A. Our calculated binding energy of
H,COO in this configuration is —3.67 eV.

Like H,COO, hydroxymethoxy (H,COOH) has been proposed as
a possible hydrogenated intermediate of H,COO before its conver-
sion to H,CO in the formate reaction mechanism [23]. H,COOH has
also been investigated in the studies of methanol steam reforming

and electrooxidation on Cu(1 1 1) using DFT calculations [35,40].
As shown in Fig. S1w, H,COOH adsorbs at the hollow site via one
O atom bridge-bonded with two Cu atoms, and another hydroxyl
O atom bound at a third Cu atom. Our calculated binding energy
of H,COOH in this configuration is —2.45 eV, which is larger than
the previously reported values of —2.19eV [35] and —1.90 eV
[40], although similar adsorption structures of H,COOH were iden-
tified in all three studies.

As the final desired product of CO, hydrogenation, methanol
(H3COH) interacts with Cu(1 1 1) very weakly via the Cu-O bond.
Our calculated binding energy of HsCOH is —0.19 eV, in good
agreement with previous DFT calculations [23,35,40].

3.2. Elementary reaction steps in various methanol synthesis routes

To elucidate feasible reaction mechanisms for CO, hydrogena-
tion to methanol, all of the elementary steps in various reaction
routes shown in Fig. 1 are investigated using the dimer method
[28]. The calculated reaction energies, activation barriers, free
energies, and rate constants at 500 K for the elementary steps are
summarized in Table 2. The transition states for all elementary
steps are given in the supporting information (Figs. S2-S4).

3.2.1. Hydrogen adsorption: Hy(g) - H+H

Hydrogen dissociatively adsorbs on the Cu(1 1 1) surface, form-
ing two atomic H sitting at a pair of the neighboring fcc and hcp
sites. Our result shows that hydrogen adsorption on Cu(11 1) is
exothermic with a reaction energy of —0.32 eV. The calculated acti-
vation barrier is 0.55 eV, which is in excellent agreement with the
experimentally measured barrier of 0.55 eV [50] and DFT result of
0.54 eV [33].

3.2.2. Formate reaction route

3.2.2.1. HCOO formation: CO, (g)+H — mono-HCOO — bi-
HCOO. Inasmuch as the adsorption of CO, on Cu(111) is very
weak, the hydrogenation of CO, is most likely activated by gas-
phase CO, directly reacting with atomic surface H via an ER mech-
anism. The formed mono-HCOO binds at the atop site on Cu(11 1)
with the single Cu-O bond. At the transition state (Fig. S2a), the
forming C-H bond length is 1.61 A. The calculated activation bar-
rier for CO5(g) + H - mono-HCOO is 0.62 eV and the reaction en-
ergy is —0.10 eV, indicating this step is energetically favorable.
Our calculation is in good agreement with the experimentally mea-
sured HCOO formation barriers of 0.57 + 0.06 eV by XPS [51] and
0.59+0.05eV by infrared reflection absorption spectroscopy
(IRAS) [52]. Consistent with the previous findings [33], the formed
mono-HCOO surface species is not stable and quickly converts to
the more stable bi-HCOO structure on Cu(1 1 1). This configuration
transformation is exothermic (—0.31 eV) and nearly spontaneous
(0.02 eV).

3.2.2.2. HCOO decomposition: bi-HCOO — HCO+ 0O and mono-
HCOO - CO(g) + OH. By breaking one of the C-O bonds of
bi-HCOO, the bi-HCOO can be deoxygenated into HCO and an
atomic O atom. At the transition state (Fig. S2c), one of the O atoms
of bi-HCOO moves from the atop site to the hollow site and breaks
the C-0 bond. At the same time, the C atom of bi-HCOO replaces
the moving O atom and binds at the original atop Cu site. The form-
ing HCO species binds at a bridge site on Cu(1 1 1) with Cu-C and
Cu-0 bond lengths of 2.01 and 2.08 A, respectively. At the final
state, HCO moves from the bridge site to the more stable hollow
site. The bi-HCOO — HCO + O path is found to be highly endother-
mic with a reaction energy of +1.55 eV. The calculated activation
barrier is 1.73 eV, indicating the direct deoxygenation of bi-HCOO
into HCO via the C-0 bond scission is unlikely. A possible concur-
rent HCOO decomposition pathway, via mono-HCOO decomposi-
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Table 2

DFT Calculated activation barriers (E,), reaction energies (AH), Gibbs free energies (AG), and rate constants (@ 500 K) (Kforwara and Kreverse) fOr elementary reaction steps.

Elementary step Eq (eV) AE (eV) EZPEC (eV) AE?PEC (eV) AG (eV) Ktorwara (s1) Kreverse (s1)
Hx(g)~H+H 0.60 -0.39 0.55 -0.32 -0.28 2.34E+06 2.02E+05
CO,(g) + H & mono-HCOO 0.67 -0.21 0.62 -0.10 -0.06 2.73E+06 1.62E+06
mono-HCOO « bi-HCOO 0.03 -0.33 0.02 —0.31 -0.31 6.31E+12 1.06E+10
bi-HCOO <> HCO + O 1.80 1.63 1.73 1.55 1.55 1.90E-05 1.33E+11
mono-HCOO « CO(g) + OH 2.36 0.91 2.21 0.84 0.80 1.73E-09 7.62E-02
bi-HCOO + H « H,COO0 1.24 0.29 1.20 0.43 0.43 1.86E+01 1.65E+06
bi-HCOO + H < HCOOH 0.81 0.20 0.70 0.29 0.29 9.47E+06 5.96E+08
H,COO +H < H,COOH 0.82 -0.34 0.71 -0.23 -0.23 6.01E+06 2.51E+03
HCOOH + H < H,COOH 0.90 -0.18 0.86 -0.02 -0.02 3.81E+04 5.40E+04
HCO +H < H,CO 0.46 -0.45 0.43 -0.32 -0.32 1.32E+09 1.01E+06
HCO + H « H,CO(g) 0.63 -0.22 0.57 -0.16 -0.20 2.03E+08 2.11E+04
H,COO « H,CO(g) +0 1.03 0.96 0.92 0.84 0.84 1.28E+05 5.07E+11
H,COOH « H,CO + OH 1.36 0.52 1.17 0.41 0.41 1.49E+03 2.93E+06
HCOH < H,CO 1.75 -0.43 1.56 —0.45 —0.45 5.25E-03 1.89E-07
H,CO +H < CH30 0.13 -1.41 0.14 -1.20 -1.20 2.03E+10 1.03E+00
H5CO + H <> H3COH(g) 1.01 0.05 0.90 0.14 0.10 1.68E+05 1.48E+05
COy(g) + H < trans-COOH 1.27 0.18 1.16 0.32 0.36 6.69E+00 2.33E+05
CO, + H « trans-COOH 0.91 -0.24 0.81 -0.10 -0.10 4.39E+05 2.88E+04
trans-COOH « cis-COOH 0.53 0.03 0.47 0.05 0.05 1.11E+09 7.59E+09
trans-COOH + H < t,t-COHOH 0.43 -0.11 0.37 0.03 0.03 6.20E+09 5.29E+09
t,t-COHOH « t,c-COHOH 0.64 0.11 0.58 0.10 0.10 6.76E+07 6.85E+08
t,c-COHOH « ¢,c-COHOH 0.73 0.53 0.68 0.50 0.50 3.33E+06 2.79E+11
trans-COOH <« COH + O 2.13 0.28 2.14 0.36 0.36 1.75E-09 1.03E-05
¢,c-COHOH < COH + OH 0.59 -0.19 0.55 -0.19 -0.19 3.02E+07 2.01E+06
HCO —~ CO+H 0.26 —0.66 0.15 -0.73 -0.73 7.71E+11 4.96E+04
COH~ CO+H 1.02 -0.93 0.83 -1.04 -1.04 1.05E+05 4.36E—-06
cis-COOH « CO + OH 0.18 -0.56 0.12 -0.61 -0.61 1.19E+12 7.58E+05
HCO + H « cis-HCOH 1.15 0.23 1.06 0.35 0.35 5.75E+02 1.43E+06
COH + H « cis-HCOH 0.48 -0.14 0.44 —0.05 —0.05 1.08E+09 1.22E+08
cis-HCOH + H « H,COH 0.14 -0.84 0.10 -0.75 -0.75 3.31E+12 1.75E+04
trans-HCOH + H « H,COH 0.12 -0.77 0.08 —0.66 —0.66 4.24E+12 2.91E+05
H,CO(g)+H « H,COH 0.70 -0.13 0.66 0.05 0.10 3.69E+05 1.50E+07
H,COH + H « H3COH(g) 0.66 -0.90 0.62 -0.78 -0.83 3.26E+07 3.27E-03
t,c-COHOH < COH + OH 1.09 0.31 1.01 0.27 0.27 6.99E+02 1.05E+06
O+H«~ OH 0.87 —0.69 0.77 —0.60 —0.60 1.68E+06 5.95E-01
OH +H < H,0 1.12 0.17 0.99 0.23 0.23 2.71E+04 1.24E+04
OH +H < H,0 1.39 0.04 1.28 0.09 0.09 5.90E+01 1.98E+12
OH+OH < H,0+0 0.35 0.13 0.27 0.17 0.17 3.10E+10 3.43E+07

tion into CO and OH (Fig. S2d), was identified in our previous work
[53]. However, also in this case, the process was found to be
kinetically unlikely due to an extremely high barrier (2.21 eV).

3.2.2.3. HCOO hydrogenation: bi-HCOO +H — H,COO and bi-
HCOO + H — HCOOH. Hydrogenation of the bi-HCOO can lead to
two possible products: H,COO and HCOOH. An H,COO intermedi-
ate has been experimentally observed in the transformation of
H,CO to HCOO on Cu(1 10) [47], and in methanol decomposition
on Cu/Si0, and Cu/Zn0O/Al,03 catalysts using TPRS and NMR tech-
niques [54,55]. Burch et al. proposed that the hydrogenation of
HCOO to H,COO was the rate-determining step in methanol syn-
thesis on Cu surfaces [56]. However, Sexton et al. argued that the
existence of H,COO on the Cu(1 1 0) surface during the oxidation
of methanol and H,CO is questionable [48]. Our calculations show
that HCOO hydrogenation to H,COO is endothermic, with a reac-
tion energy of +0.43 eV and activation barrier of 1.20 eV. As shown
in Fig. S2e, the distance for the forming C-H bond at the transition
state is 1.56 A. A higher activation barrier of 1.60 eV and endothe-
mocity of +0.70 eV for HCOO hydrogenation to H,COO were also
recently reported by Liu and coworkers [23] using the synchronous
transit method within Dmol® software.

The bi-HCOO can also react with surface atomic H to form
HCOOH. The calculated activation barrier for this hydrogenation
pathway is 0.70 eV, and the reaction energy is +0.29 eV. Our result
is close to a recently reported DFT result of 0.99 eV for the barrier
and +0.44 eV for the reaction energy [35]. Compared with the

H,COO formation, HCOO hydrogenation to HCOOH is energetically
and kinetically more favorable. Since HCOOH adsorbs weakly on
Cu(11 1), the formed HCOOH most likely desorbs from the surface
or dissociates back to HCOO with a low barrier of 0.31 eV.

3.2.24. H,COOH formation: H,COO +H — H,COOH and HCOOH +
H — H>COOH. Once H,COO or HCOOH are produced, they can be
further hydrogenated to H,COOH. The H,COO + H — H,COOH reac-
tion step is exothermic (—0.23 eV). Our calculated activation bar-
rier for this O-H bond-making step is 0.71eV. The second
possible pathway for H,COOH formation is via HCOOH hydrogena-
tion. We find that this second pathway is only slightly exothermic
(—0.02 eV) with a barrier of 0.86 eV. Gu and Li also studied these
two hydrogenation pathways using DFT calculations [35] and
found a slightly higher barrier of 0.95eV for H,COO +H — H.
COOH. At the transition state, the forming O-H bond distance is
1.63 A, which is close to another reported value of 1.60 A [35].

3.2.2.5. H,CO formation: HCO + H — H,CO, H,COO — H,CO(g) + O and
H,COOH — H»CO + OH. HCO can be formed on the Cu(11 1) sur-
face by three different pathways. First, H,CO can be generated from
HCO hydrogenation. The adsorbed HCO at the hollow site reacts
with neighboring atomic H forming H,CO. Due to the relatively
weak adsorption of H,CO on Cu(111), two pathways for
HCO + H — H,CO are identified in our simulations, leading to either
a weakly bonded H,CO at hollow sites or directly to gas-phase
H,CO. The second pathway is different from the first one because
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different transition states are found. For HCO + H — H,CO, only the
atomic H moves toward the adsorbed HCO that is binding at the
original hollow site. The distance for the forming C-H bond is
1.72 A at the transition state (Fig. S2i). The calculated activation
barrier for this first pathway is 0.43 eV with a reaction energy of
—0.32 eV. For the concerted HCO + H — H,CO(g) elementary step,
besides the neighboring atomic H moving to the bridge site, the ad-
sorbed HCO also shifts from the original hollow site to the atop site
by breaking a Cu-0 bond (Fig. S2j). The distance for the forming C-
H bond is 1.62 A at the transition state. Although the calculated
reaction energies (-0.32 and —0.16 eV) indicate both reaction
pathways are exothermic, the first reaction pathway is kinetically
more favorable with a lower (by 0.14 eV) barrier. We note that
the reverse barriers along both reaction pathways, i.e., H,CO disso-
ciation into HCO + H either from the gas phase or the surface reac-
tion are very close (0.92 and 0.85 eV), further confirming the weak
interaction of H,CO on Cu(111).

The second pathway for H,CO formation is via the C-0 scission
of H,COO. The formed H,CO is released into the gas phase in the
final state. At the transition state (Fig. S2k), the broken C-O bond
distance is 2.17 A. This second H,CO formation path is found to
be highly endothermic (+0.84 eV). The calculated activation barrier
of 0.92 eV is equal to the reaction energy, indicating that the re-
verse process of gas-phase H,CO reacting with surface O atoms
to form H,COO is spontaneous.

H,COOH might also decompose into H,CO and OH on Cu(11 1).
To initiate this reaction, bridge-bonded H,COOH first tilts toward
the surface. At the transition state (Fig. S21), the C-O bond is al-
ready broken (3.36 A), forming H,CO and OH with both species
binding at atop sites through their O atoms (Fig. S2k). Our calcula-
tions show that the H,COOH — H,CO + OH path is endothermic
(+0.41 eV) with a high barrier of 1.18 eV. A similar pathway,
H,COO +H — H,CO + OH, was investigated by Liu and coworkers
[23]. They found that the activation barrier was even higher
(1.60 eV), although the reaction was found to be slightly exother-
mic (—0.14 eV).

Finally, an intermolecular H transfer process that converts
HCOH to H,CO is found in the present work. The reaction energy
for the intramolecular H transfer is —0.45 eV. However, the activa-
tion barrier is extremely high (1.56 eV), indicating that the intra-
molecular H transfer (HCOH — H,CO) process on Cu(111) is
highly unlikely.

3.2.2.6. Formation of methoxy: H,CO +H — H3CO. The
H,CO + H-H3CO step on Cu(111) has been investigated using
DFT calculations extensively. We note, however, that somewhat
different reaction barriers and reaction energies were reported
[23,35]. For example, Liu and coworkers found that this hydroge-
nation step was exothermic (-1.16 eV) with an activation barrier
of 0.69 eV [23], while Greeley and Mavrikakis reported a reaction
energy of —0.97 eV and an activation barrier of 0.45 eV [43]. In pre-
vious DFT study by Gu and Li, the reaction barrier and energy were
found to be 0.35 and —0.92 eV, respectively [35]. In this work, we
find that the hydrogenation of H,CO to H5CO is highly exothermic
(—=1.20 eV) with a low barrier of 0.14 eV. At the transition state, the
forming C-H bond distance is 1.76 A (Fig. S2n). Again, these kinetic
and energetic differences are most likely attributed to the weak
H,CO binding in the initial states of the reaction pathway that re-
sult in different co-adsorbed H,CO + H configurations in these ini-
tial states.

3.2.2.7. Formation of methanol: H;CO + H — H3COH. The final step in
the formate route is the hydrogenation of H3;CO to H3;COH. At the
transition state (Fig. S20), the distance for the forming O-H bond
in H3COH is 1.45 A. Our calculation shows that this final hydroge-
nation step is almost thermoneutral (+0.14 eV). The calculated

activation barrier is 0.90 eV, which is comparable with previously
reported values of 1.15 eV [23] and 1.16 eV [35].

3.2.3. Hydrocarboxyl (COOH) reaction route

3.2.3.1. COOH Formation: CO»(g)+ H — trans-COOH and CO,+H —
trans-COOH. The formation of COOH from CO, hydrogenation is via
either an ER or LH mechanism. The formed COOH, which is in the
trans-configuration, adsorbs at a bridge site with both Cu-C and
the Cu-O bonds. Our calculation results show that the ER path
(COy(g) + H - trans-COOH) is endothermic (+0.32 eV), while the
LH path (CO; +H — trans-COOH) is exothermic (-0.10eV). The
activation barrier for the LH path is 0.35 eV lower than the value
of 1.16 eV obtained for the ER mechanism, although the distances
of the forming O-H bond at the transition states for both pathways
are nearly the same (1.52 and 1.49 A). The differences can be
attributed to the energy needed for the activation of gas-phase
CO,. Our calculated barrier for the ER path is slightly lower than
the previous result of 1.38 eV [33].

3.2.3.2. Configurational transformation of COOH: trans-COOH — cis-
COOH. Adsorbed COOH can exist in two isomeric configurations,
trans- and cis-COOH, as described earlier in Section 3.1. The hydro-
xyl H atom in the trans-COOH points toward the surface, while in
cis-COOH, it points upward away from the surface. We find that
the stabilities of both configurations on Cu(11 1) are nearly the
same (0.05eV). Consistent with the previous DFT calculations
[33], the calculated barrier for the trans-COOH to cis-COOH inter-
conversion (Fig. S3c) is 0.47 eV.

3.2.3.3. Dihydrocarbene  formation and configurational
transformation: trans-COOH + H — t,t-COHOH - t,c,-COHOH - c,c-
COHOH. Hydrogenation of the trans-COOH forms the t,t-COHOH
isomer of adsorbed dihydrocarbene. The trans-COOH + H — t,t-CO-
HOH pathway is slightly exothermic (-0.10 eV) with an activation
barrier of 0.43 eV. At the transition state (Fig. S3d), the forming
O-H bond length is 1.45 A. Of all three isomeric COHOH species,
the t,t-COHOH with both hydroxyl H atoms pointing toward the
surface is found to be most stable. The interconversion pathways
of the three isomers of adsorbed COHOH are examined using the
dimer method. The calculated barriers of t,t-COHOH — t,c-COHOH
and t,c-COHOH - c,c-COHOH are 0.58 and 0.68 eV, respectively.

3.2.34. COH formation: c¢,c-COHOH — COH +OH, t,c-COHOH —
COH + OH. COH is feasibly formed by the decomposition of c,
c-COHOH. The additional H atom on the O (second OH group in
the c¢,c-COHOH) significantly weakens the C-O bond in trans-
COOH. The calculated barrier for the c,c-COHOH — COH + OH path-
way is only 0.55 eV. At the transition state (Fig. S3h), the distance
for the breaking C-0 bond in the c,c-COHOH is elongated to 1.92 A
from the original C-O bond length of 1.39 A. Furthermore, we find
that this reaction pathway is slightly exothermic (-0.14 eV). We
also find another reaction path for COH formation through decom-
position of the t,c-COHOH (Fig. S3r). Before the t,c-COHOH is trans-
formed to the c,c-COHOH, it can dissociated to COH and OH with a
barrier of 1.01 eV and the reaction is endothermic by 0.27 eV.

3.2.3.5. CO formation: COH — CO +H, HCO — CO + H, cis-COOH —
CO + OH. Dehydrogenations of HCO and COH produce CO and
atomic H on Cu(1 1 1). Consistent with previous results [57], HCO
dissociation into CO + H is energetically favorable (—0.73 eV) with
a barrier of 0.15 eV. The adsorbed HCO at the hollow site tilts to-
ward the surface. At the transition state (Fig. S3i), the C-H bond
elongates to 1.29 A and the leaving H atom is already bonded with
the surface Cu atom. In the final state, the formed CO and H co-ad-
sorb at neighboring hollow sites. Compared with the facile C-H
bond breaking in HCO, the O-H bond scission of COH leading to



206 Y.-F. Zhao et al./Journal of Catalysis 281 (2011) 199-211

CO and H is relatively more difficult. Although the O-H bond scis-
sion path is highly exothermic (-1.04 eV), the activation barrier is
0.83 eV. At the transition state (Fig. S3j), the breaking O-H bond
distance is 1.37 A. The third CO formation pathway is through
the decomposition of cis-COOH. The cis-COOH adsorbed at the atop
site on Cu(1 1 1) can readily decompose into CO sitting at an atop
site and OH at a neighboring hollow site. The calculated barrier is
only 0.12 eV, which is slightly lower than the barrier of 0.35 eV ob-
tained by Gokhale et al. [33].

3.2.3.6. HCOH formation: COH+H — HCOH and HCO+H —
HCOH. Further hydrogenations of COH and HCO species lead to
the formation of HCOH via C-H and O-H bond-making processes,
respectively. Our calculation results show that the COH + H — H-
COH path is exothermic (-0.05 eV), while the HCO + H - HCOH
reaction is endothermic (+0.35 eV). The former pathway is also
kinetically more favorable than the latter, with a lower barrier of
0.44 eV compared with a barrier of 1.06 eV for the HCO + H — H-
COH reaction.

3.2.3.7. HCOH formation: HCOH + H — H>COH and H»CO(g) +H —
H,COH. Two reaction pathways are identified for H,COH forma-
tion. H,COH can be produced via HCOH hydrogenation in an LH
mechanism, or by the hydrogenation of H,CO in an ER mechanism.
Bridged HCOH species react with atomic H to form H,COH sitting
at a bridge site. At the transition state (Fig. S30), the forming C-
H bond length is 1.72 A. Hydrogenation of HCOH to H,COH is found
to be exothermic (—0.75 eV) with a very low barrier of 0.10 eV. For
the H,CO(g) + H - H,COH pathway, gas-phase H,CO directly re-
acts with surface H to form H,COH adsorbed at atop sites on
Cu(111). Although this second pathway is still exothermic
(—0.05 eV), the activation barrier (0.66 eV) is higher than the first
pathway.

3.2.3.8. Methanol formation from H,COH: H,COH + H — H3COH. H,_
COH hydrogenation to methanol on Cu(1 1 1) is highly exothermic
with a reaction energy of —0.78 eV. At the transition state
(Fig. S3q), the distance of the forming C-H bond is 1.87 A. The cal-
culated barrier is 0. 62 eV, which is in good agreement with a pre-
viously reported barrier of 0.54 eV [35]. Compared with methanol
formation from H3CO hydrogenation with a high barrier of 0.90 eV,
the H,COH + H — H3COH pathway is significantly more favorable.

3.3. Water formation

33.1.0+H - OH

OH formation via the recombination of atomic H and O is exo-
thermic (—0.60 eV), with a calculated barrier of 0.76 eV. At the ini-
tial state, the atomic O and H sit at adjacent hollow sites,
approximately 2.80 A apart. At the transition state (Fig. S4a), the
atomic H moves to the bridge site, resulting in a shortening of
the distance between the O and H atoms to 1.56 A. The formed
OH adsorbs at hollow sites in an uptight configuration via a Cu-
0 bond. Our results for this process are again consistent with the
previous DFT calculations [33,34].

332.0H+H - H,0

The formed OH further reacts with another atomic H to gener-
ate weakly bonded H,O sitting at an atop site. In good agreement
with the results of Phatak et al. [34], H,O formation from OH + H
is slightly endothermic (+0.23 eV) and the barrier for H,O forma-
tion on Cu(111)is 0.99 eV. At the transition state, the distance
for the forming O-H bond is 1.43 A (Fig. S4b). We also find a second
and similar pathway for the OH + H — H,0 reaction. The calculated
reaction energy (+0.09 eV) suggests this alternative H,O formation
path is thermoneutral. The calculated activation barrier is 1.28 eV,

which is in excellent agreement with the result by Gokhale et al.
[33]. We note that the initial states are different for these two
H,O formation pathways, although the final states are the same.
In the first pathway, the atomic H and the OH co-adsorb at neigh-
boring fcc and hcp hollow sites sharing a common surface Cu atom.
In the second pathway, both the atomic H and the OH group co-ad-
sorb at neighboring fcc sites. These results demonstrate the advan-
tage of the dimer method for reaction pathway studies over the
traditional NEB method. In the NEB method, pre-determined initial
and final states may overlook the “real” possible minimum reac-
tion path for the same elementary step.

To find out the effects of different functionals such as PBE on the
reaction energetics, we re-calculated the H,O formation on
Cu(111) using PBE functional. The calculated activation barrier
for H,O formation is 1.37 eV, which is close to the barrier of
1.28 eV with PW91 functional in the alternative H,O path. The cal-
culated reaction energy is +0.18 eV with PBE functional, which is
also consistent with 0.09 eV with PW91 functional.

33.3.0H+0H - H,0+0

H,0 can also be produced by the recombination of two surface
OH groups. Our result indicates that this disproportionation reac-
tion is endothermic (+0.17 eV). The calculated barrier is 0.27 eV,
which is slightly higher than a previously reported value of
0.23 eV [33]. At the transition state, the distance for the forming
O-H bond is 1.35 A (Fig. S4c).

3.4. Reaction paths in the presence of water or hydroxyl

Because water is a reaction product of methanol synthesis, we
have investigated the effects of co-adsorbed water or hydroxyl
groups on the calculated reaction kinetics and energetics for a
number of the mechanistic processes described in Sections 3.2
and 3.3. The results are summarized in Table 3.

3.4.1. CO; + H,0 — trans-COOH + OH

Trans-COOH can be produced by reaction of CO, and H,0 on the
Cu(1 1 1) surface. This reaction is endothermic by +0.29 eV, and the
calculated reaction barrier is 0.38 eV. In the initial state, the dis-
tance between the O atom in CO, and the H atom in H,O is
1.46 A. At the transition state, the OH bond length is 1.06 A. How-
ever, since the reverse barrier for the reaction is as low as 0.08 eV,
it is expected that the formed trans-COOH would quickly dissociate
back to CO, and H,O. Our result is consistent with previous work
[33].

3.4.2. CO, + H, + HOH, — trans-COOH, + HOH,,

A unique LH reaction pathway for CO, hydrogenation to the
trans-COOH on Cu(1 1 1) has been identified in this work (Section
3.2.3.1). In the initial state, weakly bonded CO, at bridge sites co-
adsorbs with atomic H. Addition of an H,O molecule positioned
right above the atomic H, allows for interactions between H,0
and the surface H atoms sitting at hollow sites via hydrogen bond-
ing. The attractive interaction due to hydrogen bonding between
the H,0 and these H atoms is estimated to be ~0.2 eV. The distance
between the surface H atom and the O atom in CO, is 3.42 A, which
is 1.0 A longer than the distance between the surface H atom and
the O atom in H,0. As shown in Fig. 2, the surface H moves upward
forming a new O-H bond with H,O0 at the transition state. Simulta-
neously, one of O-H bonds in H,0 is breaking as this latter H atom
moves toward the O atom in the adsorbed CO,. Compared with the
initial distance of 1.81 A, the distance between the moving H atom
in H,O and the O atom in CO, is shortened to 1.46 A. Thus, unlike
the CO, +H — trans-COOH pathway in the absence of H,O dis-
cussed earlier, in the presence of H,0, the hydrogenation of CO,
to the trans-COOH is via a hydrogen transfer mechanism. The



Table 3

Y.-F. Zhao et al./Journal of Catalysis 281 (2011) 199-211

DFT Calculated activation barriers (E,), reaction energies (AH), Gibbs free energies (AG), and rate constants (@500 K) (Kforwara and Kreverse) for several hydrogenation steps in the

presence of H,0 or OH.

Elementary step Eq (eV) AE (eV) EZEC (eV) AE*C (eV) AG (eV) Kforward (s7") Kreverse (s™")
CO, + H,0 <> COOH + OH 0.38 0.30 0.38 0.30 0.30 1.25E+09 2.81E+12
CO, + Hy + HOH, <> trans-COOH, + HOH, 0.26 ~0.51 0.17 ~0.38 ~0.34 8.51E+10 3.43E+07
CO, + Hy, + HOH, > trans-COOH, + HOH,, 0.86 0.04 0.77 0.16 0.16 4.59E+05 9.53E+03
CO, + H + H,0 < bi-HCOO + H,0 0.55 ~0.72 0.49 ~0.58 ~0.58 2.31E+08 2.27E+07
HCOO(bi) + OH «» H,COO + 0O 1.93 120 1.81 1.23 1.23 1.68E-06 1.04E+11
mono-HCOO + H,0 «» bi-HCOO + H,0 0.30 ~0.18 0.24 ~0.16 ~0.16 1.73E+12 6.96E+08
mono-HCOO + OH «» bi-HCOO + OH 0.29 ~023 0.29 ~0.19 ~0.19 1.28E+11 1.09E+08
bi-HCOO + H,0 «» HCO + OH + OH 1.87 145 1.78 134 134 3.83E-06 2.81E+12

1.6 -

Energy (eV)

—— CO,(g) + H—> COOH
—— CO,+ H + H,0(g)—*COOH + H,0

Fig. 2. Trans-COOH formation via hydrogen transfer mechanism.

calculated activation barrier for the trans-COOH formation is only
0.17 eV, which is dramatically lower than the barrier of 1.16 eV
in the absence of H,0. The reaction energy for this hydrogen trans-
fer pathway is —0.52 eV, suggesting that this step is both kineti-
cally and thermodynamically favorable. Note that the reaction
energy without H,O is +0.18 eV for gas-phase CO, or —0.24 eV for
weakly adsorbed CO,.

We also identified a second hydrogen transfer transition state
with adsorbed H,0 on the surface in the initial state. At the transi-
tion state, the surface H atom moves toward the O atom of ad-
sorbed H,0 on the surface. The distance between the surface H
and the O atom is shortened from 3.49 A to 1.51 A. While the H
atom of H,O moves to the O atom of adsorbed CO,. The OH bond
length is extended from 1.07 A to 1.41 A. The calculated reaction
barrier for the second hydrogen transfer path is 0.77 eV with the
reaction energy of 0.16 eV. Since the reverse barriers for both
hydrogen transfer reaction paths are the same, we concluded that
the difference of the forward barriers (0.25 vs 0.77 eV) is mainly
due to the energy difference between two initial states. The calcu-
lated interaction energy between co-adsorbed CO, and H,0 is
0.5 eV, which is consistent with the previous result [33].

3.4.3. COx(g) + H + H>0 — bi-HCOO + H,0

The effect of co-adsorbed H,O on HCOO formation from
CO,(g)+H is also investigated. In this case, a similar hydrogen
transfer reaction pathway for HCOO formation is not identified
using the dimer method. Instead, we find that the effect of co-ad-

sorbed H,0 at an atop site has quite small effects on the reaction
kinetics and energetics. The calculated barrier is 0.48 eV, which is
only slightly lower than the barrier of 0.57 eV in the absence of H,0.

3.4.4. bi-HCOO + OH — H,COO +H

In the presence of the co-adsorbed OH, the disproportionation
reaction of bi-HCOO + OH — H,COO +H is highly endothermic
(+1.23 eV). The calculated barrier is 1.81 eV, which is much higher
than the barrier for HCOO hydrogenation without OH.

3.4.5. mono-HCOO + H,0 — bi-HCOO + H,0 and mono-
HCOO + OH — bi-HCOO + OH

Without co-adsorbed H,0 or OH, the conversion of mono-HCOO
to bi-HCOO is nearly spontaneous (0.02 eV). However, the barrier
for this conversion increases to ~0.28 eV when an OH group or
H,0 molecule is in the vicinity of the reactive site. Although bi-
HCOO is still more stable than mono-HCOO, the existence of OH
and/or H,0 increases the relative stability of the mono-HCOO spe-
cies on the Cu(1 1 1) surface.

3.4.6. bi-HCOO + H,0 — HCO + OH + OH

We have also studied the C-O bond scission in bi-HCOO with
the assistance of neighboring H,0 to form HCO and two OH groups.
This reaction is highly endothermic (+1.34 eV) with an extremely
higher barrier (1.78 eV), indicating that this disproportionation
reaction is not practical.
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4. Discussion

We have investigated the reaction network of methanol synthe-
sis from CO, hydrogenation on Cu(1 1 1), including 46 elementary
steps and 18 reaction intermediates. As shown in Fig. 1, the for-
mate and hydrocarboxyl routes are considered as the two most
probably elementary step mechanisms in the reaction network. A
mixed reaction route via a formyl species is also evaluated in the
present work. On the basis of our extensive DFT calculations, the
potential energy surfaces of CO, hydrogenation to methanol via
the formate and hydrocarboxyl mechanisms are directly compared
in Fig. 3. For all the elementary steps in the two routes, only the
most favorable path with the lowest activation barrier for each ele-
mentary step is considered.

4.1. The formate route

Methanol synthesis from CO, hydrogenation via formate hydro-
genation has been widely assumed as the reaction mechanism on
Cu-based catalysts [17,18,20,23,24,49]. After dissociative adsorp-
tion of Hy, CO, directly interacts with the surface H to form HCOO
via an ER mechanism. HCOO is then hydrogenated to H,COO,
which can be deoxygenated to H,CO via the H,COOH intermediate.
Further hydrogenation of H,CO leads to H3CO and H3COH. This for-
mate reaction mechanism was first proposed for methanol synthe-
sis on the Cu(1 0 0) surface [17-18]. On the basis of the formate
mechanism, Askgaard et al. suggested that the hydrogenation of
H,COO to H3CO (H,COO +H — H3CO + 0) is the rate-limiting step
in their kinetic modeling, although, as discussed earlier, the evi-
dence for the existence of H,COO was very elusive [49]. These
authors suspected that undetectable H,COO and H5CO intermedi-
ates on the metallic Cu surface during methanol synthesis were
due to very low surface coverages. However, they also suggested
that the rate-limiting step might be the H3CO hydrogenation to

methanol as compared with the experimental data on the indus-
trial catalysts with the dominating Cu(1 1 1) surface exposed. This
uncertainty is further complicated by the experimental observa-
tion that hydrogenation of HCOO most likely leads to H,CO and
HCOOH formation instead of methanol on Cu(1 0 0) [20].

Many previous experiments unambiguously observe large con-
centrations of HCOO species on clean Cu surfaces upon exposure to
CO, and H; mixtures, as well as at typical methanol synthesis reac-
tion conditions [1,21,22,51,52,58]. The first step from CO, hydroge-
nation on Cu(111) is to form HCOO, with a formation barrier
(0.62 eV) that is much lower than the barrier (1.16 eV) for COOH
formation. As shown in Fig. 3, two elementary steps with high acti-
vation barriers are found as possible rate-limiting steps in the fol-
lowing hydrogenation steps from HCOO to HsCOH. The first
possible rate-limiting step is the hydrogenation of HCOO to
H,COO. This step has been studied in detail in our previous work
[53]. The calculated HCOO hydrogenation rate is about 5-6 times
slower than the HCOO decomposition to CO, in the temperature
range of 353-403 K. More importantly, the dehydrogenation rate
of H,COO to HCOO is about 2 x 10-107 times greater than the
HCOO hydrogenation rate [53]. Although our results show that
the formed H,COO strongly binds on the Cu(1 1 1) surface, the sta-
bility of H,COO is low (the lifetime on the surface is short). Once
H,COO is formed, it will be easily dehydrogenated back to HCOO
before further hydrogenation to H,COOH. The HCOO hydrogena-
tion on Cu(1 1 1) was recently studied by Liu and coworkers [23].
An even higher activation barrier (1.60 eV) for HCOO hydrogena-
tion than found here was reported. Besides hydrogenation to
H,COO, bi-HCOO can also be hydrogenated into HCOOH with a bar-
rier of 0.70 eV. Obviously, HCOOH formation is more favorable
than H,COO formation. The formed HCOOH either desorbs from
the surface due to relatively weak binding or dissociates back into
the bi-HCOO and atomic H with a barrier of 0.31 eV. In fact, the
side product, HCOOH, from CO, hydrogenation on Cu(1 0 0) was

COOH path

HCOO path

H,0 promoted COOH formation

0.44

HCOH+OH+3H

COH+OH++2H+H,(g)

1.6 -
12} C)
3 T
205§ 3
- & =
0.8 2 i ? i
il 0.60 3 g g 3
. N ;
o) I
T o S o
T - x
0.4 8 - 8
o 5
& -
c
S

0.0

CO,(g)+2H+2H,(g)

Energy (eV)
H,COO0+2H+H,(g)

bi-HCOO+H+2H,(g)

0.4} B 2
3 F 0.90 i
- I [ 2
T G
3 3 G 5 z
0.8} I o] = T oY%
o 3 * o) o
S 8 5 3 S -/ 3
Q 2, ¥ 9 T Q
< T O h I
1.2 S % 2 T x
o + o
€ o T I
d o
T 1: ¥ 8
r B o
-1.6 |- 9 g T
5 9
%) I
=
-2.0

0.62

1.04 1.04

H,COH+OH+2H

COH+OH+4H

| H,COOH+H+H,(g)

CO,(g) + 3H,(g) — CH;0H(g) + H,0(g)

Fig. 3. Potential energy surfaces for CO2 hydrogenation to methanol on Cu(1 1 1) via the formate and hydrocarboxyl mechanisms.
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only assumed and no direct experimental evidence was reported
[20], although the reverse reaction, HCOOH decomposition to
HCOO, on Cu has been experimentally studied [1,51,58].

Our calculations show that the decomposition of H,COOH to
H,CO and OH is even more difficult than the HCOO hydrogenation.
This second possible rate-limiting step is endothermic with the
highest barrier of 1.16 eV in the formate route. Liu and coworkers
[23] calculated an activation barrier of 1.60eV for the
H,COO +H — H,CO + OH step on Cu(111). They suggested that
the slow kinetics of methanol synthesis on Cu(11 1) were due to
the high barriers of both HCOO and H,COO hydrogenations. Most
importantly, we note that the formed H,CO most likely desorbs
from the surface rather than being further hydrogenated to
H5CO. Our calculations indicate that H,CO very weakly adsorbs
on Cu(111), consistent with previous theoretical studies
[23,36,43]. However, no large amounts of H,CO as a side product
of methanol synthesis over Cu catalysts have been experimentally
detected [1,17,18,20-23]. Although it has been argued that sup-
ported Cu nanoparticles with coordinatively unsaturated Cu sites
provide for stronger interaction with H,CO [23], it is clear that
there should be detectable H,CO formation during CO, hydrogena-
tion on Cu if the formate mechanism is followed.

Based on the earlier discussion, we conclude that the formate
route for CO, hydrogenation to methanol on Cu(1 1 1) is not feasi-
ble at typical operating low temperature conditions. This confirms
recent experimental observations that the direct hydrogenation of
formate on metallic Cu catalysts under dry H, condition does not
produce any methanol [1]. Thus, an alternative reaction route lead-
ing to methanol formation on Cu catalysts must be operative. Inter-
estingly, formate is also identified as the “dead end” for CO,
hydrogenation on Ni(1 1 0) by a combined experimental and theo-
retical study [59].

4.2. The hydrocarboxyl route

Although a hydrocarboxyl species has been recently identified as
a key intermediate in the WGS reaction on Cu(1 1 1) [33], the for-
mation of COOH from CO, hydrogenation is difficult. Because CO,
binding at the Cu(1 1 1) surface is very weak, gas phase CO, directly
interacts with surface atomic H to form trans-COOH via an ER
mechanism. Compared with the parallel HCOO formation, the
COOH formation barrier (1.17 eV) is quite high. This is almost cer-
tainly why abundant HCOO, not the COOH species, are always ob-
served in the experiments [1,21,22]. After its formation, the COOH
has to first be deoxygenated to COH. The resulting COH will then
be converted to H;COH by three consecutive hydrogenation steps.
Our calculation results show that all three hydrogenation steps
from COH to H3COH are energetically downhill processes. The high-
est barrier for these three hydrogenation steps is only 0.66 eV. This
suggests that both COOH and COH formation are the key steps in
the hydrocarboxyl mechanism for methanol production.

We find that trans-COOH can be hydrogenated to a COHOH spe-
cies, which then decomposes into COH and OH on Cu(111). As
shown in Fig. 3, the barriers for the trans-COOH +H - t,t-CO-
HOH - t,c-COHOH — COH + OH are 0.37, 0.58, 1.01 eV, respec-
tively. Actually, another low barrier path has been calculated by
using the dimer method. The t,c-COHOH may convert to the c,c,-
COHOH, which dissociates into COH and OH with a much lower
barrier of 0.55 eV. These results suggest that the formation of the
COH species via COHOH is feasible as long as the trans-COOH can
be efficiently formed by CO, hydrogenation. We also note that CO-
HOH was proposed as an intermediate in the conversion of COH to
COOH for the direct methanol electrooxidation mechanism on
transition metal surfaces [40]. It is clear that the hydrocarboxyl
route for CO, hydrogenation to methanol on Cu(1 1 1) is energeti-
cally more plausible over the formate route if the trans-COOH

could be formed. The calculated barriers of all involved elementary
steps in the hydrocarboxyl route are lower than 1.0 eV.

4.3. H>0 effects

Yang et al. studied the reactivity of HCOO overlayers on sup-
ported and unsupported Cu catalysts under H, pressure [1]. While
no methanol was generated for the clean Cu catalysts, they found
that significant amounts of methanol were produced when the
Cu catalysts were pretreated by O, or N,O, although formate
decomposition to CO, and H, was still the dominant pathway
[1]. In a high-pressure H, environment, it is reasonable to suggest
that OH groups or H,0 molecules can be formed on the O,- or N,O-
pretreated Cu surfaces. This experimental observation motivated
us to investigate the role of H,O in methanol synthesis on the
Cu(11 1) surface.

Firstly, we find that co-adsorbed H,O has negligible effects on
HCOO formation from CO, hydrogenation, although it does affect
the relative stability of the adsorbed HCOO. In the absence of
H,0, mono-HCOO converts to bi-HCOO spontaneously without a
barrier. Thus, as experiments demonstrate, the Cu surface can be-
come completely covered by the bi-HCOO species. However, the
conversion barrier from a mono-HCOO to bi-HCOO increases to
0.24 eV in the presence of H,0, even though our calculation results
show that bi-HCOO is still very slightly more stable (0.1 eV) than
mono-HCOO. This is also perhaps consistent with experimental
observations that a bi-HCOO formate surface overlayer changes
to mono-HCOO for O,- or N,O-pretreated Cu surfaces [1]. On the
basis of our calculation results, we also find that the existing pres-
ence of H,O on the Cu(1 1 1) surface actually plays an inhibiting
role in the further hydrogenation or decomposition processes from
HCOO to methanol in the formate mechanism.

On the other hand, we find that the presence of H,O markedly
promotes a key step of COOH formation in the hydrocarboxyl
mechanism. Notably, a unique hydrogen transfer process for
trans-COOH formation, shown in Fig. 2, is identified using the di-
mer method. In this hydrogen transfer mechanism, weakly bonded
CO, is hydrogenated by one of the H atoms in H,0 as surface H be-
gins to strongly interact with the H,O molecule. Thus, this water-
mediated pathway facilitates the formation of the trans-COOH,
which is the bottleneck step in the hydrocarboxyl mechanism.
The barrier for trans-COOH formation is only 0.17 eV, and the
reaction is exothermic, in part, because the presence of H,O greatly
enhances the stability of trans-COOH by co-adsorption. The promo-
tion effect of H,O was also found in our previous study of CO
oxidation on gold nanoclusters [60].

4.4. The reverse water-gas shift and methanol synthesis from CO
hydrogenation

The reverse water—gas shift (RWGS) reaction has been consid-
ered to be the major side reaction during CO, hydrogenation to
methanol [7,24,26]. Here, we briefly discuss the RWGS shift reac-
tion on Cu(1 1 1) based on our calculations of various elementary
steps of the methanol synthesis reaction. On the clean Cu(111)
surface (i.e., in the absence of significant amounts of co-adsorbed
0, OH or H,0), bi-HCOO will be the most abundant surface species
formed by CO, hydrogenation as discussed earlier, because the for-
mation of trans-COOH is kinetically inhibited by a relatively high
barrier. Our previous DFT study indicated that CO formation from
the HCOO decomposition is impossible due to an extremely high
barrier (2.80 eV) [53]. Considering that direct dissociation of CO,
to CO on Cu(11 1) is also not likely, we conclude that the RWGS
might not occur on the clean Cu(11 1) surface. Note, however,
one cannot exclude the possibility of the RWGS reaction on clean
Cu(110) and Cu(100) surfaces, which is beyond the scope of
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our present work. However, RWGS reaction can potentially occur
on Cu(111) surfaces with pre-adsorbed oxygen atoms, which
can then be hydrogenated to OH and H,O by surface H atoms. As
discussed in Section 4.2, instead of the HCOO species, trans-COOH
is expected to be generated via a water-mediated hydrogen trans-
fer mechanism. Our calculations show that cis-COOH, which is
formed from trans-COOH with a barrier of 0.47 eV, could dissociate
into CO and OH with a barrier of 0.12 eV. This is consistent with
previous findings that the WGS reaction on Cu(1 1 1) is most likely
via a COOH species [33]. Our calculations show that methanol syn-
thesis from CO hydrogenation may also follow the COOH route. CO
reacts with OH forming cis-COOH on Cu(1 1 1) surface and has a
barrier of 0.73 eV. Then cis-COOH could easily transfer to trans-
COOH with a barrier of 0.42 eV.

Hydrogenation of CO can lead to either HCO or COH species. Our
calculated barrier for the CO + H — COH step is 1.87 eV, indicating
this reaction step is very unlikely. On the other hand, the barrier
for the CO + H — HCO step is only 0.88 eV. Consistent with the pre-
vious DFT results [23], the formed HCO is unstable and readily dis-
sociates back to CO and atomic H with a very low barrier of 0.15 eV.
Further hydrogenation of HCO could lead to the formation of HCOH
or H,CO. Our results show that the formation of H,CO is much more
favorable than HCOH formation from HCO hydrogenation, although
the formed H,CO most likely desorbs from the surface. However, as
noted before, previous methanol synthesis studies did not observe
H,CO as a product. As a result, we believe that methanol formation
on Cu(1 1 1) is probably not through an HCO intermediate.

5. Conclusions

Extensive density functional theory calculations were per-
formed to map out the entire reaction network of CO, hydrogena-
tion to methanol on the Cu(111) surface. Our results can
rationalize previous experimental results; it is shown that direct
formate hydrogenation does not lead to methanol due to the high
hydrogenation barriers of HCOO and H,COO. Formate, formalde-
hyde, and methoxy are unlikely to be reaction intermediates for
methanol synthesis. In addition, we find that an alternative
hydrocarboxyl mechanism, while possible, is also difficult because
of a high barrier for the initial step, H+ CO, — trans-COOH.
However, we demonstrate a crucial role of H,O in the methanol
synthesis on Cu(11 1), particularly for the enhancement of the
hydrocarboxyl mechanism. Since small amounts of oxygen species
on Cu(1 1 1), mimicking Cu catalysts pretreated with the oxidants,
0, or N,0 in the experimental studies, can generate adsorbed H,0O
in H, environments, we have identified a feasible reaction route
for methanol production from CO, hydrogenation, i.e., CO,+
6H+(H,0) — trans-COOH + 5H — t,t-COHOH + 4H — t,c-COHOH +
4H - ¢,c-COHOH + 4H — COH + OH + 4H — HCOH + 3H + OH — H,-
COH +2H + OH — H3COH + H + OH — H3COH + H,0. The rate-lim-
iting step in this hydrocarboxyl route is the decomposition of CO-
HOH to COH and OH with the highest barrier of 0.68 eV, a value
that is much lower than the two hydrogenation barriers of 1.20
and 1.17 eV in the formate mechanism. Most importantly, trans-
COOH formation via a unique hydrogen transfer process is kineti-
cally more favorable than the HCOO formation in the presence of
H,O0. Finally, on the basis of the calculation results, we suggest that
both reverse water-gas shift reaction and methanol synthesis from
dry CO, + H, mixtures on the clean Cu(1 1 1) surface (i.e., without
co-adsorbed O) at low temperatures are unlikely because the
dominant HCOO surface species is a mechanistic “dead end”.
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