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Abstract CO, reduction has been pursued for decades as an
effective way to produce useful fuels and to mitigate global
warming at the same time. Methanol synthesis from CO, hy-
drogenation over Cu-based catalysts plays an important role in
the chemical and energy industries. However, fundamental
questions regarding the reaction mechanism and key reaction
intermediates of this process are still unclear. To address these
issues, we studied the CO, hydrogenation process using den-
sity functional theory (DFT) combined with van der Waals
(vdW) force corrections, finding that the most effective path-
way proceeds along the reaction series CO* — CHO* —
CH,0* — CH,OH* — CH;0OH* with the reactive interme-
diate CH,O*, which is consistent with experimental findings.
Additionally, we find that water molecules play an inhibiting
role in the reaction, while H bonds and vdW forces have an
essential effect on the reaction mechanisms. These findings
shed light on the reaction mechanism of CH;OH formation
from CO, hydrogenation and reveal the essence of H,O in this
reaction, providing a useful basis for preceding studies.
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Introduction

With a growing energy demand and fast depletion of fossil
fuels, it is urgent to find new energy sources. One potential
approach is to fix atmospheric CO, into value-added products
using renewable power sources without additional CO, gen-
eration, such as solar source, wind, and tidal energy [1, 2].
Formation of oxygenated compounds, such as methanol, eth-
anol, and formic acid from CO, reduction, has been intensive-
ly investigated in view of their added value [3]. Especially the
formation of methanol has drawn much attention because of
its minimum hydrogen requirement and its large demand as a
bulk chemical [2, 4-7].

Among CI1 chemicals, methanol is one of the species most
widely used in various chemical applications [8]. It can be used
as a clean synthetic fuel additive and is considered as an alter-
native fuel source. It is a better and cleaner automobile fuel
with a high octane number and with lower emissions of NO,,
ozone, CO, and aromatic vapors compared to other fossil fuels.
Methanol is also a convenient hydrogen carrier for PEM fuel
cells. In addition, it is a main building block for the production
of other important chemicals, such as olefins and aromatics [9,
10]. Commercially, methanol is produced from synthesis gas
(CO/CO,/H,) mainly over copper/zinc catalysts [11-16]. In
this system, the methanol synthesis reaction, the water-gas shift
reaction (WGS) [17, 18], and the reverse water-gas shift
TWGS) [5, 19, 20] reaction take place simultaneously:

CO, + 3 H,—CH;0H + H,O (1)
H,0 4+ COsH; 4 CO, (2)
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There have been extensive investigations on copper-based
catalysts, and it is well accepted that copper is the active center
[15, 16, 21-24]. However, recently, some studies have indi-
cated that the Zn/ZnO substrate has an essential effect on the
reaction, which can improve the performance of catalysts to
some extent [5, 25-29]. Although the effective sites have been
studied thoroughly, there is still some debate on their exact
nature. As the focus of our studies is on the catalytic reaction
as well as the influence of co-adsorbated water on the mech-
anism of methanol formation, here we concentrate on the pure
Cu metal. It was found that the activity of Cu(211) for CO, as
well as for CO hydrogenation is more advanced than on
Cu(111) [25, 30]. Moreover, carbon-labeling experiments
have shown that CO, is the major reactant under industrial
conditions [12, 20, 31, 32]. In addition, 13C-labeling experi-
ments indicated that methanol was generated exclusively from
the adsorbed CH,O* intermediate and not from the adsorbed
surface formate [33].

Great efforts have been spent to explore the exact reaction
mechanisms of CO, hydrogenation [24, 34-39], but yet no
complete consensus of the pathways has been achieved.
Traditionally, two possible reaction mechanisms have been
proposed. One is the direct hydrogenation of CO, into
HCOO (formate) [24, 25, 38]. Yang et al. have shown that it
would be hydrogenated into H,COO (dioxomethylene),
followed by the formation of H,CO (formaldehyde) [36]. In
contrast, Studt et al. proposed that HCOO would first form
HCOOH, followed by the formation of H,COOH. Then, the
H,COOH is converted to H,CO and OH [40]. Along the al-
ternative reaction mechanism, CO, first reacts to CO through
an OCOH intermediate, and the following CO hydrogenation
can proceed through CHO or COH intermediates [37—42]. In
case CHO is formed, CH,O will also be present as an inter-
mediate. In most studies, it is stated that once CH,O is formed,
the next protonation product is CH;0 [25, 38, 43—45]. In fact,
this step can again follow different reaction pathways, e.g., the
formation of CH,OH with an O—H bond formed. Ye et al.
have studied the formation of CH,OH from CH,O on
In,O5(110), but found it energetically less favorable than the
formation of CH;0 [34]. Although many studies have already
addressed the reaction mechanism, there still exists a contro-
versy on the exact pathways, which has been the main moti-
vation of the present work.

CO, reduction experiments demonstrated that under variable
reaction conditions, water does play different roles. With Cu as
an effective catalyst, the main products for the electrochemical
reduction of CO, in an aqueous electrolyte are CHy, C,Hy, and
HCOOH, while under gaseous conditions, CH;OH will form as
the main product [5, 25, 46]. Montoya et al. found that without
the charged water layer at the metal surface, the formation of CO
dimers is prohibitively endergonic [47]. In other words, water in
the electrochemical interface may accelerate the reaction to

@ Springer

some extent. In contrast, it was found that water molecules that
are formed during the reaction might suppress the formation of
CH;0H from syngas [17, 32]. Here, one explanation is that
these water molecules block active copper sites and thus inhibit
the adsorption of CO, for the follow-up reactions [17]. On the
other hand, it was argued that these water molecules accelerate
the crystallization of Cu and ZnO, resulting in the catalyst’s
deactivation [48]. Notably, the latter explanation implies that
crystallization of Cu and ZnO leads to a decrease in surface area,
being consistent with the former explanation that water mole-
cules can block active copper sites. Further, Zhao et al. have
studied the effect of H,O on this reaction, finding that H,O plays
an inhibiting role in the hydrogenation of HCOO into methanol
in the formate pathway [44]. However, in their studies, only a
single water molecule was introduced, which is insufficient to
mimic the catalyst surface under aqueous conditions. Thus, fur-
ther studies are required to understand the effect of co-adsorbed
water on the reaction process.

In our work, a detailed reaction scheme has been sketched
for the conversion of syngas with CO/CO, hydrogenation as
the initial step on a Cu(211) electrocatalyst. We propose a
feasible reaction route for methanol formation with the reac-
tive intermediate CH,O* [33], which proceeds via the reaction
sequence CO* — CHO* — CH,0* — CH,OH* —
CH;0H*. We further elucidate the effect of water molecules
produced along the synthesis process, finding that they are
indeed capable of reducing the catalyst’s activity [17, 32,
48]. Therefore, these results are helpful in understanding the
CH;O0H formation mechanism and the essence of H,O affect-
ing the reaction process.

Method

All theoretical data were obtained using the CASTEP code
with ultrasoft pseudopotentials and the generalized gradient
approximation (GGA) exchange-correlation functional pro-
posed by Perdew, Burke, and Ernzerhof (PBE) combined with
the TSsurf dispersion corrections [49—52]. This is motivated
by the fact that while PBE alone is known to overestimate
binding energies for adsorption processes on transition-metal
surfaces [52—54], it had been demonstrated that the inclusion
of entropy and thermochemical contributions as well as van
der Waals (vdW) forces yields an improved description of the
CO, hydrogenation [40, 43, 55]. We adopted a plane wave
basis set with an energy cutoff of 400 eV, and useda2 x 2 x 1
Monkhorst-Pack k-point scheme for the Brillouin zone sam-
pling. All calculations were performed on the Cu(211) surface
orientation with five layer slabs, where the bottom three layers
were fixed at the bulk-truncated structure, leaving the top two
surface layers and the adsorbents as well as co-adsorbed water
to be fully relaxed. The periodic images of the slab were
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separated by a vacuum gap being at least 15 A wide. To
investigate the reaction pathways, the transition state (TS)
search procedure as implemented in the CASTEP code was
used, which employs a combination of linear and quadratic
synchronous transit (LST/QST) algorithms with subsequent
conjugate gradient methods [56].

We define adsorption energy (E,q5) of the molecules as
follows:

Eags = (Etotale substrate=7 * Emolecule ) / n, (3)

where E is the total energy of the complete system (surface +
adsorbates), Egpstate 1S the energy of the substrate (i.e., slab only),
and n°E,olecule 18 the total energy of a single molecule (£, ojecule)
multiplied by the number of molecules (7) in the unit cell.

Results and Discussion
Cu(211) With and Without H,O Chain

Motivated by previous studies on representative Cu surfaces
[25], we have chosen Cu(211) as model surface (see Fig. 1a),
which combines terrace and step edge features, for calculating
the thermodynamic and kinetic parameters for each elementa-
ry step. It was also suggested that hydrogen-bonded water
molecules can be easily accommodated at the edge of transi-
tion metal surfaces. Therefore, we adopted Cu(211) with H,O
chains to simulate the system under reaction conditions
(where surface water had been formed by the reaction).
Moreover, Site et al. have revealed that water adsorbs prefer-
entially at step edges, forming linear clusters or chains, stabi-
lized by the cooperative effect of chemical bonds with the
substrate and hydrogen bonds, which additionally supports
the rationality of our model [57]. Our calculations show that
H,O chains are formed on the step by alternating H bond
lengths between 2.81, 2.66, and 2.83 A (Fig. 1b). This com-
bination of interactions leads to an adsorption energy of
—0.66 eV/H,0. Regarding the binding, it should be mentioned
that due to similar high-frequency vibrational modes of water
in the gas phase (3910 and 3796 cm™') and after adsorption
(3801 and 3538 cm™ '), ZPE contributions to the adsorption
energy of water are very small. Therefore, here, we only take
the entropy contributions into account (0.38 eV for adsorbed
H,0 molecule and 0.98 eV for free H,O at 500K, 0.16 eV for
adsorbed H,O molecule and 0.58 eV for free H,O at 298K),
leading to an adsorption free energy (AG) of —0.06 eV/H,O at
500 K and —0.24 eV/H,0 at 298 K on Cu(211), indicating that
H>0O molecules can indeed be adsorbed on Cu(211). It seems
that especially the presence of step edges at the Cu(211) sur-
faces is important to facilitate binding of water. In addition, the
high pressure (50-100 bar) that is used for the formation of

methanol industrially also facilitates the adsorption of H,O
molecules.

The calculated adsorption energies for the different molecules
are summarized in Table 1. Obviously, the adsorption energy of
CO,, H,, and CO is increased by 0.14, 0.07, 0.30 eV, respec-
tively, under the influence of H,O chains. It is well known that
PBE misses long-range vdW force, which is ubiquitous in all
materials. Moreover, vdW forces also play an essential role in
the adsorption of other molecules (such as, H,O and CH;0H)
and the reaction energies [40]. Thus, herein we adopted disper-
sion force corrections by using the PBE + TSsurf approach. The
contribution of vdW interactions on the bare Cu(211) surface is
up to —0.29 eV for the CO, molecule and —0.08 eV for H,
molecule where the vdW forces are the decisive factor for ad-
sorption of these molecules. Under the influence of water, the
contribution of vdW interactions to the adsorption energy of
CO, molecule changes to —0.31 eV and for the H, molecule to
—0.14 eV, again showing the essential role of vdW interations in
the binding. For the CH;0H molecule, the vdW contribution to
adsorption energy is larger than 0.30 eV with an adsorption
energy —0.58 eV on Cu(211) and —0.87 eV in the presence of
co-adsorbed water. In addition, the contribution of vdW interac-
tions to the CO adsorption is increased by 0.16 eV in the pres-
ence of neighboring water. In our previous study we have iden-
tified that vdW contributions to the adsorption energy of CO on
Cu(111) is up to 30% [55], whereas with the corrections of zero
point energy, the pure PBE (—0.89) and the vdW corrected PBE
(—1.15) all overestimate the CO adsorption energy compared to
an experimental value of —0.58 eV [58].

Overall, vdW interactions seem to have a significant effect
on the adsorption energies of small molecules, especially
when being only weakly adsorbed. This should additionally
have an impact on reaction mechanisms, an aspect that will be
elucidated in the next sections.

CHO%*, CH,0%*, and CH30* Pathways

In the first step, different possible CO, reduction pathways on
Cu(211) were studied without co-adsorbed water. Figure 2 shows
the energy diagrams for different CH;OH formation pathways,
where they are denoted by the intermediate formed before the
hydroxyl formation. For example, the CHO* pathway means
that the CHOH* (hydroxymethylene) will be formed through
the hydrogenation of CHO*. Similarly, the CH,O* pathway
means that the product of CH,O* hydrogenation is CH,OH*
(hydroxymethyl), while the CH;0* pathway involves the forma-
tion of CH;OH* (methanol) by hydrogenation of CH;0*.

CHO* Pathway

For the CHO* pathway, CO* hydrogenation proceeds via the
hydrogenation of the carbon atom of CO¥*, following the
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Fig. 1 a Bare Cu(211), b
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stepwise hydrogenation with the formation of CHO*,
CHOH*, and CH,OH* intermediates. Lastly, CH,OH* is hy-
drogenated into CH;0H. The formation of CHO* from CO*
is an endothermic process (reaction energy £, = 0.70 eV) with
an energy barrier of £, = 1.05 eV, which is consistent with the
results of Asthagiri etal. (E,=0.71 eVand E,=1.03 eV) [45].
The hydroxyl formation (CHOH*) is the determining step for
this pathway, which is endothermic by 0.18 eV with a barrier
of 1.38 eV. Then, CHOH* can be further hydrogenated into
CH,OH* with a relatively small barrier of 0.61 eV and an
overall energy gain of £, =—0.71 eV. The final hydrogenation
step, the formation of CH3OH, releases 1.09 eV and has a
barrier of 0.71 eV, which is higher than the barrier reported
by Mavrikakis et al. (£, = 0.51 eV) [42].

CH,O* Pathway

For this pathway, the formation of CHO* proceeds as already
described for the CHO* pathway. The difference in both
mechanisms stems from the process of CHO* hydrogenation.
Along the CHO* pathway, the hydrogenation of CHO* leads
to the formation of CHOH?*, and now, it leads to the formation
of CH,O*. The latter process, i.e., the CH,O* formation, is
exothermic by 0.48 eV with a barrier of 0.63 eV, matching
well with the results of Asthagiri et al. (£, = 0.60 eV) [45].
Compared to the process of CHOH* formation (£, = 1.38 eV

Table 1  Adsorption energies, E,q4, in electron volts, of different
molecules on bare Cu(211) and Cu(211) with a H,O chain using the
PBE and PBE + TSsurf approximations

QO—GQO

System Enq (6V) CO* Hy* CO*  CH,OH*
Cu211) PBE + TSsurf —022 —0.06 —1.01 —0.58
PBE 007 002 -081 —025
vdW 029 -0.08 —020 -033
Cu21l)with PBE+TSsurf —036 —0.13 -131 —0.87
HyO chain  pgg -0.05 001 -095 —0.55
vdW 031 -0.14 036 -032
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and E, = 0.18 eV), the formation of CH,O* is more favorable
both kinetically and thermodynamically. In the following,
there is a configuration transformation of CH,O%, which in
Fig. 2 we labeled as the transfer from CH,0*-1 to CH,0*-2, a
process being associated with a small energy change of
E. = —0.04 ¢V. As shown in Fig. 3, the CH,O*-1 and
CH,0*-2 molecules are adsorbed at the step edge of the Cu
surface, but the O atoms point at different directions. The next
step is the formation of CH,OH*, which is exothermic by
0.35 eV with a barrier of 0.95 eV. After the formation of
CH,OH?*, the remaining step of CH;OH* formation is con-
sistent with the CHO* pathway. For the CH,O* pathway, the
determining step is the formation of CHO* (£, = 1.05 eV and
E. =0.70 eV). Thus, comparing the determining step of
CHOH* formation for both pathways indicates a preference
for the CH,O* reaction mechanism.

CH;0%* Pathway

The difference between the CH,O* and the CH;O* pathways is
that the stepwise hydrogenation of CH,O* to CH;OH* is
through CH30* (CH30%* pathway) or its isomer CH,OH*
(CH,O* pathway). In both mechanisms, the formation of
CH;0H* is from CH,O* where one C-H and one O-H bonds
need to be formed. Along the CH,O* pathway, the O—H bond is
formed first, followed by the formation a C—H bond, while the
order is the opposite for the CH30* pathway. Here, the process
of CH,O* hydrogenation into CH;0* is very facile with a barrier
of only 0.38 eVand an exothermicity of 0.97 eV, which coincides
well with the results of Li et al. (£, =0.35 eVand £, =—0.92 eV)
[59]. Compared to the process of CH,OH* formation
(E,=0.95 eVand E, =—0.35 eV), the formation of CH;0* from
CH,0O* seems more favorable. However, the CH;OH* forma-
tion from CH;0* (being the determining step) is kinetically pro-
hibitive, which must overcome a barrier of 1.32 €V, which is
0.15 eV higher than the value obtained by Mavrikakis et al.
[42]. Thus, considering all the elementary steps, the CH,O*
pathway seems more promising than the CH;0* pathway.
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Fig. 2 a—c Energy diagrams of
different CH;OH* formation
pathways on bare Cu(211)
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In the three considered reaction sequences, the most prom-
ising one is the CH,O* pathway, of which the determining
step is the formation of CHO*. The process of this pathway
proceeds as CO* — CHO* — CH,O0* — CH,OH* —
CH;OH* and the reactive intermediate is CH,O*. The isotope
labeling study for methanol synthesis on Cu/ZrO, suggested
that CH;OH is exclusively formed from CH,O* (not
HCOO%*), which agrees well with our results [33].

As stated above, in the present work, we concentrated on
the role of water on the reaction mechanism and did not ex-
plicitly take zero-point energy and entropy corrections into
account. Although this approach seems to be sufficient for
such a comparative study, our absolute reaction energies
(AE) for the overall CH;0H formation are all about —2.0 eV,
which is higher than the experimental value [60]. This differ-
ence is mainly associated with the separated (not adsorbed)
molecules as the following estimation shows. While the zero
point energy contributions are 0.14 eV for CO and 1.35 eV for
CH;O0H [61], taking these contributions into account, we
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would obtain the overall reaction free energy to be 0.80 eV,
which is relatively close to the experimental value of 0.95 eV
[60]. The remaining differences might certainly be attributed
to the omitting of ApV contributions to the enthalpy.

Influence of a Co-adsorbed H>O Chain

To verify the effect of co-adsorbed water, we have calculated
the same reaction pathways on Cu(211) in the presence of a
co-adsorbed H,O chain (Fig. S2 and Table S3). The results
reveal that due to water the barriers for CHO* and CH;OH*
formation along the CHO* pathway increase by 0.08 and
0.14 eV, respectively. For the CH,O* pathway, the reaction
barrier of each step is also increased by up to 0.34 eV (for the
CH,OH* formation). Along the CH30* pathway, the barriers
of the former two steps increase by the same values as in the
CH,0%* pathway. However, the CH;0* and CH;0H* forma-
tion steps now have barriers that are increased by 0.41 and
0.03 eV in the presence of water. Meanwhile, the reaction
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Fig. 3 Configuration details of
the CH,O* reaction pathway on
Cu(211) without water (/) and
with a co-adsorbed water chain

@

CH;0* + H*¥* — CH3;0OH¥* qualitatively changes from an en-
dothermic process (£, = 0.10 eV) to an exothermic process
(E.=—0.18 eV), but the larger barrier (1.35 eV) indicates that
this step is prohibited dynamically. All the results indicate that
the co-adsorbed H,O chain apparently suppresses this reac-
tion, which is consistent with the experimental results that
water molecules have an inhibiting effect [17, 32, 48].

Now, we discuss how water influences the overall reaction
mechanisms. The energy diagram of Fig. S2 shows that with
water, the CH,O* pathway is still the most effective reaction
mechanism. Without water, the CO* molecule adsorbs at a
step site of the (211) surface vertically through its C atom
(Fig. 3 la). In the presence of H,O, the CO moves to the

@ Springer

(111) terrace (Fig. 3 1a) as the H,O chain occupies and blocks
the step. Without water, CHO* adsorbed through their C and
O atoms “lying” on the step, while the hydrogen atom pointed
into the vacuum. Under the influence of the H,O chain, the
adsorption configuration of CHO* did not change but was
pushed to the terrace. CH,O* and CH,OH* intermediates
are also shifted to the (111) terrace in the presence of water
while again their configurations (all the atoms parallel to the
surface) did not alter. Due to the presence of the H,O chain in
the system, the adsorption sites of the intermediates have been
pushed from the active step to the less active terrace. In addi-
tion, there are interactions between the intermediates (CH,O%,
CH,OH*) with the co-adsorbed H,O molecules through H
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Fig. 4 COH* intermediate a
configuration on a bare Cu(211)
and b Cu(211) with a H,O chain.
Energy diagram of the COH*
pathway on ¢ bare Cu(211) and d
Cu(211) with a H,O chain
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bonds, which in addition affect the molecular orientations. On
one hand, these interactions lead to an increase of the adsorp-
tion energies of the intermediates and, on the other hand, result
in increased activation barriers and thus lower activities.
Therefore, our studies clearly show that the presence of water
will certainly influence the adsorption sites and configurations
of the intermediates.

Role of the vdW Forces

To explain the influence of vdW interactions on the reaction
mechanisms, we analyzed the reaction barriers and energies of
main steps for the CHO*/CH,O*/CH;0* pathways
(Table S4) both on bare Cu(211) and Cu(211) with the H,O
chain. For the CHO* pathway on bare Cu(211), the contribu-
tion of vdW forces to the reaction energy is up to 0.11 eV
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(18.6%; the percentage is the ratio of the vdW contribution
to the overall energies) for the CO* + H*¥* — CHO* step,
where the contribution to the barrier is 0.11 eV (11.7%). The
corresponding contribution in the CH,O* mechanism in-
creases to 20.7% for the CH,OH* formation process. For
the CH;30%*, formation step along the CH;0* pathway, vdW
contributions are even 26.7% on Cu(211). Under the influence
of water, the vdW contributions further increase to 20, 30.8,
and 52.6% for CHO*, CH,O*, and CH;0* pathways, respec-
tively. It can be seen that due to the presence of water in the
system, the contribution of the vdW forces has been increased
significantly.

Overall, we find a preference for the CH,O* pathway, a
result that differs from the pathway suggested by Nerskov
et al. [40], who found a preference for a CO* — CHO* —
CH,0* — CH50* — CH30H* sequence, which corresponds
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to our CH50* pathway. However, in their work, the BEEF-
vdW approach was employed to describe the vdW force, while
the TSsurf method has been used in our work. The previous
studies have found that the TSsurf method is applicable to
metal surfaces where more precise results can be obtained
compared to the other vdW schemes [52]. The significant
contribution of vdW interactions to the reaction pathways
can effectively change the selectivity of different pathways.

COH¥* and HCOO* Pathways

All reaction pathways that we have discussed so far are initiated
with the hydrogenation of CO* into CHO* and a correspond-
ing C—H bond formation. The other possible reaction pathways
can proceed via O—H bond formation with CO* hydrogenation
into COH* as the first step. In this case, the formation of the
hydroxyl is at the first hydrogenation step, and all the remaining
steps include the formation of C—H bonds. The reaction path-
way proceeds as CO* — COH* — CHOH* — CH,OH* —
CH;0H*. We excluded this pathway on Cu(211), because the
first step, associated with CO* hydrogenation into COH*, is on
one side kinetically hindered due to a high energy barrier of
2.83 eV and on the other side thermodynamically disadvanta-
geous (E, = 0.78 eV) (see Fig. 4c). As shown in Fig. 4a, COH*
adsorbs vertically on Cu(211) with its C atom, while the O-H
bond orients parallel to the surface. The next step of CHOH*
formation from COH* must overcome a high barrier of
2.09 eV. Although being an exothermic step (£, = —0.27 eV),
the high barrier makes it kinetically hindered [44]. The high
energy barriers of these two steps lead to a very low probability
of this pathway to occur. In order to evaluate the influence of
H,0 molecules, we also studied this pathway on Cu(211) with
the H,O chain. Due to the H,O molecules, the barriers of the
first two steps decrease by 0.41 and 1.06 eV, respectively, and
both steps become endothermic. Therefore, considering the

Scheme 1 Reaction pathways
with the corresponding energies.
Non-italic numbers are energy
differences, while italic numbers
are barriers. All energies are in
electron volts. (a) reaction
pathways on bare Cu(211) and (b)
reaction pathways on Cu(211)
with the co-adsorbed H,O chain.
The red arrows represent the most
promising pathway

CHOH*

@ Springer

high barriers for the initial reaction steps, the COH* pathway
is expected not to be relevant.

As stated before, CH;OH* can also be formed directly from
CO,*. Here, two different pathways have been proposed; one
proceeds via the sequence CO,* — HCOO* — H,COO* —
H,CO* and the other CO,* — HCOO* — HCOOH* —
H,CO* [24, 25, 36, 38, 40]. The remaining steps to
CH;OH¥* are equivalent to the mechanism discussed previous-
ly for the CO* hydrogenation. As for both proposed pathways
the first step is the formation of HCOO* from CO,*, we cal-
culated this process on Cu(211) with and without water. On
bare Cu(211), this step is exothermic by —0.83 eV but requires
overcoming a high barrier of 1.64 V. In the presence of water,
the barrier further increases even up to 2.98 eV and the exo-
thermicity decreases to —0.33 eV. Although thermodynamical-
ly slightly preferred, again it seems kinetically hindered due to
this high barrier. Therefore, it seems appropriate to disregard
the direct CO,* pathways for the present reaction process.

Conclusion

In conclusion, we have performed detailed studies on the for-
mation of CH;OH* on Cu(211), summarized in Scheme 1, and
found that the most possible pathway proceeds via the reaction
sequence CO* — CHO* — CH,O* — CH,OH* — CH3;0H*,
in which the active intermediate of CH,O* is in accord with
experiments. We also found that the presence of co-adsorbed
water at the preferred edge sites (represented as a H,O chain)
has an inhibiting effect on the CO, hydrogenation, which is
again consistent with the experimental results. This suppression
mainly stems from the effect of H bonds and vdW interactions.
The H bonds induced by the H,O chain change the orientation
of the intermediates and increase their stabilities as well as the
reaction barriers. The vdW contributions also lead to an

Co*
zo% / \
.)o

CHO*  COH* CHO*
CHZ%* CHOH* / CH,0*
CH,OH* / CH,0*
\ /
CH,OH*
b
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increase of the adsorption energies of intermediates and the
correlated energy barriers for further reaction steps. Our results
provide a comprehensive understanding of the mechanism and
conceptually explain the experimental phenomenon (the
inhibiting effect of H,O molecules).
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