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Abstract

Oxide-derived Cu(OD-Cu) cubes have shown great selec-
tivity and efficiency towards ethylene in the CO2 Reduction
Reaction(CO2RR). Experimentalists have found evidence
for the existence of subsurface oxygen in OD-Cu cubes
via APXPS. When CO, a crucial intermediate of CO2RR, is
adsorbed on transition metal surfaces, the subsurface oxy-
gen could weaken the σ repulsion while almost not chang-
ing the π attraction of the chemisorption bond. Thus the
probability of forming a C-C bond may be increased. In
order to verify this hypothesis, a series of quantum chem-
ical simulations were performed. It is found that for a slab
model, the CO adsorption energy is enhanced by oxygen
at least as deep as the third layer of Cu(100) surface. Fur-
ther calculations are performed, too.

Introduction

CO2RR can convert CO2 into valuable chemical materials
such as ethylene and ethanol, thus can be a potential so-
lution. The crucial part of this is the catalyst. OD-Cu cubes
have successfully been synthesized on copper electrodes
via electrochemical reduction of Cu2O. This catalyst has a
very high selectivity and efficiency toward the generation
of C2H4.
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Figure 1: (a) OD-CuCubes. (b) APXPS result.

Calculation tools

1. Grid Projector Augmented Wave (GPAW)
2. Quantum Espresso
3. Density of Montreal 2k (deMon 2k)
4. Density Functional Tight Binding Plus (DFTB+)

Existence of subsurface oxygen

In order to compare with the experimental results from
APXPS, the O1s XPS values of the following scenarios
are calculated: when O is adsorbed at the bridge and hol-
low sites on the Cu(100) surface, and when O is placed at
subsurface sites in the slab. The slab size is 2 × 2 × 5.

Figure 2: Theoretical models for XPS calculation.

O 1s B.E. (eV) subsurface surface ∆E
’bridge’ 529.2 527.5 1.7
’hollow’ 529.5 528.7 0.8

Table 1: The XPS values for surface and subsurface O1s.

The shift corresponds to the experimental results in Fig. 1
(b) well.

Slab test

The model system is a Cu(100) slab with a subsurface
oxygen dopant and a CO adsorbate. The oxygen dopant
is placed at the octahedral sites of different layers and the
adsorbate is placed at the ontop site on the surface.

Figure 3: The geometries of the depth effect test on the subsurface
oxygen atom

unit cell size 2 × 2 × 4 2 × 2 × 5 2 × 2 × 6 2 × 2 × 7 4 × 4 × 5 4 × 4 × 6
clean -0.48 -0.62 -0.50 -0.55 -0.58 -0.34
2nd -1.03 -1.12 -0.99 -1.25 -1.31 *
3rd - -0.63 -0.64 -0.65 -0.70 -0.66
4th - - -0.52 -0.54 - -0.35

Table 2: The adsorption energy of CO on Cu(100) with different unit
cell sizes and subsurface oxygen atom depths. The energy unit is eV.

Molecular chain

As shown above, the OCu-CO appears to be the crucial
structure for this enhancement if the oxygen atom is lo-
cated in the second layer. Thus this chain is tested with
the CSOV method in order to disentangle the components.

eV Cu-CO OCu-CO
Initial repulsion 2.27 0.68
π-polarization -0.06 -0.13
π-bonding -0.93 -0.84

σ-polarization -0.96 -0.70
R σ-donation -0.13 -0.22

CO σ-donation -0.68 -0.33
Binding energy -0.50 -1.55

Table 3: The Cu-R CSOV results.

Evidently, there is
a decrease of σ-
repulsion with the
π-attraction unin-
fluenced. Al-
though it is a
molecular sys-
tem but it demon-
strates the effect
of electron with-
draw.

Breaking the scaling relation

If the d-band scaling relation is broken, the low onset potential and
high selectivity for ethylene could be explained.

Figure 4: The breaking of the scaling relation.

element C N O F
∆Een (eV) -0.148 -0.154 -0.296 -0.715
χP (eV) 2.6 3.0 3.4 4.0

Table 4: The electronegative contribution to the enhancement of CO
binding energy and the respective Pauling electronegativities.

Figure 5: The breaking of the scaling relation.

The diffusion tests

In this part, 2 diffusion tests for a 2 × 2 × 6 slab are done with the
help of Nudged Elastic Band (NEB): the diffusions of an oxygen atom
from the ’hollow’ site in the second layer to the hollow site on the slab
surface, and the diffusion from the ’hollow’ site in the third layer to that
in the second layer. The barrier for these are 0.10 eV and 0.21 eV
respectively. Hence within this model, subsurface oxygen is unstable.

Cube test

Since the real catalyst consists of nanocubes, the cube model may
have advantages over the slab model. To emulate the experimental
procedure, a ”manual reduction” was performed.
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Figure 6: The 1.7 × 1.7 × 1.7 nm3 nanocube, energy test on (a)(b)
near-facet, (c)(d) near-edge and (e)(f) near-corner sites.
If we define ∆E = Eout − Ein, the ∆E data is shown in Ta-
ble 5. If we remove the oxygen with Greek cross and do
the same test for the three near-facet oxygen atoms near
that corner, ∆E are 0.89 eV, 1.07 eV and 0.46 eV, re-
spectively, i.e. the oxygen atom is more stable subsurface.
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Figure 7: The subclusters of the nanocube, energy test on (a)(b)
near-facet, (c)(d) near-edge and (e)(f) near-corner sites.
The part of the nanocube which is close to the subsurface oxygen
atom in question is taken as a subcluster, and recalculated with SCC-
DFTB and DFT. As shown below, the subsurface oxygen near-facet
atoms are stable.

Site DFTB,cube/eV DFT, sub/eV DFTB, sub/eV
facet-1 0.68 0.20 1.58
facet-2 0.26 0.77 1.22
facet-3 0.56 0.86 1.14
facet-4 0.18 0.03 0.19
facet-5 0.23 0.63 1.04
facet-6 0.71 0.44 1.10
edge -0.21 -0.65 -0.27

corner -1.30 -1.12 -0.95

Table 5: The energy difference data calculated for cube and subclus-
ter models.
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