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S1 — Calculation methods

The calculations were performed using the STATE code, which previously has been used for
formate adsorption,® formate hydrogenation,? CO, hydrogenation,® CO, dissociation,* and
ab initio molecular dynamics (AIMD) study of methanol electrooxidation.® As mentioned in
the main text, we compared the results obtained using the Perdew-Burke-Ernzerhof (PBE)®
functional with those using several vdW density functionals (vdW-DFs), i.e., the original
vdW-DF (vdW-DF1),"8 optB86b-vdW,? and rev-vdW-DF2!° functionals. We also included
the dispersion correction proposed by Grimme with PBE (PBE-D2).!! The implementation
of the self-consistent vdW-DF!?14 in the STATE code is described in Ref. 15. The cut-
off energies of 36 and 400 Ry were used for the wave functions and the augmented charge
density, respectively. The electron-ion interaction was described using Vanderbilt’s ultrasoft
pseudopotentials.'® The Cu(111) surface was modeled using a three layer-thick (3 x 3) unit
cell with the bottommost atomic layer fixed to its bulk configuration. The distance between
the two neighboring slabs is more than 30 A. We sampled the surface Brillouin zone using a
uniform grid of 4 x4 x 1 k-points. We used the climbing image nudged elastic band (CI-NEB)
method!"1® to obtain the minimum energy path, the transition state (TS), and the activa-
tion energies of formate synthesis from CO, hydrogenation. We calculated the vibrational
frequencies of the adsorbed species at the TS using the frozen phonon approximation. We
obtained one imaginary frequency in the TS structure, which indicated that the geometry
was a first-order saddle point on the potential energy curve. Starting from the TS structure,
we performed AIMD simulations to evaluate the translational and internal (rotational and
vibrational) energies of desorbed CO, from the Cu surface. The detailed description of the
TS structures are shown in Fig. S1 and Table S1. In these simulations, the initial velocities
are given randomly and they are scaled to make the average kinetic energy of 300 K. Here,
we do not include zero-point energy in the sampling of initial conditions. The system was

evolved without velocity scaling or thermostat.



Figure S 1: From left to right panel: configuration of initial state (IS), transition state
(TS), monodentate formate (mo-HCOO), and bidentate formate (bi-HCOO) structures, re-
spectively. The red, yellow, blue, and brown circles represent oxygen, carbon, hydrogen, and
Cu atoms, respectively.

Table S 1: Detailed descriptions of the structures depicted in Fig. S1. The bond length
(C—01, C—-02, and C—H) and bond distance (Cu—02 and Cu—H), and bond angle are in

A and degree, respectively.

PBE PBE-D2 vdW-DF1 rev-vdW-DF2 optB86b-vdW
Initial state

C-01 1.18 1.18 1.18 1.18 1.18
C-02 1.18 1.18 1.18 1.18 1.18
C—H 2.97 2.98 3.12 2.90 2.91
Cu—-02 3.30 2.98 3.21 2.90 2.92
Cu—H 0.88 0.87 0.85 0.89 0.88
/oi—c—o2 179.81  179.60 179.93 179.84 179.82
Transition state
C-01 1.20 1.20 1.20 1.20 1.20
C-02 1.23 1.24 1.24 1.25 1.24
C—H 1.58 1.49 1.49 1.51 1.48
Cu—-02 2.17 2.13 2.23 2.06 2.13
Cu—H 1.35 1.31 1.25 1.31 1.20
lol—c—o2 147.04  144.27 144.83 143.36 144.59
Monodentate formate
C-01 1.22 1.22 1.22 1.22 1.22
C-02 1.35 1.35 1.36 1.36 1.36
C—-H 1.11 1.11 1.11 1.11 1.11
Cu—-02 1.40 1.39 1.41 1.40 1.40
Cu—H 3.35 3.34 3.36 3.36 3.34
lol—c—o2 124.27  124.07 124.13 123.92 123.92
Bidentate formate
C-01 1.27 1.27 1.28 1.27 1.27
C-02 1.27 1.27 1.28 1.27 1.27
C—-H 1.11 1.11 1.10 1.11 1.11
Cu—-02 2.02 2.01 2.05 2.01 2.01
Cu—H 3.67 3.68 3.75 3.73 3.75
lol—c—o2 127.82  127.56 127.63 127.46 127.49




S2 — AIMD trajectories

As we mentioned in the main text, we have also considered additional samples of the initial
geometry for AIMD simulations. The additional geometries were derived from the original
TS geometry (shown in Table S1) by slightly moving the atoms within a hyperplane per-
pendicular to the reaction coordinate. In this procedure, we moved the atoms towards the
second, third, fourth, fifth, and sixth lowest normal mode vectors from the TS, which were
obtained from the vibrational frequency analysis. The displacement was done so that the
new initial geometry has 0.02 eV energy different with the original initial geometry. The
additional calculations were done using one of vdW-fucntionals (optB86b-vdW). Based on
our calculations (shown in the Table S2), the average results from several samples of AIMD

trajectory indicate that most of formate synthesis energy is transferred into bending mode

of CO,.

Table S 2: Calculated translational energy (E}), rotational energy (F,), vibrational energy
of bending mode (E},), and vibrational energy of symmetric stretching mode (E;) of desorbed
CO, from formate decomposition on Cu(111) calculated using optB86b-vdW functional (in
eV). The AIMD simulations were done starting from different initial geometries that were
derived from the original TS geometries by slightly moving the atoms within a hyperplane
perpendicular to the reaction coordinate.

First Second Third Fourth Fifth Sixth Average

B 0.11 0.14 0.16 0.12 0.18 0.11 0.14¢
E. 0.10 0.09 0.11 0.09 0.17  0.07 0.11
Ey 0.25 0.27 0.24 0.26 0.22  0.30 0.26
E 0.07 0.02 0.03 0.05 0.01 0.03 0.04

Surf. mode® 0.02  0.03 0.01 0.03  0.07 0.04 0.03

“The calculated CO, translational energy as a formate decomposition product is in good
agreement with experimentally reported results in Ref. 19.
This energy is deduced from the following: E,(syn) — (E; + E, + E}, + Ej).



S3 — Evaluation of CO, translational and internal energies

We estimated the CO, translational energy (E;) from the velocity of the center of mass of

C02 (UCOM):

1
By = 5Mcos Z VEoM (1)

The rotational energy (F;) of CO, was estimated from the moment of inertia of CO, (1)

and its angular momentum (L) at each time step of the AIMD trajectory:

1
Br=5 ) L'l 2)

Meanwhile, the energy of each CO, vibrational mode is evaluated from the time evolution
of the desorbed CO, geometry. We gathered the geometry data of desorbed CO,, i.e., bond
angle (6), the C—O bond length (), and the difference between two C—O bond lengths
(A), which represent the bending, symmetric, and antisymmetric stretching modes of CO,,
respectively, when the desorbed CO, has already had constant translational energy. We
then determined the amplitude and period of these geometry changes. Next, based on these
amplitude data, we estimated the energy of each vibrational mode of desorbed CO, by fitting
them into the database of the relative stability of isolated CO, as a function of the 6, [, and
A (shown in Fig. S2). For an example, the amplitude of the CO, bond angle in one period
is between 160.6° and 199.4° as shown in the top panel of Fig. 3. If we fit this value to the
data for the relative stability of isolated CO,, it shows that desorbed CO, has a bending
mode energy of approximately 0.25 eV.

The calculated vibrational frequencies of isolated CO, molecule are shown in the Table

S3.
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Figure S 2: Relative stability of an isolated CO, molecule with respect to its bond angle
(0), the C—0O bond length (1), and the difference between two C—O bond lengths (A).
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Table S 3: Calculated vibrational frequencies of bending (4,), symmetric stretching (vy),
antisymmetric stretching (v,s) modes, and C—O bond length (/) of isolated CO,, using PBE,
PBE-D2, and vdW-DFs. The frequency and bond length are in meV and A, respectively.

This study Expt.
PBE PBE-D2 vdW-DF1 rev-vdW-DF2 optB86b-vdW
v, 77.34 77.59 76.19 76.58 76.72 82.70¢
vs 164.91  164.47 162.78 164.48 164.61 165.27°
Vas  296.83  296.11 291.38 295.14 295.74 291.24°
l 1.179 1.180 1.182 1.179 1.179 1.162¢

%Taken from Ref. 20.
bTaken from Ref. 21.
¢Taken from Ref. 22.

S4 — Sudden Vector Projection Analysis

We performed the sudden vector projection (SVP) analysis, which was proposed by Jiang
and Guo,?? to determine which desorbed CO, modes are excited during the decomposition
process. Based on the SVP analysis (shown in the Table S4), the CO, bending mode has
second larger projection value compare with its translational, symmetric and antisymmetric
stretching modes. It indicates that the bending mode of desorbed CO, is excited during the

decomposition process. Therefore, this result is agree with our molecular dynamics analysis.

Table S 4: Comparison of the projection values of the translational and vibrational modes
of CO, and H atom onto the CO, hydrogenation reaction modes at TS.

SVP value
CO,-translation 0.12
CO,-bending 0.27
CO,-symmetric 0.04
CO,-antisymmetric 0.02
H-translation 0.79

The SVP analysis also shows that the kinetic mode of adsorbed hydrogen has the largest
projection value. The large projection value of kinetic mode of hydrogen atom might be
due to its displacement with respect to the surface. Hydrogen atom is easier to move since

it has smaller mass compare with CO, molecule. However, this may not indicate that
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excitation of adsorbed hydrogen will enhance formate synthesis. It is because we obtained
quite small portion of transferred energy into the surface mode as shown in the Table 2 in
the main manuscript. Therefore, we think that the molecular dynamics analysis is necessary

to elucidate the excited modes of desorbed CO,.
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