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We performed ab initio molecular dynamics analysis of formate
decomposition to CO, and H on a Cu(111) surface using van der
Waals density functionals. Our analysis shows that the desorbed
CO, has approximately twice larger bending vibrational energy than
the translational, rotational, and stretching vibrational energies.
Since formate synthesis, the reverse reaction of formate decom-
position, has been suggested experimentally to occur via the Eley—
Rideal mechanism, our results indicate that the formate synthesis
can be enhanced if the bending vibrational mode of CO, is excited
rather than the translational and/or stretching vibrational modes.
Detailed information on the energy distribution of desorbed CO, as
a formate decomposition product may provide new insights for
improving the catalytic activity of formate synthesis.

One of the most important intermediate steps in the methanol
synthesis over Cu-based catalysts is CO, hydrogenation into
formate (HCOO)."™ Based on a kinetics analysis, it was clarified
that formate synthesis is structure insensitive and consistent
with an Eley-Rideal (ER) type mechanism.®™® Recently, theore-
tical investigations also suggested the ER and hot atom (HA)
mechanisms during CO, reduction into formate and/or hydro-
carboxyl (HOCO).'® The ER type mechanism suggests that the
formate synthesis can be enhanced by controlling the transla-
tional, vibrational, and rotational energies of impinging CO,. The
initial impinging CO, energies must be related to the energy states
of desorbed CO, from formate decomposition because formate
synthesis and decomposition are reverse reactions. Therefore, the
elucidation of formate decomposition dynamics is important for
improving catalytic formate synthesis.
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Very recently, the dynamics of desorbed CO, produced from
the formate decomposition reaction has been studied by mea-
suring the angle-resolved intensity and translational energy
distribution of the steady-state reaction of formic acid
(HCOOH) and oxygen on a Cu surface.'" It was reported that
the translational energy of desorbed CO, is approximately 0.10 eV
and independent of the surface temperature. The measured CO,
translational energy is much smaller than the activation energy of
formate synthesis, which is 0.59 & 0.05 eV.””® This suggests that
internal modes, such as vibrational and rotational modes, should
be excited in the desorbed CO,. In this study, we therefore
investigate the energy distribution of desorbed CO, as a for-
mate decomposition product by means of ab initio calculations.
We also show the importance of the van der Waals (vdW)
interaction in determining the energetics of desorbed CO,.
From the knowledge of desorbing product dynamics, we can
deduce optimal conditions for the formate synthesis reaction
through CO, hydrogenation.

The calculations were performed using a plane-wave pseudo-
potential code named ‘“Simulation tool for Atom TEchnology
(STATE)”." Since the vdW interaction is important to describe
the adsorption and chemical reaction of inert molecules,*
we compare the Perdew-Burke-Ernzerhof (PBE) results with
those obtained using vdW density functionals (vdW-DFs),
ie., the original vdW-DF (vdW-DF1),"* optB86b-vdW,'*> and
rev-vdW-DF2'® functionals as implemented in the STATE
code.’” We also included the dispersion correction proposed
by Grimme with PBE (PBE-D2).'"* We performed ab initio
molecular dynamics (AIMD) simulations starting from the
transition state (TS) structure of the formate decomposition
process to gas phase CO, and adsorbed H to evaluate the
translational and internal (rotational and vibrational) energies
of desorbed CO,. We have also considered additional samples
of the initial geometry for AIMD simulations. We displaced
the atoms at the TS towards the second, third, fourth, fifth, and
sixth lowest normal mode vectors in such a way that the
energies of the displaced geometries are increased from the
energy of the TS by 0.02 eV. In the AIMD simulations, the initial
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Fig.1 Energy profile for CO, hydrogenation to bidentate formate on
Cu(111). The energy zero is the sum of the total energies of gas phase CO,
and an adsorbed hydrogen on the surface (CO(g) + H*).

velocities are given randomly and they are scaled to set the
average kinetic energy of 300 K. Here, we do not include the
zero-point energy in the sampling of initial conditions. The
detailed calculation methods are provided in the ESI.{

We first calculated the minimum energy path of CO, hydro-
genation into bidentate formate (bi-HCOO) through mono-
dentate formate (m-HCOO) on Cu(111). The bidentate formate
has been observed experimentally as an abundant product
during CO, hydrogenation compared with its isomer (hydro-
carboxyl (HOCO)).”® Moreover, we have also performed the
calculations of HOCO adsorption on Cu(111) and found that
this species is 0.89 eV less stable using one of the vdW-DFs
(optB86b-vdW). Fig. 1 and Table 1 show the energy profile of
CO, hydrogenation into formate and its detailed descriptions,
respectively. As shown in Fig. 1, the hydrogen chemisorption
energies (the energy levels of CO,(g) + 1/2H,(g)) are quite
similar among all functionals except vdW-DF1. On the other
hand, the physisorption energies of CO, (the energy levels of
CO,(phys) + H*), the energies of the TSs, m-HCOO¥*, and
bi-HCOO* are stabilized through the vdW attraction by approxi-
mately 0.13-0.37 eV relative to the PBE result. We then consider
the activation energy of formate synthesis (E,(syn)) as the
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energy difference between the TS and the CO,(g) + H* state.
This definition of E,(syn) should correspond to the experi-
mentally observed activation energy of formate synthesis, in
which formate was synthesized at a temperature of 333-353 K
under atmospheric pressure.” Under these conditions, the
hydrogen coverage is close to the saturation point, while CO,
coverage is almost negligible due to a small adsorption energy.
The activation energy of formate decomposition (E,(dec)) is
defined as the energy difference between the TS and bi-HCOO*.
As shown in Table 1, only PBE overestimates the experimental
E,(syn), while each functional with a vdW interaction gives a
reasonably good result. Meanwhile, each calculated E,(dec) is
in good agreement with the experimental results.

Next, we explored the energy distribution of desorbed CO, as
a product of formate decomposition. We calculated the CO,
translational energy (E,) from the velocity of the center of mass
of CO,. Fig. 2a summarizes the time evolution of CO, transla-
tional energy. The representative snapshots of CO, desorption
from the AIMD trajectory are shown in Fig. 2b. There are
significant differences in the E, profiles calculated using PBE
and those using PBE-D2 and vdW-DFs. Here, PBE predicts a
constant E value at 0.30 eV after the CO, molecule experiences
Pauli repulsion in the first 0.10 ps (shown as a black line in
Fig. 2a). Meanwhile, the PBE-D2 and vdW-DFs show different
time evolution profiles of the CO, translational energy. In the
first 0.08-0.10 ps, the E; value increases to 0.20-0.32 eV due
to the Pauli repulsion between CO, and the surface. Then,
it decreases gradually to a certain value. The decrease in the
CO, translational energy is due to the vdW attraction between
CO, and the Cu(111) surface. We also estimated the desorption
angle () of CO, at 0.68 ps, when it already has a constant E,
value, from the direction of the velocity of center of mass
relative to the surface normal (Fig. 2b). The calculated f using
PBE, PBE-D2, vdW-DF1, rev-vdW-DF2, and optB86b-vdW are 5°,
187, 8°, 12°, and 14°, respectively, in which the angular distri-
bution of desorbed CO, shows quite sharp collimation along
the surface normal direction and is in good agreement with
the experimental results."' As summarized in Table 2, the calcu-
lated E; values using PBE-D2 and vdW-DFs are in reasonable

Table 1 Detailed descriptions of the energy profile of CO, hydrogenation into formate (in eV) on Cu(111), and calculated formate synthesis and
decomposition energies using PBE, PBE-D2, and vdW-DFs. The values in brackets were obtained using a six layer-thick slab. The zero-point energy (ZPE)

correction is evaluated using the optB86b-vdW functional

This study
PBE PBE-D2 vdW-DF1 rev-vdW-DF2 optB86b-vdW Expt.
Eco,(g) + 1/2H,(g) +0.30 (+0.22) +0.36 —0.01 +0.29 +0.30 (+0.22) —
Eco,(phys) T H* —0.01 (—0.01) —-0.19 —0.18 —0.13 —0.19 (—0.18) —
Ers +0.85 (+0.78) +0.53 +0.70 +0.64 +0.55 (+0.52) —
Em-Hcoor +0.20 (+0.17) —0.08 —0.12 —-0.11 —0.17 (—0.18) —
Epi-ncoor —0.22 (—0.33) —0.54 —0.52 —0.53 —0.60 (—0.70) —
Ea(syn) 0.85 (0.78) 0.53 0.70 0.64 0.55 (0.52)
Eo(syn) + ZPE 0.80 (0.73) 0.48 0.65 0.59 0.50 (0.47) 0.59 =+ 0.05°
0.66 + 0.02°
E,(dec) 1.08 (1.12) 1.07 1.23 1.17 1.15 (1.22)
E,(dec) + ZPE 0.90 (0.94) 0.89 1.05 0.99 0.97 (1.04) 1.12 £ 0.03¢
1.17 + 0.13°

@ Taken from ref. 7. * Taken from ref. 8 and 9.
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Fig. 2 (a) Time evolution of the translational energy of desorbed CO,
from formate decomposition calculated using PBE, PBE-D2, and vdW-DFs.
(b) Representative snapshots from the AIMD trajectory of CO, desorption.

n and vcym represent the direction of the surface normal and the velocity of
the center of mass of CO,, respectively.

agreement with the experimental estimation,"* while PBE fails in
predicting this energy. Therefore, the vdW interaction is important
for describing the translational energy of desorbed CO,.

We also evaluated the energy transfer by formate decomposition
into the internal modes (rotational and vibrational) of CO,. The
rotational energy (E;) of CO, as a function of time was calculated
from the moment of inertia of CO, and its angular momentum at
each time step of the MD trajectory. Table 2 shows that the
calculated E, value varies in between 0.08 and 0.11 eV. The CO,
bending, symmetric stretching, antisymmetric stretching vibra-
tional energies are evaluated based on the time evolution of
the desorbed CO, geometry, i.e., bond angle (6), the C-O bond
length (1), and the difference between two C-O bond lengths (4),
respectively, as shown in Fig. 3. For comparison, we also

Table 2 Calculated translational energy (Ey), rotational energy (E,), vibrational
energy of the bending mode (Ey), and vibrational energy of the symmetric
stretching mode (E;) of desorbed CO, from formate decomposition on
Cu(111) using PBE, PBE-D2, and vdW-DFs (in eV). The calculation results
using the optB86b-vdW functional are the average results from several
samples of AIMD trajectory

This study

PBE PBE-D2 vdW-DF1 rev-vdW-DF2 optB86b-vdW Expt.”
E; 0.30 0.05 0.18 0.16 0.14 4+ 0.03 0.10
E, 0.08 0.09 0.08 0.11 0.11 + 0.03 —
Ey 0.27 0.24 0.25 0.26 0.26 + 0.02 —
Eg 0.06 0.05 0.10 0.08 0.04 + 0.02 —
Surface 0.14 0.10 0.09 0.03 0.03 £+ 0.02 —
mode®

¢ Experimentally measured CO, translational energy as a formate
decomposition product taken from ref. 11.? This energy is deduced
from: E,(syn) — (E; + E; + Ep, + E).
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Fig. 3 Time evolution of the CO, bond angle (0), the C—O bond length (),
and the difference between two C-O bond lengths (4) based on the AIMD
trajectory calculated using the optB86b-vdW functional. The period (T)
and amplitude (A) of each geometry data are shown in each panel.

evaluated the vibrational frequencies of an isolated CO, (see
the ESIT). The calculated zero-point energies of isolated CO,
bending, symmetric stretching, and antisymmetric stretching
vibrational modes using optB86b-vdW are 76.72 meV, 164.61 meV,
and 295.74 meV, respectively, which are in good agreement
with the experimental values of 82.70 meV, 165.27 meV, and
291.24 meV, respectively.'>*° These calculated zero-point energies
are nearly independent of the functional. The vibrational energy
of the bending mode (E, ~ 0.25 eV) of desorbed CO, is close
to the third excitation of the zero-point energy of isolated CO,.
All functionals produce similar E;, values in the range of
0.24-0.26 eV. The calculated vibrational energy of the CO,
symmetric mode (Es) varies between 0.05 and 0.11 eV, which
is close to the zero-point energy of the isolated CO, symmetric
mode. Meanwhile, the vibrational energy of the antisymmetric
mode (E,s ~ 1.5 meV) is much smaller than the zero-point
energy of isolated CO,.

Based on our calculations, nearly a half of E,(syn) is transferred
into the CO, bending mode, a quarter into each translational and
rotational modes, and rather a small energy is transferred into the
CO, stretching modes. The origin for the strong enhancement of
the CO, bending mode can be ascribed to its geometry at the TS,
in which the CO, bond angle is nearly 140°. The rest of E,(syn)
may have transferred into the surface modes, namely, hydrogen-
Cu and/or Cu—Cu vibrations. We also performed the sudden
vector projection (SVP) analysis proposed by Jiang and Guo.*!
We showed that the SVP analysis qualitatively agrees rather well
with our AIMD simulation results (shown in the ESIT). Therefore,
our results strongly suggest that formate synthesis, the reverse
process of the formate decomposition, can be enhanced by
increasing the vibrational energy of the CO, bending mode.

The present results are in sharp contrast to the case of CO,
dissociation, in which the CO, symmetric and antisymmetric
stretching modes are theoretically suggested to be more impor-
tant to increase the dissociation rate.”” The importance of
stretching modes in the CO, dissociation was implied experi-
mentally in the study of CO, dynamics from CO oxidation on
Pd surfaces.”**> The desorbed CO, has 0.12-0.16 eV in the
vibrational energy of the antisymmetric mode, which is slightly

This journal is © The Royal Society of Chemistry 2017
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larger than the vibrational energy of the CO, symmetric-bending
mode (0.11-0.13 eV). Moreover, the measured translational
(0.10-0.12 eV)*® and rotational (0.08-0.10 eV)**?>27?8 energies
of desorbed CO, from CO oxidation on Pd surfaces are smaller
than its vibrational energy of the antisymmetric mode. Therefore,
CO, dissociation can be selectively enhanced by exciting the CO,
stretching vibrational modes.

Finally, we discuss the temperature dependence of the
translational energy of CO,. Experimentally, it was reported
that E; of desorbed CO, from formate decomposition is inde-
pendent of the surface temperature,'* while that from CO
oxidation is linearly dependent on the surface temperature.>®
From our theoretical simulations, it turns out that at most 20%
of E,(syn) is transferred into surface modes. On the other hand,
it can be deduced that approximately 60% of the activation
energy of CO, dissociation (1.30 eV)*® on a Pd surface, which is
a reverse reaction of CO oxidation, is transferred to the surface
mode. Both results, namely, the surface temperature dependence
and the energy transfer to the surface mode, indicate the strength
of the coupling between CO, and the surfaces at the TS of
reactions. In the case of formate decomposition, CO, is weakly
bonded as seen in the left panel of Fig. 2b. This is in contrast to
the case of CO oxidation, where CO, was found to spend a
significant residence time in the chemisorption well before it
desorbs.*® Moreover, one of the two C-O bond lengths of CO, is
significantly elongated at the TS of CO oxidation, and carbon and
oxygen are strongly bonded to the surface.>

In summary, we have investigated the minimum energy path
of CO, hydrogenation into formate and the dynamics of
formate decomposition into gas phase CO, and adsorbed
hydrogen using density functional theory calculations. Based
on the dynamics analysis of formate decomposition, the bending
energy of desorbed CO, is twice larger than the translational
energy. Since formate synthesis from CO, and H,, the reverse
reaction of the formate decomposition, is experimentally sug-
gested to occur via the ER type mechanism, our results indicate
that the reaction rate of formate synthesis can be enhanced if
the bending vibrational mode of CO, is excited rather than the
translational and/or stretching modes. Meanwhile, these
results are quite different from the case of CO, dissociation,
in which the antisymmetric stretching mode is the key to
increasing the dissociation rate. Accordingly, we anticipate that
this work may contribute to the future development in controlling
the particular molecular vibrational mode for improving catalytic
reactions.
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